
American Mineralogist, Volume 88, pages 54–67, 2003

0003-004X/03/0001–54$05.00      54

INTRODUCTION

The mechanisms of dissolution of feldspar, the most com-
mon mineral in the crust, is still not understood despite intense
analysis (e.g., Casey et al. 1988a; Brady and Walther 1989;
Casey et al. 1989; Hellmann et al. 1990; Blum and Lasaga 1991;
Oelkers et al. 1994; Blum and Stillings 1995; Oelkers and Schott
1995; Brantley and Stillings 1996; Walther 1996; Brantley and

Stillings 1997; Hellmann et al. 1997; Walther 1997). Under-
standing the mechanisms is complicated by the fact that disso-
lution has been reported to be initially nonstoichiometric for
most sub-neutral conditions of pH. Initial dissolution may or
may not be stoichiometric under near neutral pH conditions,
where dissolution data at steady state is sparse. Under acid con-
ditions, the charge-balancing cation (Na+, K+, or Ca2+) and Al
are removed preferentially until the surface develops a Si-en-
riched layer that eventually dissolves stoichiometrically (e.g.,
Stillings and Brantley 1995). Because the surface chemistry of
dissolving feldspar is not stoichiometric in most solutions, a
steady state surface chemistry is inferred to control dissolu-
tion. An enhanced and more complete understanding of such
steady state surface conformations will produce better models
for feldspar dissolution.
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ABSTRACT

Five sodium aluminosilicate glasses in the series Na2O: xAl2O3:(3–x) SiO2 and Na2O:Al2O3:ySiO2

were prepared and subjected to leaching at pH 2 under ambient conditions for up to 1000 h. Solid-
state nuclear magnetic resonance (NMR) spectroscopy revealed the identity of aluminate and
silicate environments in the leached surface layers of these glasses as well as a sample of albite
crystal subjected to the same aqueous leaching. While 29Si and 27Al magic-angle spinning (MAS)
NMR experiments report on the bulk structures of the samples, cross-polarization from hydrogen
atoms that are present only in the surface layers provides structural information from the regions
of the sample transformed during treatment. Aluminum in octahedral coordination by O atoms
(AlVI) is confirmed for the first time on the near-surface region of an albite crystal under the
treatment conditions of this study. A quantification of the change in the amount of six-coordinate
aluminum as a function of bulk Al/Si ratio is made possible by comparing the relative amounts of
1H Æ 27Al CPMAS signals from AlIV and AlVI obtained from different samples under reproducible
experimental conditions. The relative contribution of AlVI to total Al in the hydrated layers in-
creases with the Al/Si ratio of the glasses studied. The leached albite crystal sample has an anoma-
lously high concentration of AlVI given its Al/Si ratio. This anomaly is probably related to the
relatively low thickness of the leached layer developed on this phase: little hydrogen penetrates
the crystal surface and almost all of the Al in the thin leached layer is octahedrally coordinated,
similar to Al in solution. These data suggest that hydrolysis of bridging O atoms around Al atoms
in the glass or crystal hydrated layer is accompanied by a change in the coordination number of
the Al atom. Aging of surfaces documents no formation of AlVI during storage after leaching. The
MAS data, coupled with 27Al Æ 29Si CPMAS experiments, describe the bulk network structure and
provide further insight into the surface structures, including documentation of repolymerization of
the silicon network in the surface layer of a nepheline glass via formation of condensed Q4 units.
Further triple-resonance experiments correlate 1H, 29Si, and 27Al environments in the glasses, and
indicate that the repolymerized structures in nepheline glass are not phase-separated from alumi-
num-containing network structures. These data for acid dissolution under ambient conditions yield
the first picture of the complicated series of reactions relating connectivity and coordination number
of Al and Si at the altered surfaces of geologically interesting aluminosilicates.
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Due to the coordination change between Al in feldspar (four-
fold) and Al in solution (sixfold), it has been suggested that
surface Al might be present on the dissolving feldspar surface
in varying coordinations (e.g., Casey and Bunker 1990;
Hellmann 1995). Several workers have also suggested that the
silica network of feldspar repolymerizes during dissolution
under acid conditions (Casey and Bunker 1990; Hellmann et
al. 1990; Stillings and Brantley 1995). In order to investigate
the coordination of Al and Si on the surface of dissolving feld-
spar, we treated glassy and crystalline powders of albite
(NaAlSi3O8) composition with acidic solutions (pH = 2) at 25
∞C for 1000 hours. We further synthesized and leached two
series of glasses with a range of Al/Si ratios and either constant
or variable Na2O concentration to investigate the effect of Al/
Si ratio on dissolution of aluminsilicates. Hamilton et al. (2000,
2001) have shown that dissolution of glasses can be used to
elucidate rates and mechanisms of dissolution of feldspars of
similar composition. Figure 1 presents an overview of the two
suites of samples prepared and studied (the “NBO” and “min-
eral” glasses). Glasses with constant sodium concentration con-
tain non-bridging O (NBO) sites in the bulk structure and lie in
the join Na2O-xAl2O3-(3–x)SiO2 (where x equals the Al/Na ra-
tio). For glasses with fully polymerized networks (Na2O-Al2O3-
ySiO2), but with variable Na concentration, silica is
systematically added while maintaining a constant Na2O/Al2O3

ratio of 1; these glasses are analogues of the aluminosilicate
minerals albite, jadeite, and nepheline, and therefore they are
referred to as the “mineral glasses.” Spectrochemical charac-
terization of all glass samples prepared for this study is given
in Table 1. At a pH of 2, the dissolution rates of the two suites
of glasses, listed in Table 2, increase with increasing bulk Al/
Si ratio (Hamilton 1999; Hamilton et al. 2001); however, for
the same Al/Si ratio, the rate of dissolution also increases with
the average number of NBO sites per silicate tetrahedral unit
(see Fig. 2).

Altered layers formed on these glass surfaces leached at pH
= 2 have been previously investigated (Hamilton and Pantano
1997; Hamilton et al. 2000; Hamilton et al. 2001). X-ray pho-

toelectron spectroscopy (XPS), secondary ion mass spectrom-
etry (SIMS), and Fourier transform infrared reflectance spec-
troscopy (FTIRRS) probe the composition and structure of the
reacted glass surfaces. It has been shown that the leaching and
dissolution behavior of these sodium aluminosilicate glasses
is influenced by their bulk compositions, since the structures
of these glasses change considerably as aluminum replaces sili-
con in the glass network. In leached layers of various glasses,
network formers presumably have different states of connec-
tivity, and the network structure in the altered surface may con-
sist of terminal Si-OH and Al-OH, as well as bridging Al-O-Si
and Si-O-Si groups. However, there is a lack of experimental
evidence characterizing the actual structural units comprising
the network of surface layers formed on aluminosilicate glasses
during and after dissolution under ambient conditions. In the
study reported here, solid-state nuclear magnetic resonance
(NMR) spectroscopy is used in the investigation of altered lay-
ers of leached sodium aluminosilicates, since NMR can pro-
vide information about the local environment of a nucleus
regardless of long-range structural disorder of a material.

Solid-state NMR is recognized as a powerful tool for struc-
tural elucidation in crystalline and amorphous materials (Fyfe
1984; Eckert 1992), and a number of previous studies have
addressed structural issues for silicates and aluminosilicates
and their reactions with water (Eckert et al. 1988; Zavel’sky et
al. 1988; Kohn et al. 1989; Yang and Kirkpatrick 1989;
Kummerlen et al. 1992; Herzog et al. 1994; Glock et al. 1998;
Kohn et al. 1998; Xu et al. 1998; Zotov and Keppler 1998;
Oglesby and Stebbins 2000; Riemer et al. 2000; Zeng et al.
2000; McManus et al. 2001). Predominantly, these studies have
focused on the addition of water to molten aluminosilicate sys-

SiO2

Na2O - Al2O3 - 6SiO2
(albite)

Na2O - Al2O3 - 4SiO2
(jadeite)

Na2O - Al2O3 - 2SiO2
(nepheline)

Na2O - x Al2O3 - (3 - x)SiO2

Al2O3Na2O

x = 0.0
x = 0.2

x = 0.4

x = 1.0

FIGURE 1. In the Na2O-Al2O3-SiO2 ternary phase diagram, the
Na2O-Al2O3-ySiO2 (albite, jadeite, nepheline) join describes fully
polymerized glasses formally containing no non-bridging O atoms.
Glasses along the Na2O-xAl2O3-(3–x)SiO2 join have constant sodium
concentration and the number of non-bridging O atoms decreases with
increased Al content. Glasses from this second series are referred to as
x = 0.2, 0.4 and 1.0, where the x = 1.0 glass is also the nepheline glass
of the first series.
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FIGURE 2. Dissolution rates of sodium aluminosilicate glasses
leached in aqueous solutions with pH = 2 for 1000 h at 25 ∞C are
shown as a function of bulk Al/Si content. All glasses are expressed as
twenty-four O atoms per formula unit. Non-bridging O atom
concentrations for x = 0.2 and 0.4 glasses per 10 SiO4 tetrahedra are
calculated based on the conventional model (Bruckner et al. 1978;
Shelby 1978; Onorato et al. 1985; Goldman 1986; Hsieh et al. 1994;
Hsieh and Jain 1995) where each Al atom enters the network and
eliminates a NBO up to the ratio of Na/Al = 1.
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tems. Others have studied the swollen layers of electrode glasses
over a range of useful compositions (Herzog et al. 1995; Glock
et al. 1998). None have addressed the leaching and dissolution
of the glasses considered here under ambient conditions.

Using 27Al MAS, 29Si MAS, 1H Æ 29Si cross-polarization
MAS (CPMAS), 1H Æ 27Al CPMAS, and 23Na MAS NMR,
Yang and Kirkpatrick (1989) studied the products of hydro-
thermal reactions of albite and a near-albite composition glass.
Under hydrothermal conditions (250 ∞C) and pH conditions
ranging from 1 to 9, no surface layers were detected on albite
crystals, leading to the conclusion that no surface layers of thick-
ness greater than 30 Å are formed under the conditions consid-
ered. For glass samples, however, structural changes in a surface
layer and the bulk of the glasses are documented, implicating
and elucidating the roles of cation exchange and incorporation
of molecular water as a function of treatment conditions. For
example, the coordination of aluminum in the secondary phases
formed under hydrothermal conditions varies from octahedral
toward increasing tetrahedral coordination as the pH of the
solution increases (Yang and Kirkpatrick 1989). This paper
points out the utility of CPMAS NMR for the study of hydrated
phases. Similar studies of hydrous albite glasses (Grey and
Veeman 1992; Zeng et al. 1999; Zeng et al. 2000), also utiliz-
ing more advanced techniques such as Transfer of Populations
in Double Resonance (TRAPDOR) NMR (Grey and Veeman
1992) and 23Na off-resonance nutation NMR spectroscopy
(Kohn et al. 1998), have yielded valuable insight into struc-
tural issues in these systems.

Herzog and coworkers have studied the hydrated layers of
silicate (Herzog et al. 1994) and aluminosilicate (Herzog et al.
1995) electrode glasses with a variety of sophisticated solid-
state NMR methods, including Rotational-Echo Double-Reso-
nance (REDOR) NMR (Gullion and Schaefer 1989). Their
results demonstrate the usefulness of REDOR as a tool for elu-
cidating structure in these systems, especially with regard to

the coordination of Al by hydroxyl and water species.
It is clear that when used to observe and interrogate selec-

tively the leached layers on glass and mineral samples, polar-
ization transfer NMR experiments are a powerful and effective
tool. Other surface sensitive techniques (such as SIMS depth
profiling) have shown for the leached glasses studied here that
all detectable protons are present near the surface (Hamilton
and Pantano 1997; Hamilton et al. 2000; Hamilton et al. 2001).
Therefore, 1H Æ 29Si and 1H Æ 27Al CPMAS NMR, and 1H/
29Si/27Al cross-polarization transfer of populations via double-
resonance (CP-TRAPDOR) experiments are used here to pro-
vide structural information about silicon and aluminum
environments in the altered layers. Using these techniques,
transformation of Al from four to sixfold coordination is docu-
mented after leaching and alteration of the surface layers of
glasses and of albite crystal. 29Si MAS, 27Al MAS, and 27Al Æ
29Si CPMAS NMR experiments additionally describe the bulk
network structures in aluminosilicates, and when compared to
results from polarization transfer experiments, these spectra
provide further identification of structural units present in the
surface layer after dissolution that are not detectable in the bulk.
In certain instances, repolymerization of the silicon network
via formation of additional Q4 silicon sites is observed in
samples of leached glasses.

EXPERIMENTAL METHODS

Sample preparation

Two sets of glasses with mole ratios Na2O:xAl2O3:(3–x)SiO2

(where x = 0.2, 0.4, and 1.0) and Na2O:Al2O3:ySiO2 (where y =
2, 4, 6) were prepared. The glass with x = 1.0 corresponds to
the y = 2 glass as shown in Figure 1. The raw materials for
glass melting consisted of Min-U-Sil SiO2, reagent-grade
Al(OH)3, and anhydrous Na2CO3 and Na2SO4 powders. The raw
materials were mixed and melted in platinum crucibles at tem-

TABLE 1. Spectrochemical characterization of sodium aluminosilicate glasses and albite crystal*

Composition Na2O  Al2O3  SiO2 Na Al Si O Density  NBO/10 SiO4 Formula unit
designation mol% mol% mol% at% at% at% at% (g/cm3)  tetrahedra§ based on 24 O atoms
x = 0.2 glass 24.7 5.3 70.0 15.9 3.4 22.5 58.2 2.452† 4.94 Na6.56Al1.40Si9.28O24.00

x = 0.4 glass 25.2 10.4 64.4 15.7 6.5 20.1 57.7 2.476† 3.38 Na6.53Al2.70Si8.36O24.00

nepheline glass 25.0 25.0 50.0 14.3 14.3 14.3 57.1 2.496† 0.00 Na6.01Al 6.01Si 6.01O24.00

(x = 1.0 glass)
jadeite glass 16.8 16.9 66.3 10.0 10.1 19.9 60.0 2.431‡ 0.00 Na4.00Al4.04Si7.96O24.00

albite glass 12.6 12.7 74.8 7.7 7.8 23.0 61.5 2.382‡ 0.00 Na3.00Al3.04Si8.98O24.00

albite crystal 12.2 12.7 74.6 7.5 7.8 22.9 61.5 2.615‡ 0.01 Na2.93Al3.04Si8.94O24.00

* Based on lithium metaborate fusion followed by ICP-AES analysis of the resulting solution (Hamilton 1999).
† Day and Rindone 1962.
‡ Taylor and Brown 1979.
§ Based on conventional model that every Al atom enters the network and eliminates an NBO up to the ratio of Na/Al = 1 (Kingery et al. 1976; Bruckner
et al. 1978; Onorato et al. 1985; Goldman 1986; Hsieh et al. 1994; Hsieh and Jain 1995; Shelby 1978).

TABLE 2. Dissolution rates of sodium aluminosilicate glasses at pH = 2 and 25 ∞C

Composition Initial  surf.  Initial Final  Reaction  Log dissolution Log  dissolution
designation area (cm2/g) pH pH time (h) rate  (moles Si/cm2/s) rate (moles glass/cm2/s)*
x = 0.2 glass 583 2.00 2.11 816 –14.2 ± 0.1 –15.2 ± 0.1
x = 0.4 glass 791 2.00 2.03 811 –14.0 ± 0.1 –14.9 ± 0.1
nepheline glass (x = 1.0 glass) 891 2.00 2.61 313 –11.9 ± 0.1 –12.7 ± 0.1
jadeite glass 644 2.00 2.11 816 –13.5 ± 0.1 –14.4 ± 0.1
albite glass 705 2.00 2.05 864 –14.7 ± 0.1 –15.7 ± 0.1
* Normalized dissolution rates are expressed as mol glass/cm2/s, where all glasses are expressed as twenty-four O atoms per formula unit. Powder
glass samples were used in dissolution experiments (see Table 1 and Hamilton et al. 2001).
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peratures ranging from 1550 to 1750 ∞C in air. After melting
for 24 hours, glasses were poured into graphite or stainless steel
molds to form bars. The glasses were annealed overnight at
temperatures ranging from 520 to 750 ∞C and then were cooled
slowly to room temperature (Hamilton 1999). Table 1 contains
the results of spectrochemical analyses of the five glasses dis-
cussed in this study. All glass compositions were checked for
crystallinity by X-ray diffraction (XRD); no crystalline peaks
were observed.

High purity Amelia albite crystals from the Amelia Court-
house, Virginia locality (Wards Scientific) were used in this
study. Clear crystals with a high degree of homogeneity were
picked by hand. Spectrochemical analyses of powdered speci-
mens (based on a lithium metaborate fusion process followed
by ICP-AES analysis of the resulting solution) and electron
microprobe analyses of polished crystals indicated only minor
deviations from stoichiometric albite, as previously reported
by Hamilton et al. (2000).

All samples were dry-crushed to a 74–149 mm grain size in
an agate mortar, subsequently cleaned in high-purity acetone,
and dried at 60 ∞C overnight. These powders were placed in 2
L high-density polyethylene (HDPE) containers and immersed
in 2300 mL of aqueous solution for 500 or 1000 hours. The
containers were placed in an oven maintained at 25 ± 1 ∞C
without agitation. The glass surface area to solution volume
ratio (SA/V) was approximately 1.4–2.0 cm–1 for each experi-
ment. Unbuffered, aqueous solutions at pH 2 were prepared
with trace metal grade HCl and reverse osmosis-filtered (RO)
water. The dissolution rates of the samples were calculated from
the rate of release of Si to solution, and these results have been
reported and commented on previously (Hamilton 1999;
Hamilton et al. 2001). After reaction, powders were suction
filtered (0.4 mm filter paper), rinsed several times with deion-
ized water, cleaned in an ultrasonic bath in high-purity acetone,
and dried at 50 ∞C overnight. Supernatant solutions were saved
to test whether freshly ground glass powder surfaces easily
adsorbed dissolved aluminum from the solution. The alumi-
num concentrations in supernatant solutions were previously
measured (Hamilton 1999) using a Leeman Labs PS 3000UV
inductively coupled plasma atomic emission spectrometer.

Solid state NMR experiments
27Al MAS and 1H Æ 27Al CPMAS NMR spectra shown in

Figure 3 were acquired with a Chemagnetics Infinity 500 spec-
trometer operating at a magnetic field strength of 11.7 T. The
27Al and 1H resonance frequencies at this field strength are
130.162 MHz and 499.625 MHz, respectively. The reported
chemical shift values for 27Al are expressed in ppm and exter-
nally referenced to the 27Al resonance from a 1M Al(NO3)3 so-
lution. The 1H Æ 27Al CPMAS experiments were performed
using samples packed into 5 mm rotors (outer diameter size)
and spun at a sample rotational frequency of 4.5 kHz in a double
resonance Chemagnetics CPMAS NMR probe. A sample of
boehmite (Catapal B) was used to establish the optimum match-
ing condition for the CP experiments. A 0.3 ms contact time
and p/2 pulse width of 5 ms were used, with a recycle delay of
one second between acquisitions.

1H Æ 27Al CPMAS NMR data shown in Figures 4 and 5

were acquired using a Chemagnetics CMX-300 spectrometer
operating at a magnetic field strength of 7.0 T. The 27Al and 1H
resonance frequencies at this field strength are 77.484 and
297.370 MHz respectively. Sample rotors with a 7.5 mm outer
diameter were spun at 3.5 kHz. CP contact pulses of 0.25 ms
were used, and the 1H p/2 pulse lengths were 5.5 ms The re-
ported chemical shift values for 27Al are again referenced to a
1M Al(NO3)3 solution.

Since the cross-polarization technique is not useful for the
absolute quantification of different aluminum sites, the rela-
tive ratios of six and fourfold aluminum in the hydrated layers
of leached samples were calculated from the peak areas in 1H
Æ 27Al CPMAS spectra. Importantly, all data that are com-
pared in Figures 6 and 7 were obtained under precisely con-
trolled and reproducible spectrometer conditions, such that the
results are internally quantifiable in the manner used (as a ratio
of six-coordinate aluminum species to the total aluminum de-
tected by CPMAS NMR in the surface layer).

27Al Æ 29Si CPMAS experiments were performed with a
homebuilt NMR spectrometer (9.4 T magnetic field) controlled
by a Tecmag pulse programmer. Double resonance experiments
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FIGURE 3. (a) The 27Al MAS spectrum of a nepheline glass powder
sample leached at pH = 2 for 1000 h shows only the AlIV species present
in the bulk of the sample. (b) The 1H Æ 27Al CPMAS spectrum of
nepheline glass leached at pH = 2 for 1000 h contains resonances from
both AlIV and AlVI species present in the altered surface layer.
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were accomplished using the X and Y channels of a Varian/
Chemagnetics triple resonance T3 HXY MAS probe. The 27Al
and 29Si resonance frequencies at this magnetic field strength
are 104.231 and 79.461 MHz, respectively. Cross-polarization
from quadrupolar nuclei such as 27Al (I = 5/2), is complicated
since spin-lock efficiency is affected by the quadrupolar cou-
pling constant, the rotor spinning speed, and the applied spin-
lock field. Descriptions of the method and experimental details
are found in the literature (DePaul et al. 1997). The transfer of
polarization was optimized experimentally for the most effi-
cient spin-lock conditions for the quadrupolar 27Al nucleus. The
best spin-lock level for the 27Al resonance was found to be 2.8
kHz rf field strength. The selective p/2 pulse length on the alu-
minum central transition was 83 ms, which corresponds to an rf
field strength of 3 kHz. A 1.0 ms contact time was used for all
samples. The 7.5 mm diameter MAS rotors were spun at 4 kHz,
and the delay between acquisitions was 0.25 seconds.

1H Æ 29Si CPMAS NMR spectra were also acquired with
the homebuilt NMR spectrometer (9.4 T magnetic field, Tecmag
pulse programming system) described above. The 1H resonance
frequency at this field strength is 399.991 MHz. Samples were
contained in 7.5 mm diameter rotors and spun at 4 kHz. A 29Si
p/2 pulse length of 7 ms was used, with an RF field strength of
72 kHz for 1H decoupling during acquisition. The optimal cross-
polarization contact time was 3 ms, with a recycle delay of 3 s

between scans. All reported chemical shift values for 29Si are
referenced to TMS using solid tetrakis(trimethylsilyl) silane as
a secondary reference.

29Si MAS NMR spectra and 1H/29Si/27Al CP-TRAPDOR data
were acquired with the Chemagnetics CMX-300 spectrometer
described above, where the 29Si Larmor frequency at this field
strength is 59.075 MHz. The pulse sequence used for the CP-
TRAPDOR experiment, as well as a further description of the
method, have been reported in earlier publications (Grey and
Vega 1995; Kao and Grey 1996). 29Si magnetization was pre-
pared via 1H to 29Si cross-polarization after a 5 ms p/2 pulse
was applied to the protons. The optimal contact time for CP
was found to be 3 ms. The pulse length for the p refocusing
pulse that produced a 29Si spin echo of maximum intensity was
12 ms. In the TRAPDOR experiment, the time domain signal
leading to the TRAPDOR spectrum is acquired as a difference
signal between 1H Æ 29Si CP echo signals without (S0) and with
(Sf) on-resonance 27Al irradiation. In the Sf portion of the ex-
periment, a long pulse is applied at the resonance frequency of
the 27Al nuclei during both the dephasing and refocusing peri-
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FIGURE 4. The 1H Æ 27Al CPMAS spectra of identically leached
albite crystal and albite glass, treated at pH = 2 for 1000 h, clearly
demonstrate the different coordination environments of aluminum
atoms in the leached surface layers of these samples.
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FIGURE 5. The 1H  Æ 27Al CPMAS spectra of leached albite, jadeite,
and nepheline glasses demonstrate a variation in both the amount of
overall signal detected and the relative amounts of six- and four-
coordinated aluminum detected in the altered layers.
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ods of the spin echo. TRAPDOR experiments on nepheline glass
were performed with 27Al irradiation for either 4 or 10 rotor
cycles, which at 3 kHz spinning speed correspond to 1.33 ms
and 3.33 ms of irradiation. The 27Al pulses used in the Sf por-
tion of the experiment had an rf field strength of 41.6 kHz.

RESULTS

27Al MAS and 1H Æ 27Al CPMAS NMR

Solid-state NMR is the method of choice for determining
the coordination of O atoms around aluminum atoms in amor-
phous systems, since this technique is sensitive to the local
environments of the 27Al nuclei. Initially, single pulse 27Al MAS
experiments (with 1H decoupling) were performed on leached
and unleached powder samples. These experiments are not sur-
face selective (since no polarization transfer from 1H nuclei is
occurring) and clearly indicate that aluminum has a tetrahedral
coordination (AlIV) in the bulk before and after dissolution for
all compositions of glasses and the crystalline albite sample
studied. To illustrate this result, Figure 3a shows the 27Al MAS
spectrum of a bulk nepheline glass powder after leaching. The
resonance line at 57 ppm corresponds to AlIV, and there is no
detectable octahedrally coordinated aluminum (AlVI), which
would present a resonance at approximately 0 ppm.

All aluminosilicates in our study are systems with no de-
tectable protons in the bulk structure, i.e., no signal has been
detected by 1H Æ 27Al CPMAS NMR experiments on freshly
ground, unleached powder samples. During leaching, hydrated
layers of varying degree are formed on the surfaces (Hamilton
et al. 2000; Hamilton et al. 2001). Therefore, all detectable pro-
tons in the system are present at the surface, and 1H Æ X (X =
29Si, 27Al) CPMAS becomes a successful surface-selective tech-
nique. 1H Æ 27Al CPMAS experiments then provide informa-
tion about the local environment of the surface aluminum in
leached sodium aluminosilicates. As shown in Figure 3b, the
1H Æ 27Al CPMAS spectrum of leached nepheline glass shows
four and sixfold aluminum coordination in the hydrated layer

of the glass. Similar results were obtained for each glass sur-
face studied; for x = 0.2, 0.4 compositions along the Na2O-
xAl2O3-(3–x)SiO2 join, as well as for mineral glasses, surface
Al was found in both six and fourfold coordination after leach-
ing. However, the leached surface of albite crystal showed the
presence of aluminum only in octahedral coordination (AlVI)
when analyzed immediately after 1000 h of leaching, and also
11.5 months after removal from solution. In Figure 4, 1H Æ
27Al CPMAS spectra of identically treated albite glass and crys-
tal are shown, clearly demonstrating the different Al coordina-
tions in the glass and the crystal surface layers. These data
document for the first time that AlVI forms on a dissolving feld-
spar surface under ambient conditions at pH = 2.

Altered layers on leached sodium aluminosilicates have
various thicknesses and different chemical compositions, as
measured by SIMS and XPS, depending on the initial (bulk)
glass composition and structure (Table 3). For comparison, the
Al/Si and Na/Si ratios in the bulk glass samples, measured
spectrochemically (Hamilton 1999; Hamilton and Pantano
1997; Hamilton et al. 2000; Hamilton et al. 2001), are also listed
in Table 3. Previous XPS measurements of the average surface
Al/Si ratio indicate that the outermost 90 Å of leached layers
of all samples except nepheline glass are significantly depleted
in Al after dissolution at pH = 2 for 1000 hours. Moreover, for
two glasses (x = 0.4 and jadeite) the Al/Si ratios measured at
the surface by XPS were zero. Nevertheless, 1H Æ 27Al CPMAS
NMR documents the presence of Al in the hydrated layer for
both of these samples, where the leached layer is rigorously
defined to be that portion of the sample where measurable con-
centrations of hydrogen atoms are located.

Figure 5 shows the complete 1H Æ 27Al CPMAS results for
the leached mineral glasses studied along the Na2O-Al2O3-ySiO2

join. For these leached glasses, the outermost 90 Å of the sur-
face is either close to stoichiometric (nepheline) or depleted in
Al (albite, jadeite), as measured by XPS (Table 3). It is evident
from Figures 5 and 6 that the fraction of AlVI formed on the
glass surface during dissolution increases with increasing Al
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concentration in the bulk. An approximately  linear correlation
is observed between the relative ratio of sixfold to total alumi-
num measured in the surface layer using 1H Æ 27Al CPMAS
experiments and the Al/Si ratio in the bulk glass (Fig. 6). The
fraction of sixfold aluminum in the leached layer after 1000 h
leaching also correlates with the measured dissolution rate of
the glass samples along the two joins (Fig. 2). However, no
correlation was seen between Al coordination and surface Al/
Si or Na/Si ratio as measured by XPS (Table 3). Furthermore,
the fraction of sixfold coordinated aluminum on albite crystal
is anomalously high when compared to the fractions of AlVI

calculated from spectra of the glasses.
The concentrations of aluminum in the supernatant solu-

tions were measured previously for all studied compositions in
identical experiments after leaching in a pH = 2 solution for
1000 hours (Hamilton 1999). In Figure 7, the aluminum con-
centrations in the supernatant solutions are compared to the
relative ratios of AlVI in the hydrated layers detected by NMR.
No simple correlation is observed in this plot.

The fraction of AlVI in the altered layer increased with in-
creasing duration of dissolution for all glasses (two samples of
x = 0.2 glass, as well as x = 0.4 and nepheline glasses) where
the time evolution of relative Al coordination in the surface
layer was measured at 500 and 1000 h (Fig. 6). The observed
AlVI/(AlVI + AlIV) ratio was also measured from several identi-
cally treated samples as a function of time after removal from
solution to check for aging effects. Specifically, before further
analysis by NMR, the albite and jadeite glasses were stored in
a dessicator for 20 months, and x = 0.4, x = 1.0 (nepheline) and
albite crystal samples were stored for 11.5 months. No evi-
dence for post-leaching transformation of AlIV to AlVI was ob-
served in any sample in these studies. In addition, a more
coarse-grained (75–150 mm) sample of x = 0.4 glass treated for
500 h at pH 2 was analyzed immediately after treatment and
again after 7 months storage in a dessicator. While 1H Æ 27Al
CPMAS showed tetrahedral aluminum present in the surface
layer in both CPMAS experiments, no AlVI was detected in ei-
ther experiment, consistent with the lack of formation of AlVI

during aging. In contrast, preliminary result on one aged pow-
der glass sample suggests the possibility of transformation of

AlVI to AlIV within the leached layer structure after dissolution
(data not shown). However, additional experiments are neces-
sary to reproduce this result and determine its repeatability.

1H Æ 29Si CPMAS NMR

Polarization transfer experiments, such as cross-polariza-
tion from protons (Pines et al. 1973), are also recognized as
superior surface-selective techniques and have been used ex-
tensively to investigate silica surfaces (Sindorf and Maciel 1983;
Maciel and Ellis 1994). Figure 8 shows 1H Æ 29Si CPMAS
spectra of a leached albite crystal sample and all sodium alu-
minosilicate glasses that were leached for 1000 h at pH = 2 in
this study. The spectra of x = 0.2, 0.4, and nepheline glasses
consist of a single broad resonance line, while the 1H Æ 29Si
CPMAS spectrum of altered jadeite glass shows three distinct
sites at –92.1 ppm, –101.4 ppm, and –111.0 ppm. Similarly
distinct, yet slightly broader, peaks are also apparent in the spec-
trum from leached albite glass.

The 1H Æ 29Si CPMAS spectrum of the albite crystal spans
a range of shifts from –81 ppm to –111 ppm, with a poor sig-
nal-to-noise ratio compared to the spectra obtained from an
equal number of experimental scans averaged for the other
leached samples. The spectra from jadeite and albite glasses
show 29Si resonances covering a range from –85 ppm to –120
ppm with similar shifts of the peak maxima. The 1H Æ 29Si
CPMAS spectrum of nepheline glass is shifted downfield to
–93.1 ppm and covers a chemical shift range from –75 ppm to
–119 ppm, while CPMAS spectra of the x = 0.2 and x = 0.4
glasses show almost identical broad resonance lines over a range
of chemical shifts from –75 ppm to –119 ppm.

27Al Æ 29Si CPMAS NMR

In 27Al Æ 29Si CPMAS experiments, polarization is trans-
ferred from aluminum to silicon atoms via dipolar couplings.
Hence the spectrum provides information about 29Si nuclei that
are close in space to aluminum nuclei. Since there is no polar-
ization transfer step from 1H to 27Al in these experiments, the
results represent the 29Si nuclei in the bulk of the samples. The
distribution of chemical shifts of resonances in 27Al Æ 29Si
CPMAS NMR spectra for the mineral glasses vary by compo-
sition and are apparent in the spectra in Figure 9. The peak
maximum of the broad, inhomogeneous 29Si resonance line
shifts downfield as the amount of aluminum increases in the
bulk glass structure from albite to jadeite (by 4.2 ppm) and to
nepheline (with an additional shift of 11.5 ppm). As Figure 9
illustrates, the broad, featureless resonance lines of nepheline,
jadeite, and albite glasses cover chemical shift ranges from
–73 to –98 ppm, –77 to –107 ppm, and –80 to –112 ppm,
respectively. Interestingly, peaks in the spectral region normally
assigned to Q4(0Al) Si sites are detected in the albite sample, show-
ing that under these CP conditions polarization is being transferred
beyond the next-nearest neighbor coordination sphere.

1H/29Si/27Al CP-TRAPDOR
1H Æ 29Si cross-polarization transfer steps were combined

with 29Si/27Al TRAPDOR NMR experiments to further study
the structure of the leached layer on nepheline glass. The ini-
tial step of this triple resonance experiment, polarization trans-

TABLE 3. Bulk and surface compositions of aluminosilicate samples
and 1H Æ  27Al CPMAS NMR results

Composition AlVI/(AlVI + AlIV)‡ Bulk Bulk Surface Surface
designation Al/Si* Na/Si* Al/Si† Na/Si†
x = 0.2 glass 0.126 0.15 0.71 0.02 0.01
x = 0.4 glass 0.133 0.32 0.78 0 0
nepheline glass 0.641 1.00 0.96 0.81 0.65
(x = 1.0 glass)
jadeite glass 0.352 0.51 0.50 0 0
albite glass 0.285 0.34 0.33 0.03 0.01
albite crystal 1 0.34 0.33 0.08 0.07
* Bulk ratios refer to compositions measured spectrochemically (based
on lithium metaborate fusion followed by ICP-AES analysis of the result-
ing solution) for the bulk powders of unreacted glasses (Hamilton 1999).
† Surface ratios refer to compositions of glass plates measured using X-
ray photoelectron spectroscopy on the upper 90 Å of surface after disso-
lution in pH = 2 for 1000 h (Hamilton 2001).
‡ Relative ratio of sixfold aluminum on the altered surface of leached alu-
minosilicates calculated from the peak areas of 1H Æ 27Al CPMAS NMR
spectra acquired with the same spectrometer settings and verification of
reproducibility of results.
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fer from 1H nuclei to 29Si, provides selective observation of
silicon atoms in the hydrated surface layer of the glass. The
cross-polarization is followed by 29Si/27Al double-resonance
experiments to select specific 29Si species with close proximity
to 27Al within the leached layers.

Spectra from 1H/29Si/27Al CP-TRAPDOR NMR experiments
performed on nepheline glass are shown in Figure 10.
TRAPDOR signals were acquired for two different evolution
times (after 4 and 10 complete rotor cycles). The resonance
line observed after 4 rotor periods of 27Al irradiation covers a
29Si chemical shift range from –72.6 to –98.2 ppm. However,
the same experiment performed with a longer 27Al pulse (10
rotor cycles) shows a TRAPDOR effect even above –100 ppm,
with an overall spread of this broad resonance line from –72 to
–115 ppm. For comparison, the 29Si MAS and 1H Æ 29Si
CPMAS spectra from the same sample are shown.

DISCUSSION

Coordination of Al in leached layers

Given that the sodium aluminosilicates studied here con-
tain only tetrahedral aluminum (AlIV) in the bulk, AlVI on the

surface after dissolution must derive from either (1) transfor-
mation of the glass network (mineral lattice) during leaching;
(2) adsorption of sixfold Al from solution; or (3) precipitation
of octahedral Al on or within the surface layer. If either of the
latter two phenomena explained the observations summarized
in Table 3, we would expect that the fraction of AlVI in the
hydrated layer would increase consistently with increasing con-
centration of dissolved Al in solution. As shown in Figure 7,
however, no strong correlation is observed. Moreover, super-
natant solution analyses have indicated (Hamilton 1999) that
dissolved Al concentrations were not close to saturation with
respect to Al phases such as gibbsite [Al(OH)3] or kaolinite
[Al2Si2O5(OH)4]. Therefore, precipitation of phases with octa-
hedral aluminum from the solution is highly unlikely. To check
whether the glass surface easily adsorbs AlVI from the solution,
freshly ground powders of the x = 0.2 and 0.4 glasses were
placed for 48 h in supernatant solutions of the same glass com-
positions leached at pH = 2 for 1000 h. 1H Æ 27Al CPMAS
experiments performed on these samples showed only tetrahedral
aluminum with protonated environments for these glass surfaces.

The transformation of Al from four to sixfold is inferred to
occur during leaching and alteration of the surface layer. Hence,
it is reasonable to search for a correlation between surface chem-
istry and Al coordination in the leached layer. In fact, as dem-
onstrated in Figure 6, the fraction of AlVI increases
monotonically and approximately linearly as the Al content
increases in the bulk glasses, but does not scale with the amount
of Al in the outermost (90 Å) surface layer of the glass per se
(since there is no correlation with the Al concentration mea-
sured in the layer by XPS). This result suggests that bulk com-
position and structure controls the ultimate coordination of
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aluminum at the glass/leached layer interface or in the depth
of the altered layer. The anomalous data for crystalline albite
will be discussed within this context.

Since the cross-polarization technique generally is not use-
ful to quantify the absolute concentrations of distinct sites
(Stejskal et al. 1977; Vega 1992), it is the change in the relative
concentration of AlVI and AlIV sites in the hydrated layers that
is observed and relevant here. Furthermore, changes in the rela-
tive fractions of tetrahedral and octahedral Al sites with glass/
mineral composition are meaningful only with the assumptions
that local structural units and dynamics are the same in all
samples investigated.

The ratio AlVI/(AlVI + AlIV) is directly affected by the con-
centration of AlVI, which is itself a function of the extent of
hydrolysis of Al-O-Al (Stebbins and Xu 1997; Stebbins et al.
1999) and Al-O-Si linkages. The concentrations of Al-O-Al
and Al-O-Si linkages increase as more Al replaces Si in the
glass network, explaining in part why the fraction of AlVI in-
creases with Al/Si ratio of the glasses (Fig. 6). The rupture of
aluminate linkages (Barrer and Klinowski 1975; Casey et al.
1988b; Casey and Bunker 1990; Hellmann et al. 1990;
Hellmann 1995; Stillings and Brantley 1995; Brantley and
Stillings 1997) occurs subsequent to cation exchange between
Na+ and H3O+, and so the creation of a protonic environment

at the network aluminate sites is the first step in the hydroly-
sis reaction. Assuming that the fourfold coordinated alumi-
num in the hydrated layer is part of the original
(non-hydrolyzed) glass network, then the ratio AlVI/(AlVI + AlIV)
should correlate with the hydrogen penetration depth on the
leached glass surfaces. Deeper penetration is characterized by
diffusion of more proton-bearing and H2O species into the glass
surface. In this process, sodium depletion occurs due to the ion
exchange, and various protonated sites [e.g., (AlO4)– H+] are
formed at Al-O-Si and Al-O-Al sites in the tetrahedral network.
Such protonated units give rise to an AlIV signal in 1H Æ 27Al
CPMAS experiments. Hydrolysis of bonds associated with the
protonated sites causes the breakdown of the glass network and
both a decrease in the connectivity and an increase in coordi-
nation number of the Al atoms in that layer. A decrease in con-
nectivity of the Al atom (decrease in the number of bridging O
atoms around the Al atom) presumably precedes the change in
coordination number, but at this point we do not know how
many bonds must be broken for AlIV to transform to AlVI. To
summarize, the relative ratio AlVI/(AlVI + AlIV) is controlled by
the relative rates of (1) penetration of H-bearing species into
relatively intact glass or crystal (and subsequent formation of
protonated AlIV sites); (2) hydrolysis of (primarily) protonated
Al-O-Si and Al-O-Al linkages, leading to formation of lower
connectivity AlIV sites; (3) transformation of lower connectiv-
ity AlIV to AlVI sites; and (4) release of AlVI species to solution.

Simplistically, we might predict that the fraction of AlVI on
the surface should increase with decreasing hydration of the
surface (decreasing hydrated AlIV sites) and with increasing rate
of dissolution (removal of AlVI from the surface). Consistent
with this model, a linear correlation is observed between the
CPMAS-detected fraction of sixfold coordinated aluminum and
bulk Al/Si ratio for glasses along the fully polymerized join
(albite, jadeite, and nepheline), as shown in Figure 6. Since
along this join the number of NBO sites is zero regardless of
Al/Si ratio, the number of Al-O-Si linkages per silicate tetra-
hedron (predominantly) controls their leaching behavior. Due
to the high crosslink density of the mineral glass structures,
hydrolysis of aluminate groups is necessary to allow deep pen-
etration of solutes and water into the glass surface. The hy-
drolysis eventually results in coordination change (from four
to sixfold) and release of aluminum to the solution (Casey et
al. 1988a; Casey et al. 1988b; Hellmann 1995). For example,
the proton penetration depth into jadeite is 0.21 mm, as mea-
sured by SIMS, while the aluminum depletion depth on the
same sample is also about 0.21 mm (Table 4), indicating that
proton penetration for this glass composition is accompanied
by release of aluminum due to hydrolysis. For nepheline and
albite glasses, hydrated layers are thin and they fall under the
sensitivity limits (<200–500 Å) of SIMS experiments used in
this study (Table 4). Therefore, we are not able to compare
proton penetration and aluminum depletion depths on these
leached surfaces. Yet, the formation of such thin hydrated lay-
ers on nepheline and albite surfaces indicates that proton-bear-
ing species do not penetrate these glass networks easily without
hydrolysis and consequent leaching of aluminum; therefore, a
relatively small amount of network aluminum (AlIV) is sur-
rounded by protons in these glass surfaces as compared to

Frequency (ppm)
-40-50 -60 -80 -100 -120 -140

(4 rotor cycles)

(10 rotor cycles)

1H/29Si/27Al
CP-TRAPDOR

 1H/29Si/27Al
CP-TRAPDOR

29Si MAS  1H/29Si CP MAS
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experiments performed on the nepheline glass sample leached in pH =
2 solution for 1000 hours at 25 ∞C. The overlapped lines at the top
correspond to 29Si MAS and 1H Æ 29Si CPMAS spectra. 1H Æ 29Si CP
transfers combined with 29Si/27Al TRAPDOR experiments produce the
resonances shown for two different TRAPDOR dephasing times (4
and 10 rotor cycles).
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glasses of x = 0.2 and 0.4 compositions. Thus, an increase in
the relative fraction of surface AlVI with increased bulk alumi-
num content is clearly observed for the mineral glass samples
after dissolution. The x = 0.2 and 0.4 glasses are not fully poly-
merized and do contain NBO sites in the bulk structure. NMR
experiments have detected the highest relative amount of AlIV

for these two samples after leaching (Table 3), and the change
in the fraction of sixfold coordinated surface aluminum is less
prominent than the change observed as a function of Al/Si ra-
tio for the mineral glasses (see Fig. 6). For this suite of glasses
(x = 0.2, 0.4), the NBO concentration strongly influences the
leaching behavior and the reaction rate with H2O and H3O+ (Fig.
2). The degree of covalent connectivity in the glass network is
one of the controlling factors of the extent and the rate of hy-
dration (Casey and Bunker 1990); hence, for x = 0.2 and 0.4
glasses more extensive (1.6 and 0.46 mm, respectively) hydra-
tion of the tetrahedral network occurs without leaching of net-
work Al from the depth of the hydrated layers (Table 4 and
Fig. 11). Therefore, a greater amount of network aluminum
(AlIV) exists in proton-containing environments for these
glasses.

For two leached samples (x = 0.4 and jadeite), the Al/Si
ratios measured at the surface by XPS are negligible (Table 3),
yet 1H Æ 27Al CPMAS spectra showed measurable amounts of
Al located in the leached layer. This discrepancy can be ex-
plained by the fact that the proton penetration depths (Table 4)
into x = 0.4 and jadeite glasses are much greater (0.46 mm and
0.21 mm, respectively, measured by SIMS) than the 90 Å probed
by XPS. For the x = 0.4 glass, the Al depletion depth was 800
Å as shown in Figure 11 (Hamilton 1999), suggesting that a
significant amount of aluminum exists at a much greater depth
in the hydrated layer than the outermost 90 Å. Hence, these
deeper species should be the aluminum detected by 1H Æ 27Al
CPMAS NMR on the leached x = 0.4 surface. However, as
mentioned above, for the jadeite glass the Al depletion depth,
as measured by SIMS, is similar to the proton penetration depth
(Table 4); therefore, AlVI detected by 1H  Æ 27Al CPMAS NMR
should be mainly located at the interface of the leached (hy-
drated) layer and the bulk jadeite glass. Such AlVI in this glass
and other glasses could be Al that is bonded within the altered
glass network, or could be octahedrally coordinated Al species
diffusing from the pristine glass-hydrated layer interface into
the solution but trapped in the hydrated layers at the time of
sampling. In fact, the observed gradient in the Al profile (SIMS)
of jadeite glass supports this hypothesis and shows that sig-
nificantly depleted levels of Al exist throughout the 0.21 mm
thick leached layer (Fig. 12). On the other hand, the Al profile
for the x = 0.4 glass shows no evidence for the presence of Al
in the outermost 800 Å of the leached surface (Fig. 13). It is

possible that the x = 0.4 glass, which is not fully polymerized,
forms a more open and highly porous altered layer, which pro-
vides an easy diffusion pathway for octahedral aluminum spe-
cies from the glass into solution. An easy diffusion pathway
might obviate against trapping octahedral Al within the altered
layer.

1H Æ 27Al CPMAS experiments also document different
CPMAS-detected fractions of four- and six-coordinated Al on
similarly treated glassy and crystalline albite samples, as shown
in Figure 4. Only sixfold coordinated Al is detected on the
leached albite crystal, whereas on the glass surface a high frac-
tion of tetrahedral aluminum was found. This result can be ex-
plained by the fact that much more extensive leaching of sodium
has been observed for the glass surface layer compared to the
crystal surface layer, even though the thickness of these leached
layers were not measurable by SIMS and cannot be compared
(Table 4). Moreover, during leaching, the specific surface area
increased more profoundly for albite glass relative to the crys-
tal (Hamilton et al. 2000). Consequently, deeper penetration of
proton-bearing species is expected on the glass surface, and
accordingly, CPMAS NMR detects a higher concentration of
network (tetrahedral) aluminum in protonated environments for
the albite glass. On the contrary, on albite crystal the hydrogen
penetration and consequent surrounding of network (fourfold)
Al by protons is less extensive. Therefore, for crystalline al-
bite, the AlIV apparently falls under the detectability limit of
CPMAS NMR for the experimental conditions used, and only
AlVI is detected. Finally, the albite crystal has a higher density
than albite glass (Table 1), and its leached layer has lower po-

TABLE 4. SIMS analysis of leached aluminosilicate glass plates

Composition Solution Reaction time SIMS hydrogen SIMS-measured SIMS-measured
designation pH  (h) penetration depth Al depletion depth Na depletion depth
x = 0.2 glass 2 619 1.6 mm £200–500 Å 1.64 mm
x = 0.4 glass 2 1006 0.46 mm 800 Å 0.45 mm
nepheline glass  (x = 1.0 glass) 2 1004 £200–500 Å £200–500 Å £200–500 Å
jadeite glass 2 1102 0.21 mm 0.21 mm 0.21 mm
albite glass 2 1000 £200–500 Å £200–500 Å £200–500 Å

FIGURE 11. A schematic rendering of the layers formed on the
surface of the x = 0.4 glass during leaching (in pH = 2 solution for
1000 h at 25 ∞C) is presented based on data from SIMS analyses.
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rosity or openness (Hamilton et al. 2000). This might also in-
hibit diffusion of the octahedral Al species into solution for
crystalline albite.

Structural description of leached layers by 29Si NMR

To investigate the silicon environments in the hydrated lay-
ers of the leached sodium aluminosilicate glasses and crystal,
polarization transfer techniques were also used, since simple
29Si MAS NMR spectra of silicate glass and mineral powder
samples are usually dominated by resonances due to 29Si nu-
clei in the bulk glass. Since essentially all detectable protons
are present within the hydrated surfaces studied here, 1H Æ
29Si CPMAS experiments allow selective detection of local Si
environments in the leached surface layers.

The 1H Æ 29Si CPMAS spectra of the x = 0.2 and 0.4 leached
glasses show broad, featureless resonance lines (Fig. 8) with
similar chemical shift ranges. Such spectra are again not quan-
tifiable and do not yield direct information about relative abun-
dances of the different types of silicon sites. As previously
reported by Hamilton et al. (1997), the x = 0.2 and 0.4 glass
compositions exhibit extensive Si-rich surface layer formation
when leached in acid, and show hydrogen penetration depths
of 1.6 and 0.46  mm, respectively, after dissolution at pH = 2
for 1000 h (Table 4). Furthermore, for the x = 0.4 glass surface,
SIMS has demonstrated the presence of Al only in the deeper
areas (>800 Å) of thick hydrated layers; and for the x = 0.2
glass only the outermost 200–500 Å is depleted in aluminum
(Table 4). Therefore, the peak breadth in the 1H Æ 29Si CPMAS
spectra of these glasses is due to the existence of a range of
different Qn [i.e., Si(OSi)n(OH–)4–n where n = 0, 1, 2, 3] silicon
sites and various overlapping Qn(mAl) sites (where Qn repre-
sents a SiO4 group with n bridging O bonds, and m represents
the number of Al atoms per silica tetrahedron) in the altered
surface layers.

As previously shown by SIMS hydrogen depth profiles of
leached albite, jadeite, and nepheline glasses (Table 4), the in-
crease in bulk aluminum concentration from albite to jadeite
correlates with a significant increase in the thickness of the
hydrated layer. However, with a further increase of Al content
(to Al/Si = 1.0), nepheline glass dissolves rapidly and almost
stoichiometrically without formation of a leached layer detect-
able by SIMS. In addition, FTIRRS analyses have documented
that the thick (~0.21 mm) hydrated layer on jadeite glass is con-
sistent with a porous, gel type structure (Hamilton et al. 2001).
However, no structural transformation was detected on albite
and nepheline glass surfaces by FTIRRS since the analysis depth
of this technique was greater than 1 mm at 1250–900 cm–1; there-
fore, bulk structure below the modified surface is dominantly
probed by FTIRRS. On the contrary, 1H Æ 29Si CPMAS ex-
periments detect silicon signal from hydrated surfaces of all
mineral glasses and the crystalline albite studied here (Fig. 8).
Comparison of these 1H Æ 29Si CPMAS NMR spectra show
that albite and jadeite resonance lines are almost identical, in-
dicating that the altered layers formed on these glasses are struc-
turally similar. Therefore, the surface layer on albite glass is
likely to be consistent with a porous, gel type structure. Figure 8
also shows the 1H Æ 29Si CPMAS spectrum from the leached (poly-
crystalline) powder of albite. While the poor signal-to-noise ratio
is a clear indication of a thinner altered layer formed on the albite
crystal compared to the glass, this spectrum still suggests the pres-
ence of a hydrated amorphous silicate layer on the leached albite
crystal surface, similar to that detected on the albite glass.

However, a different altered layer structure is observed for
nepheline glass, as detected by the 1H Æ 29Si CPMAS experi-
ment, since the resonance line of nepheline is shifted downfield
by 8.6 ppm with respect to resonances in the albite and jadeite
spectra. This result is consistent with XPS observations that all
glasses except nepheline show significant aluminum depletion

FIGURE 12. SIMS Al depth profiles of jadeite glass reacted at pH
= 2 for various lengths of time at 25 ∞C (Hamilton et al. 2001) show
the gradient in Al concentration throughout the leached layer at 1102 h
leaching time.

FIGURE 13. SIMS Al depth profiles of x = 0.4 glass reacted at pH
= 2 for various lengths of time at 25 ∞C are shown (Hamilton 1999).
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from the outermost 90 Å after dissolution. Consequently, the hy-
drated surface of nepheline has a high aluminum concentration,
and therefore the 29Si spectrum obtained selectively from the sur-
face layer of nepheline is deshielded due to an increased number
of aluminum next-nearest neighbors to silicon in the leached layer.

The 27Al Æ 29Si cross-polarization MAS experiments uti-
lize and demonstrate the spatial proximity of 27Al nuclei to sili-
con atoms in bulk aluminosilicate glasses. Differences between
silicon resonances in the bulk structure (as reported by 27Al Æ
29Si CPMAS and 29Si MAS) and silicon environments in the
hydrated surface (1H Æ 29Si CPMAS) will provide further de-
lineation of those structural units formed on the surfaces dur-
ing dissolution. For the fully polymerized mineral glasses in
the series Na2O-Al2O3-ySiO2, no Qn structural units except Q4

should be a detectable part of the bulk glass network in 29Si
NMR experiments. Thus, 29Si spectra of these bulk glasses
should only carry information about the range of different
Q4(mAl) (where m = 0,1,2,3,4) structural groups. In the 27Al Æ
29Si CPMAS spectra shown in Figure 9, the center frequency
of the silicon spectra shifts downfield from albite to nepheline.
The shift is expected, due to the increased number of Al-O-Si
linkages per SiO4 tetrahedron in the bulk structures. Neverthe-
less, distinct silicon environments cannot be resolved from these
spectra, and the determination of silicon sites with varying
numbers of aluminum neighbors from a featureless resonance
line is model-dependent. For example, when perfect Al avoid-
ance is assumed, the presence of only Q4(4Al) species is pre-
dicted for nepheline glass. However, Lee and Stebbins (1999)
have calculated the distribution function of all five Q4(mAl)
units with respect to degree of Al avoidance for fully polymer-
ized aluminosilicate glasses. Their fitting results for 29Si MAS
NMR spectra predict the contributions from each Q4(mAl) struc-
tural unit for various compositions along the Na2O-Al2O3-ySiO2

join. However, there was no Q4(0Al) unit predicted for the
nepheline glass structure from the 29Si MAS NMR spectrum,
indicating that every detected silicon atom in nepheline has at
least one aluminum next nearest neighbor. The 29Si MAS NMR
experiment (Fig. 10) shows a broad resonance line associated
with all silicon structural units Q4(mAl) (m = 1,2,3,4) of the
leached bulk nepheline glass, covering the 29Si chemical shift
range from –72.6 to –98.2 ppm. On the contrary, the 1H Æ 29Si
CPMAS spectrum (Fig. 8), detecting only the silicon atoms in
the hydrated layer of nepheline glass, shows 29Si resonances
around –108 ppm, corresponding to Q4(0Al) species. This
Q4(0Al) structural unit did not exist in the bulk glass structure,
as clearly shown in Figure 10 by overlapping the 1H Æ 29Si and
29Si MAS spectra. This result suggests the formation of Q4(0Al)
silicon sites on nepheline glass during leaching and alteration
of the surface in an acidic environment. Formation of Q4(0Al)
species requires condensation of surface silanol groups after
leaching of Al. In previous studies (Casey and Bunker 1990;
Hellmann et al. 1990; Stillings and Brantley 1995) it was sug-
gested that aging of feldspar powders included formation of
Si-O-Si bonds from vicinal silanols as well as a decrease in
surface area related to healing of microcracks:

NMR detection of Q4(0Al) structural units in the surface
layer of leached nepheline is evidence strongly supporting the
occurrence of such a reaction on the nepheline glass.

The fact that the surface of nepheline is altered through
repolymerization raises additional questions about local- and
intermediate-range ordering of silicon and aluminum atoms in
the altered layer, such as whether the repolymerized areas are
phase separated from aluminum-containing areas. To investi-
gate the proximity of the 27Al and the 29Si spins in the altered
nepheline surface layers, 1H Æ 29Si CP is combined with 29Si/
27Al TRAPDOR experiments. In Figure 10, the bottom two
spectra are 1H/29Si/27Al CP-TRAPDOR spectra obtained with
4 and 10 rotor periods of 27Al irradiation. The TRAPDOR ef-
fect depends on the dipolar coupling between 29Si and 27Al spins,
and stronger local dipolar coupling will cause greater dephasing
of 29Si spins during the 27Al pulse. Additionally, for a given
dipolar coupling strength, allowing action of the coupling for a
longer period of time causes greater loss of signal intensity. A
greater loss of the intensity at the 29Si echo is observed through
enhanced signal in the TRAPDOR difference spectra shown.

As illustrated in Figure 10, the TRAPDOR difference sig-
nal for shorter dephasing times (4 rotor cycles) covers the same
29Si chemical shift range as 29Si MAS NMR spectrum (from
–72.6 to –98.2 ppm), indicating short-range dipolar couplings
between aluminum and silicon atoms in environments similar
to those in the bulk glass. However, when the 27Al irradiation
is increased to 10 rotor cycles (3.33 ms), contributions from
long-range dipolar interactions are also detectable, and the
TRAPDOR effect is observed for 29Si resonances below –100
ppm, indicating that while these Q4(0Al) Si species do not have
Al nuclei as next-nearest neighbors in the structure (as also
determined conclusively through their chemical shift values),
at least an observable number of Q4(0Al) Si species are present
in phases containing Al in nearby environments. These NMR
observations suggest that even though the alteration of the
nepheline surface layer does not leave a thick, connected Si-
rich layer, silanol groups condense locally into a linked struc-
ture. NMR observations documenting AlIV, AlVI, and Q4(0Al)
silicon sites on nepheline thus suggest that AlIV sites first trans-
form to AlVI sites at the surface and then are released to solu-
tion. After release of AlVI, silanols condense to form Q4(0Al)
silicon sites. For the nepheline composition, it is also known
that the dissolution is near stoichiometric at pH = 2, suggest-
ing that only slight Al leaching gives rise to the different sites
documented by NMR. The congruent dissolution of this min-
eral is similar to the near-stoichiometry of dissolution of anor-
thite, another aluminosilicate with an Al/Si ratio = 1. Dissolution
of anorthite has been characterized by a conceptual model pro-
posed by various authors (Casey et al. 1991; Oelkers and Schott
1995), wherein the removal of aluminum from the surface of
anorthite (or, by analogy, nepheline) leaves unconnected sili-
con structural units that are easily released into solution. How-
ever, formation of new siloxane bonds at the leached surface
due to condensation of surface silanol groups, as shown by
NMR, suggests that in order to fully describe all processes tak-
ing place during or after dissolution and alteration of leached
layer, more complex models of dissolution are needed, even
for compositions where dissolution occurs stoichiometrically.
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1H Æ 29Si CPMAS NMR (Fig. 8) has detected well-pro-
nounced 29Si resonances around –110 ppm (corresponding to
Q4(0Al) silicate tetrahedra) in the leached layers of all studied
glass compositions, which is consistent with an extensively
connected thick Si-rich layer structure. Because different frac-
tions of Q4(0Al) species already exist in the glass network of
all sodium aluminosilicates with Al/Si < 1, it is only in the
nepheline sample that the repolymerization is unequivocally
characterized by these NMR methods. Repolymerization in
other cases cannot be ruled out.

Interestingly, aging of glass powders after leaching showed
no transformation of AlIV to AlVI but the possibility of AlVI trans-
formation to AlIV was observed in one experiment. The pre-
liminary observation of AlVI transformation to AlIV could be
consistent with loss of water due to condensation of aluminol-
silanol pairs into Al-O-Si linkages during aging under vacuum.
Such a conclusion needs to be investigated further but would
be consistent with condensation of both Al and Si atoms occur-
ring in these altered surface layers. On the other hand, trans-
formation of AlIV to AlVI might have been expected if clay-like
or gibbsite-like phases crystallized on the glass surfaces dur-
ing aging, and such crystallization must not be occurring dur-
ing aging. Reactivity of these altered layers may be important
in natural systems where naturally hydrated surfaces may serve
as templates for nucleation of new phases (e.g., Nugent et al.
1998).

CONCLUSIONS

The understanding of the mechanisms of feldspar dissolu-
tion is enhanced by study of the reactions of aluminosilicate
glasses and minerals under relevant ambient conditions. Solid-
state NMR studies within two series of sodium aluminosilicate
glass powders [Na2O-xAl2O3-(3–x)SiO2 and (Na2O-Al2O3-
ySiO2) joins], as well as their comparison to similar studies on
albite crystal, reveal new information about the structure of
the surface layers of these materials. While 27Al and 29Si MAS
NMR studies reveal information about the local structures of
silicate and aluminate species, cross-polarization from hydro-
gen atoms within the surface layers provides structural clues to
the predominant mechanisms responsible for dissolution, and
the variation seen with different bulk structures. Aluminum in
octahedral coordination by O atoms (AlVI) is confirmed for the
first time on the near-surface region of albite crystal after treat-
ment at pH = 2 for 1000 h at 25 ∞C.

In summary, 1H Æ 27Al CPMAS spectra obtained in a man-
ner so as to make quantitative comparisons, demonstrate the
presence and evolution of AlVI species within the hydrated lay-
ers formed during leaching at pH 2 on all glasses and minerals
studied here. It is shown for all the glass samples that the frac-
tions of AlVI in the layers increase as the amount of aluminum
in the bulk of the glass increases. This observation implicates a
mechanism where the concentration of aluminum controls the
end-products of the dissolution mechanism. 1H Æ 29Si CPMAS
spectra are also informative as to the extent of surface reac-
tions of silicate species as other atoms are removed from the
surface layers, and a silica gel-type layer (similar to that de-
duced previously for jadeite glass) is consistent with new data
from albite glass and crystalline samples. In the nepheline glass,

evidence for repolymerization of the silicate network has been
presented by comparison of a 1H Æ 29Si CPMAS spectrum with
29Si MAS data from the bulk glass. A TRAPDOR NMR experi-
ment coupled with 1H Æ 29Si CPMAS provides a measure of
the spatial proximity of the repolymerized Q4(0Al) silicate spe-
cies with aluminum atoms in the surface layer, addressing in
part whether these units are phase-separated from aluminate
species in the surface layer. This battery of solid-state NMR
experiments has been effectively coupled with measurements
of the localization of hydrogen atoms (as the working defini-
tion of the surface layers in these systems), the depletion depths
of aluminum species, and data such as dissolution rates. Inter-
pretation of this variety of data present a detailed analysis of
structure and chemistry in the surface layers of a range of so-
dium aluminosilicate glasses and crystalline albite treated for
1000 h in an aqueous solution with a pH of 2 at ambient tem-
peratures.

Furthermore, these NMR spectra elucidate some of the many
processes occurring during leaching of aluminosilicate glasses
and crystals as the altering surface layer reaches steady state.
Apparently, the transient early dissolution of an aluminosili-
cate causes topographic changes on the mineral surface (e.g.,
Mellott et al. 2002) as well as coordination changes for both Al
and Si as shown here.
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