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Abstract—When normalized by initial surface area, crystalline and amorphous albite release Si and Al at the
same rate within error%40%) as measured at pH 2, 5.6, and 8.4 at 25°C. Differences in density and
tetrahedral ring structure between the glass and crystal structures, however, lead to more extensive Na and Al
depletion from the glass surface, especially in acid. X-ray photoelectron spectroscopy (XPS) indicates that the
chemistry of the altered layers on glass and crystal must be significantly different at a deptii/A+87A.
Nevertheless, angle-resolved XPS (ARXPS) indicates that the outermost 17A of the glass and crystal surface
are compositionally similar. In neutral and weakly basic conditions, XPS indicates less extensive depletion of
Na and Al from reacted glass and crystal surfaces than in acidic conditions. Al enrichment was not observed
at any pH on either the crystal or glass surface. At steady state, Al release was stoichiometric for all phases
and all pH values, but Na release was always faster than release of Si, especially for the glass. These results
are consistent with a model where only the outer surface controls dissolution and the deeper layers of the
altered surface do not significantly affect dissolution rate. The similarity in dissolution rate between glass and
mineral, if consistent for other phases, may also indicate that some future studies of mineral dissolution could
be completed more efficiently by investigation of glass because such studies could reveal the chemical effects
in dissolution independent of the microstructure and defects that populate natural mineral saGupgsght

© 2000 Elsevier Science Ltd

1. INTRODUCTION second type of model assumes surface-reaction controlled ki-
netics in which hydrolysis reactions break bridging bonds at the
solid/solution interface which determine, directly, the rate of
feldspar dissolution. This latter model is supported by spectro-
scopic studies that do not confirm the presence of leached
layers more than a few Angstres thick (e.g. Petrovic et al.,
1976; Berner and Holdren, 1979; Holdren and Berner, 1979;

Despite extensive investigation of the laboratory dissolution
behavior of crystalline feldspar (for a review, see Blum and
Stillings, 1995), further studies of feldspar dissolution behavior
are necessary for the development of environmental models
which can predict groundwater and soil porewater chemistries.
Although many dissolution studies have investigated the effects

of chemical composition on feldspar dissolution, few studies GO;“ et al, _1997).dMI0re W|r<]jely gccegted ver.:,lons of tk:e
have investigated the effect of crystallinity on dissolution surface-reaction model are those based on surface complex-

(Shade, 1981; Tsuzuki et al., 1985; Zellmer and White, 1986; ation. The proton-promoted dissolution (PPD) model for albite,
Zellmer, 1986; Yang and Kirkpatrick, 1989; Hellmann et al., put forth by Blum and Lasaga (1988); Blum and Lasaga (1991);
1990b: Hellmann et al., 1991: Hellmann, 1997c). Chemically Brady and Walther (1989); Brady and Walther (1992), and
durable sodium-aluminosilicate glasses (such as albite) may SCNott (1990) was adapted from the surface protonation model
also provide excellent matrices for the immobilization of ra- ©Of Stumm and other workers (e.g. Furrer and Stumm, 1986) for
dioactive fission products (Shade, 1981; Zelimer and White, Simple oxides. Gautier et al. (1994), Oelkers et al. (1994),
1986). A more complete understanding of the dissolution be- Oelkers and Schott (1995a,b) developed another surface com-
havior of both glass and crystal of feldspar composition would plexation model that explains control of feldspar dissolution
provide insight for the development of quantitative models of rates by the decomposition of an Al-deficient, silica-rich pre-

the dissolution reaction, in general. cursor complex. In these models, the feldspar dissolution rate is
proportional to the activity of the (precursor) surface com-
1.1. Models for Feldspar Dissolution plexes.

_ A third model combines ideas from both the diffusion-

Three types of models have been developed to describe controlled and surface-reaction controlled mechanisms already
mechanisms of feldspar dissolution. The first type, now gener- proposed. Based on calculations of the Na and H diffusion
ally discredited, assumes diffusion-controlled kinetics in which  coefficients within the altered layers formed in acidic condi-
the overall feldspar dissolution rate is controlled by the inward tjons at 300°C (Hellmann, 1995; Hellmann, 1997b), and the
diffusion of reactants and the outward diffusion of hydrolysis presence of adsorbed species (specifically @hd B&")
products through an altered surface Iayer.(f.or a review, see throughout the altered layer (Hellmann et al., 1989; Hellmann
Brantley and Stillings, 1996; Brantley and Stillings, 1997). The g g 1990a), Hellmann postulated that the structures of altered
layers are more open and porous than the unaltered crystal
* Author to whom correspondence should be addressed (brantley@ surface (Hellmann,_ 1997b). Thls Cor.lcep.t IS Con_S|Stent with t_he
geosc.psu.edu). observed hydrolysis of aluminate sites in plagioclase causing
" Present addresslohns Manville, Inc., Littleton, CO 80162. opening of the structure and facilitating the release of cations
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Table 1. Summary of solution and surface analyses of reacted albite by previous investigators.

pH range Type of
of solution Temp. Observations analysis Reference

— max Na depletion in acid (1500 A) and base (1200 A); minimal depletion
in neutral conditions
0.5-13.1 100-300°C - Al depletion in acidic and neutral conditions; variable in base solution Hellmann et al., 1995
— Na depletion depth> Al depletion depth

— thin leached layers<(40 A) over entire pH range; thickness decreased as
pH increased
—in acid, Na and Al depletion solution
— in neutral conditions, Na depletion; Al enrichment
— in base, considerable Al enrichment

1.2-11.3 25°C Chou and Wollast, 1984

— Na and Al depletion over entire pH range
— layer thickness ranged from 10-900 A; decreased with increasing pH in
acid; increased with pH in base

— Na and Al depletion at 5 and 50°C; little or no depletion at 90°C
— layer thickness ranged from 90-500 A; thickness decreased with
increasing temp.

0.5-10.0 225°C surface Hellmann et al., 1989

2.9 5-90°C surface Chen et al., 2000

— slightly greater depletion of Na and Al at pH 3.5 than 5.7

35,57 25°C — layer thickness= 100-200 A at pH 3.5; 150-300 A at pH 5.7

surface Muir et al., 1990

(Casey and Bunker, 1990). Thus, Hellmann proposed a about10-15 A and the composition was considerably depleted
“leached layer-surface reaction” model in which the dissolution in Si and enriched in Al.
rate of feldspar (albite) is controlled by the rate of detachment  Solution analysis of albite reacted at 100—300°C over a pH
of Si at the fluid-solid interface (Hellmann, 1995). However, range of 0.5-13.1 suggested the formation of leached layers
the rate of surface detachment is also influenced by the pres-during the initial stages of dissolution due to preferential re-
ence of leached layers, especially due to reactions (exchangeease of Na and/or Al at nearly all pH and temperature condi-
hydrolysis, condensation) occurring within them, such that the tions (Hellmann, 1994, 1995). Depletion of Na was greatest in
overall dissolution process should be viewesba3 Dprocess,  acidic and basic pH conditions, but minimal at neutral pH.
and not just a 2 Dprocess. The surface layer in this model, Maximum Na depletion depths of approximately 1500 and
however, does not act as a diffusional barrier to dissolution. 1200 A were reported in acidic and basic conditions, respec-
A similar model has also been discussed by Brantley and tively. Depletion of Al was observed in acidic and neutral
Stillings (Brantley and Stillings, 1996; Walther, 1997; Brantley conditions, but was variable in the basic region. At gHLO,
and Stillings, 1997) for feldspars in acidic solutions (gH-5) dissolution was essentially congruent and at pH 10-12, either
that combines surface complexation with diffusion of AIH™ Al or Si was preferentially released. At very high pe12), Al
(or H;0™), and M" (the charge balancing cations) through an \yas significantly depleted. The maximum reported Al depletion
altered surface layer. This model suggests that ion exchange Ofdepth was about 250 A at basic pH conditions. In general, Na
H™ or HO" for K™, Na", or C&" protonates the Al-O-Si depletion occurred to a much greater depth than Al depletion.
surfacg site and enhances supsequent hyc.irolysis of .AI-O-Si Muir and co-workers (Muir et al., 1990) used XPS and SIMS
bonds in the surface. Here, again, the layer is not considered ay, measure surface compositions and altered layer thicknesses
diffusion barrier. on albite samples reacted in solutions of pH 3.5 and 5.7 at
) 25°C. XPS indicated slightly greater depletion of Na and Al
1.2. Altered Layer Formation from the albite surface reacted at pH 3.5 than pH 5.7. SIMS
Analyses of effluent solutions and reacted albite surfaces by indicated altered layer thicknesses of 100-200 A and 150300

several investigators have revealed significant discrepancies agh on the albite surfaces reacted at pH 3.5 and pH 5.7, respec-
to the composition and extent of altered surface layers, espe-tively. In another study, XPS and ARXPS of albite reacted at
cially in neutral and basic conditions (Table 1). The weathering PH 2.9 indicated depletion of Na and Al at 5 and 50°C, but little
of albite at 25°C in a fluidized bed reactor was studied by Chou Or no depletion at 90°C (Chen et al., 2000). The estimated depth
and Wollast over a pH range of 1.2 to 11.3 (Chou and Wollast, of Na and Al leaching was between 90 and 500 A (as measured
1984). Based on solution analysis, the authors reported theby XPS and SIMS) at both 5 and 50°C, with more extensive
presence of thin altered surface layers4Q A) of varying leaching occurring at 5°C.

composition over the entire pH range. At pH 5.1, an altered  X-ray photoelectron spectroscopy (XPS) of albite reacted at
surface layer about 25 A thick developed over 263 h in solution 225°C (Hellmann et al., 1989; Hellmann et al., 1990a) also
with a composition depleted in Na and enriched in both Al and indicated Na and Al depletion over a pH range of 0.5 to 10.
Si. As pH decreased, the layer thickness increased to about 35Sputter profiling with XPS indicated leaching depths ranging
A at pH 1.2 and the composition of the layer became depleted from 10 to 900 A that decreased with increasing pH in the acid
in both Na and Al and enriched in Si. On the other hand, in region and increased with pH in the basic region. Furthermore,
alkaline conditions (pH> 6.9), the layer thickness decreased to angle-resolved XPS (ARXPS) revealed significant depletion of
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Table 2. Comparison of crystalline and amorphous albite dissolution

rates.
o Reaction
l Type of Initial Temperature time Glass rate/
N experiment pH Final pH (°C) (hours) crystal rate
Flow? 2.0 2.0 25 3638 0.8
Flow? 5.6 5.6 25 5416 2.2
Flow? 9.3 8.4 25 5416 2.5
Batcl? 2.0 2.3 70 505 1.6
& Batcl? 3.0 4.1 (crystal) 70 505 1.6
4.3 (glass)
.\J_ Batcl? 4.0 5.6 (crystal) 70 505 1.0
7.4 (glass)
Batcl? 5.6 ? 70 505 25
Batcl? 10.0 9.7 70 505 2.8
Batclf DI water ? 90 672 1.0
A B. Flow® 3.4 3.4 300 24 1.8-3.2
: Flow? 5.7-11.0 5.7-11.0 300 24 3.2-31.6

Fig. 1. (A) Schematic of four-membered rings of tetrahedra in
crystalline albite with Na ion positions represented by shaded circles.
(B) Schematic of six-membered rings in a stuffed-tridymite structure
used to describe the structure of albite glass (see text). Figure adapted
from Taylor and Brown (1979).

2Data from this study.

b Zellmer, 1986.
¢Shade, 1981.

9 Hellmann et al., 1990b.

inantly six-membered rings of Si- and Al-tetrahedra, while the

Na and Al from the outer few monolayers of the albite surface. albite crystal contains mainly four-membered rings of tetrahe-
Hydrogen profiles obtained with resonant nuclear reaction anal- dra (Fig. 1). Molecular orbital calculations in conjunction with
ysis (RNRA) indicated a strong pH-dependence of hydrogen Raman spectroscopy of fully-polymerized aluminosilicate
incorporation into the albite surface at 300°C (Hellmann et al., glasses (including the albite composition) have indicated the
1997a) The greatest penetration occurred in acid’ while con- likelihood of three- and four-membered rings, in addition to
siderably less penetration was observed in neutral conditions Six-membered rings, within the glass structure (Kubicki and
and little or no penetration in base. A similar, pH-dependent Sykes, 1993; Sykes and Kubicki, 1996).
trend in the depletion of sodium from the albite surface at  The standard Gibbs free energy of formation for albite glass
300°C was observed in the RNRA sodium profiles. is 41.2 kJ/mole greater than that for crystalline albite at 25°C
The combined surface and solution analyses of these inves-(Robie et al., 1978). However, Shade (1981) reported similar Si
tigators indicates a trend towards altered surface layer forma- release rates for crystalline and amorphous albite under static
tion in acidic conditions, where Na and Al depletion depths conditions in deionized water at 90°C. Zellmer and White's
range from tens of A to a few thousand A. In neutral conditions, Study (Zellmer and White, 1986; Zellmer, 1986) indicated that
a decrease in the layer thickness (tens of A to a few hundred A) albite glass releases Si at a similar or slightly faster than albite
was generally observed with some variability reported in the Crystal under static conditions over a pH range of 2-10 at 70°C
composition of the layer; i.e., Na depletion was always ob- (Table 2). Hellmann et al. (1990b) reported a classic (Hell-
served, but both Al depletion or enrichment (with respect to Si)y mann, 1994) ‘U-shaped’ dissolution curve (as reported for
have been reported. In basic conditions, the reported layer crystalline albite) for albite glass over a pH range of 2-12 at
thicknesses and compositions were even more variable. Some300°C with a minimum rate occurring in neutral conditions.
authors measured thinner altered layers in basic conditions thanDissolution rates were higher for albite glass than albite crystal
in acidic or neutral conditions, while others observed an in- over the entire pH range. The smallest difference in rates
crease in layer thickness. Again, both Al depletion and enrich- occurred at pH 3.4 (0.25-0.50 log units), in comparison to
ment were reported in the basic regime. In conclusion, while it large differences (0.5-1.5 log units) at pH 5.7 and pH 11.0
is generally believed that an altered layer forms in acidic (Table 2).

conditions, the exact nature of this layer in the neutral and basic  In general, dissolution of alkali-aluminosilicate glasses are
regions is still debatable. described by a model in which diffusion-controlled release of

alkali ions is concurrent with breakdown of the silicate matrix
(see White, 1992; Grambow, 1992; Doremus, 1994 for re-
views). Smets and Lommen (1982) proposed that Nens

All of the experimental studies discussed thus far have dealt associated with AlIQ tetrahedra are leached by an ion- ex
with crystalline feldspars. Only a few studies investigate dis- change process described by Doremus (1975) that involves
solution kinetics of amorphous albite (Shade, 1981; Tsuzuki et interdiffusion of hydrogen (or hydronium) ions from the water
al., 1985; Zellmer and White, 1986; Zellmer, 1986; Yang and with alkali ions in the glass. The initial rate (and depth) of
Kirkpatrick, 1989; Hellmann et al., 1990b; Hellmann et al., ion-exchange is proportional to the square root of time (para-
1991; Hellmann, 1997c). Experimentally measured x-ray radial bolic kinetics). In the later stages of dissolution, the rate of
distribution functions (RDF) (Taylor and Brown, 1979) indi- alkali release decreases to a steady state value where the
cate albite glass is a three-dimensional framework of predom- diffusional flux of alkalis equals the rate of breakdown at the

1.3. Glass Dissolution Studies
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solid/solution interface, thus leading to a constant, steady state Table 3. Spectrochemical analyses (based on a lithium metaborate

thickness of the leached layer. Release of silica into solution is flis'?g_tpfocests Ifo”og"e? by 'CP'QES( fgg'yzscl)so of thehf)esug'”ﬁ! S‘z'Ut'O”)_

almost always linear with time (except for a few exceptions jn ©' &PHte crystal and glass powder (L09-200 Mesn) and electron mi-
. - . . croprobe analyses of polished crystal and glass plates.

which silica release was between parabolic and linear (Douglas P th P Y g P

and El-Shamy, 1967)). Amelia Amelia Amelia Amelia
As in some of the dissolution models described for crystal- o _ albite albite  albite  albite
line feldspar above, breakdown of the aluminosilicate glass Stoichiometric crystal ~ glass  crystal ~ glass
matrix and release of soluble glass constituents is inferred to be albite powder powder plate  plate
controlled by the surface complexes (Grambow, 1992). Gram- sjo, (wt.%) 68.8 68.0 68.6 67.4 68.2
bow describes the desorption of silica tetrahedra as the rate-Al,O5 (wt.%) 19.4 19.7 20.2 19.6 19.2
limiting step in this mechanism. Since hydrolysis of the four N&O (Wto-%) 1.8 115 116 114 110
briFjging Si-O- bonds is a prerequisite to the release of .silicic ég% ((tht-_g/‘;)) Od%)o 0(')_1198 06.2137 0(')_1393 06.1440
acid from the glass network, the precursor of the activated g0 (wt.9%) 0.00 0.03 003 002 000
surface complex has been described as a (-O-Sifdd)yface Total (wt.%) 100.0 99.6 100.8  98.9 98.9

group. The overall glass dissolution rate is then modeled to be
proportional to the concentration of activated surface com-
]E)Iexels Wl(tjhm al rteiact.lon lzollne f’ﬂ fthe giass Sgrflacti' 'tI'ZIS mpbdel crystals in a platinum crucible at 1550°C in air for 15 h and annealing
or glass dissolution Is similar In form to modeis that describe 41 700°C overnight. Again, the high viscosity of the melt produced

control of crystalline feldspar dissolution rates by reactions at small bubbles in the glass. No attempt was made to remove the bubbles
the surface and within altered surface layers. from this batch of glass. After annealing, small pieces of glass were
removed by running cold water on the outside of the crucible.
o Albite crystals and glass (from the second batch) were dry-crushed to
1.4. Objectives a 74-149um grain size (100-200 mesh) in an agate mortar and
. ) . . subsequently cleaned in high-purity acetone. Spectrochemical analyses
In this research, the dissolution of both crystalline and amor- of powdered specimens (based on a lithium metaborate fusion process
phous albite is compared in acidic, neutral, and weakly basic followed by ICP-AES analysis of the resulting solution) and electron
solutions at ambient temperature and pressure. In this manner,microprobe analyses (based on the average of 1 analysis of 3 different

i} . . . areas) of polished plates of the albite crystal and glass (Table 3)
the effect of long-range order on dissolution can be studied indicated only minor deviations from stoichiometric albite. Both

while maintaining constant composition. Furthermore, investi- patches of glass had nearly identical compositions as measured by
gation of dissolution and altered surface layer formation in spectrochemical analysis. Also, powder x-ray diffraction showed no
neutral and basic pH at 25°C is necessary since most previousevidence of crystallinity in the albite glass. The only difference be-
experiments with crystalline albite were conducted in acidic tween the 2 batches of glass was the second batch (for powder exper-

diti hil ¢ dwat f idic t iments) contained small bubbles.
conditions, while most groundwalers can range Irom acidic to Crystal and glass plates (from the first batch) approximately 2cm

basic at low temperatures. X-ray photoelectron spectroscopy 1 cm x 0.2 cm were cut and one face was polished to Qoiand a
(XPS), angle-resolved XPS (ARXPS), secondary ion mass final 0.05um cerium oxide/chrome oxide polishing step. Oil-based
spectrometry (SIMS), Fourier transform infrared reflection dirémon?h spr;lystwferﬁ usgdlilnstesq ogwatert-rl?asetli_ shprays in orde’{j to
. reauce the errect or cnemical leacnin urin e polisnin rocess. NO
spectroscopy (FTIRRS), and gas a.ldsorptlon based Or_] thea’[tempt was made to orient the albgite crygstals.pAfter pgolri)shing, the
Brunauer, Emmett, and Teller (BET) isotherm were combined samples were ultrasonically cleaned in high-purity acetone for 15 min.
to study the composition and structure of the glass and mineral and adventitious hydrocarbons were removed by a 30 min ultraviolet
surfaces. Inductively coupled plasma atomic emission spectros- 0zone cleaning (UVOC) process (Vig, 1992). Finally, the samples were
copy (ICP-AES) and mass spectrometry (ICP-MS) were used etched in 1N NaOH solution at 80°C for 3 min. to remove the damaged/

to det . trati for th lculati f contaminated surface layer due to polishing. The samples were imme-
0 determineé agueous concentrations for the calculation o diately rinsed in deionized water at 80°C following the etch and blown

dissolution rates. with nitrogen gas. Before exposure to agueous solutions, the samples
were treated by UVOC again for 30 min. This rigorous sample prep-
2 EXPERIMENTAL PROCEDURES aration procedure yielded a clean, smooth crystal or glass surface
(which is ideal for surface analysis) with a surface composition similar
2.1. Sample Preparation to the bulk composition as measured with XPS (see Table 4).

High purity albite crystals from Amelia Courthouse, Virginia (Wards 5 5 Reactors
Scientific) were used in this investigation. Clear crystals with a high
degree of homogeneity (with respect to mineral phases such as ortho- The polished crystals and glasses were placed in polyfluorotetraeth-
clase and muscovite) were handpicked. Albite glass was prepared byylene (PTFE) baskets and hung vertically from the té@2d- high
two methods. The first glass specimen was originally prepared by density polyethylene (HDPE) containers. These containers were pre-
Zellmer (1986) and further treated by Merzbacher (Merzbacher and cleaned in hydrochloric acid, nitric acid, and boiling water. Solutions at
White, 1988). In order to produce a homogeneous, bubble-free glass pH 2, 5.6, and 9 were prepared with ultrapure HCI and deionized water,
suitable for sectioning into plates and subsequent polishing, ground deionized water only, and LiOH and deionized water, respectively.
Amelia albite crystals were melted in a platinum crucible at 1300°C, Batch reactors were completely filled (¥ 2.3 L) and sealed with
ground and remelted again. Because the melt was too viscous to pour,Parafilm. This procedure prevented the pH from drifting more than 0.3
the final melting was carried out in a platinum-foil mold. In order to  over 5000 h. The crystal and glass specimens were immersed in these
eliminate small bubbles in the glass, the sample was treated in a hot solutions for varying durations up to 5000 h. The containers were
isostatic press at 1300°C and 2500 psi (172 bars) (see Merzbacher andplaced in an oven maintained at 28° 1°C without agitation. The
White, 1988). Microprobe analysis and refractive-index measurements sample surface area to solution volume ratio (SA/V) was approximately
indicated the production of a homogeneous glass by this method 5.0 X 102 cm™?* for each batch experiment.
(Merzbacher, 1987). A second batch of albite glass suitable for grind-  In a separate experiment, both polished specimens and powders were
ing into a powder was prepared by melting crushed Amelia albite reacted in stirred Nuclepore (or modified Nuclepore) flow-through cells
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Table 4. XPS and ARXPS analyses of unreacted and reacted albite crystal and glass at 25°C.

Final Reaction Na/Si Na/Si Al/Si Al/Si
Sample type Reactor pH time (hrs) a7 A) 87 A) a7 A) (87 A)
Albite Stoichiometry — 0 0.33 0.33 0.33 0.33
(H) 0.46 (H) 0.44 (H)0.35 (H)0.36
Crystal plate Unreactéd — 0 (L)0.34 (L)0.33 (L) 0.30 (L)0.30
(H)0.34 (H)0.34
Crystal powder Unreactéd — 0 — (L)0.33 — (L)0.30
(H) 0.43 (H) 0.40 (H) 0.36 (H)0.31
Glass plate Unreactéd — 0 (L)0.36 (L)0.30 (L) 0.29 (L) 0.29
(H)0.34 (H)0.33
Glass powder Unreacted — 0 — (L) 0.30 — (L)o.31
Crystal plate Batch 2.0 1000 0.02 0.07 0.03 0.08
Crystal plate Flow 2.0 3638 0.20 0.25 0.21 0.25
Crystal powder Flow 2.0 3638 — 0.25 — 0.24
Glass plate Batch 2.0 1000 0.00 0.01 0.01 0.03
Glass plate Flow 2.0 3638 0.00 0.00 0.01 0.01
Glass powder Flow 2.0 3638 — 0.00 — 0.00
Crystal plate Flow 5.6 5416 0.19 0.28 0.25 0.29
Crystal powder Flow 5.6 5416 — 0.33 — 0.31
Glass plate Flow 5.6 5416 0.07 0.05 0.37 0.31
Glass powder Flow 5.6 5416 — 0.05 — 0.33
Crystal plate Batch 9.0 1000 0.22 0.20 0.23 0.29
Crystal plate Flow 8.4 5416 0.32 0.34 0.35 0.36
Crystal powder Flow 8.4 5416 — 0.30 — 0.35
Glass plate Batch 9.0 1000 0.12 0.21 0.15 0.26
Glass plate Flow 8.4 5416 0.12 0.08 0.31 0.30
Glass powder Flow 8.4 5416 — 0.09 — 0.34

2The atomic percent ratios for the unreacted (polished and etched) plates are presented as the highest (H) and lowest (L) values obtained fron

analysis of 10 polished specimens prepared in the same manner.

b The atomic percent ratios for the unreacted powders are presented as the highest (H) and lowest (L) values obtained from analysis of 10 powde

specimens prepared in the same manner.

(described in Stillings, 1994; Stillings and Brantley, 1995; Chen and
Brantley, 1997) fabricated from polycarbonate and Teflon, which were
submerged in a water bath maintained at 251°C. These cells£75

ml) were precleaned in a 10% nitric acid solution and rinsed with
deionized water. Input solutions of pH 2 (HGl H,O), pH 5.6 (DI
water), and pH 9 (LIiOH+ H,O) were pumped through the cells at a
rate of~2 ml/h, resulting in an average residence time of 37.5 h. Cells
were agitated at a speed of30 rpm. Nitrogen was bubbled through a
2N NaOH solution, deionized water, and the neutral and basic input
solutions to reduce pH drift due to dissolving atmospheric, Glutput
solutions were constantly collected through a r filter, acidified
with analytical grade nitric acid, and subsequently analyzed for Na, Al,
and Si with a Leeman Labs PS 3000UV ICP-AES. Some solutions with
extremely low Na, Al, and Si concentrations were analyzed with a
Finnigan MAT Element, a double-focusing sector field ICP-MS. Non-
acidified output solutions were also periodically collected to monitor
pH using an Orion Research 611 pH meter with an Orion Ross
combination pH electrode with an accuracy00.01 pH units. Reac-

2.3.2. X-ray photoelectron spectroscopy (XPS)

The outermost 90 A of the crystal and glass surfaces were analyzed
with XPS using a Kratos XSAM 800 spectrometer. Non-monochro-
matic, MgK, x-rays were used with an anode current of 20 mA at an
electron acceleration voltage of 14 kV. The pass energy was set at 40
eV and the analyzed area was approximately 2—-3 mm in diameter.
Survey scans (0-1200 eV) were collected to determine the elemental
species present on the glass and crystal surfaces. The compositions of
these surfaces were determined from high resolution scans of the Na
KLL, C 1s, O 1s, Al 2p, and Si 2p peaks at a step size of 0.1 eV. The
collection time for each peak was adjusted to yield a signal/noise ratio
of at least 50/1. Sensitivity factors for the Na KLL, O 1s, Si 2p, and Al
2p peaks were obtained by analyzing the fracture surface of a sodium-
aluminosilicate glass (having the molecular formula,®®.8Al,0;-
2.2Si0Q,) created in a vacuum of approximately fdorr and assuming
the atomic percents of each element on this clean surface matched the
bulk composition measured with spectrochemical analysis. The sensi-

tions proceeded until near attainment of steady state was achieved.tivity factor for the C 1s peak was obtained by analyzing a poly(eth-
Here we define the attainment of steady state when the Si concentrationylene terephthalate) (PET) film. The surface compositions were ex-

is constant with time to withint10%.

2.3. Surface Analysis
2.3.1. Surface area analysis

After reaction in either the batch or flow-through reactors, the
polished specimens were rinsed in high-purity acetone and blown with

pressed as atomic percent ratios normalized to the Si 2p peak.
Therefore, the atomic percent ratios reported in this study represent the
preferential loss of a given element with respect to Si.

Glass and crystal specimens were analyzed at two different angles in
order to enhance depth resolution within the outer approximately 90 A
of the sample surface. The analysis depth in XPS is a function of the
inelastic mean free path of photoelectrons that originate from a given
element in the solid and the angle between the analyzer entrance and

nitrogen gas. The powdered specimens were removed from the flow- the sample surface. The depth from which 95% of the signal originates

through cells, filtered through a 0.4&m filter paper, rinsed with

deionized water, ultrasonicated in high-purity acetone, and dried at
50°C overnight. Surface areas of powders were measured before and

after dissolution with a standard multipoint BET gas adsorption tech-
nique using Kr as the adsorbate gas (Micromeritics ASAP 2000). Due

was calculated with the following equation:
D = 3\ sind (1)

where D is the analysis depth,is the inelastic mean free path of a

to the low surface area, the measurements were near the lower limit of given element, and is the angle between the analyzer entrance and a

the technique and were estimated to be accurate to witl%5%.

line parallel to the sample surface (i.e., the takeoff angle). The kinetic
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energies of photoelectrons associated with the Si 2p, Na KLL, and Al indicates a slightly faster dissolution rate for crystalline albite
2p peaks are similar in oxide materials and consequently, the inelastic g¢ pH 2 than albite glass at short reaction times. However, at

mean free paths and analysis depths are similar (see Seah and Denc . . : . -
1979). The average analysis depth for these three elements is approxt)bnger reaction times, the dissolution rates converged until, at

imately 87 A atd = 65° and 17 A a® = 10 (note: analysis was not  Steady state, they were identical within error. For both glass and
performed at9 = 90° due to geometric considerations in the Kratos crystal, the ratio of initial to final rates was10. The logarithm
XSAM 800 XPS; tilting the sample t6 = 65° provided higher count  of the steady state dissolution rates of crystalline and amor-

rates and only reduced the analysis depth by 9 A). It should also be phous albite at pH 2 (based on the average of 5 data points at

pointed out that XPS averages over the entire analysis depth reported . . -
here, so that an analysis depth of 87 A corresponds tcatleeage the longest reaction times) werel4.4 and—14.5+ 0.2 moles

composition over the outermost 87 A of the surface. Silcnls, respectively.
At pH 5.6, the initial rate for both crystal and glass decreased
2.3.3. Secondary ion mass spectrometry (SIMS) by a factor of 100 before steady state was achieved. Figure 3

'y 10 g ZTA 29 o | H brofiles of th | indicates similar dissolution rates for crystalline and glassy
» 0, ™Na, Al and " Si elemental depth profiles of the crystal 5 ise 4t short reaction times and a slightly higher rate for albite
and glass surfaces were obtained with dynamic SIMS using a Cameca . . . .
IMS/3F spectrometer. A 250 nA, 14.5 Ke¥O~ primary beam was glass at longer reaction times. At short reaction times (and for
used. A 15Qum diameter spot was rastered over a 25@50 um area. all pH 2 results), solution chemistry was monitored with ICP-
Positive secondary ions were collected over gub diameter area in AES. At longer reaction times for pH 5.6 and 842500 h),
the center of the crater. The crystal and glass surfaces were not coatedine concentrations of Na, Al and Si in solution were analyzed

a gold TEM grid provided sufficient surface charge stabilization. These _ . . . .
conditions resulted in a sputtering rate of approximately 150 A/min as with ICP-MS. The logarithm of the steady state dissolution

determined by measurement of the depth of the crater with profilom- rates of albite crystal and glass at pH 5.6 (based on the last 5

etry. data points) were-16.0 and—15.7 = 0.2 moles Si/crs,
respectively. At pH 8.4, dissolution of albite glass was slightly

2.3.4. Fourier transform infrared reflectance spectroscopy (FTIRRS) faster than crystal at all reaction times (Fig. 4). At this pH, the

. initial rate decreased by a factor of 10 as steady state was
FTIRRS spectra of unreacted and reacted albite glasses were ob- . . .
tained on a Mattson Research Series spectrometer from 4000 to 400@PProached. The logarithm of the steady state dissolution rates
cm~* with a SiC glow bar source after a 5 minute nitrogen purge. Of albite crystal and glass at pH 8.4 (based on the last 5 data
Spectra were obtained with 100 co-added scans at an iris opening of points) were—15.7 and—15.3 = 0.2 moles Silcrs, respec
25% and a DTGS detector velocity of 6.2 kHz at 2 chesolution. tively. These results corroborate published rate data for crys-

The interferograms were transformed using triangular apodization and . - .
the data were zero-filled to increase the spectral point density to 0.5 talline albite (Blum and Stillings, 1995), but represent the only

cm L. Specular reflectance spectra were obtained using a Spectra-techPublished dissolution rates for albite glass at 25°C (Table 2). In
attachment. The reflectance spectra were ratioed to the backgroundaddition, the experiments were maintained for longer reaction

spectrum of a polished aluminum mirror. This ratioed spectra were then times than reported previously and closer attainment of steady
transformed into absorbance spectra by means of a Kramérsrgro state was probably achieved.

transformation.

3. RESULTS 3.2. Surface Area

The specific surface area of unreacted albite crystal powder
was slightly larger than that of unreacted albite glass powder of
Dissolution was undetectable in the batch reactors basedthe same particle size (0.058 0.020 nf/g vs. 0.040= 0.014
upon solution analysis as measured with ICP-AES (detection m?g (Table 5)), in agreement with measurements by Zellmer
limits are approximately 0.02 ppm for Si, Al, and Na). For the and White (1986) on unreacted albite crystal (0.05Iginand
flow reactors, steady state dissolution rates (mole¥&mwere glass (0.037 rfig) powders (100—200 mesh). After reaction in
calculated from the expression: flowing pH 2 solution, the surface areas of the crystal and glass
increased by a factor of 2 and 30, respectively. After reaction in
Rate= CQ/((Am) @ flow reactors at pH 5.6, the surface areas of the crystal and
where C is the Si concentration in solution (moles/L), Q is the 91asS increased by a factor of 1.3 and 1.4, respectively. Finally,
flow rate (L/s), A is thenitial specific surface area (Gfg), and after reaction in flowmg pH 8.4 solution, the surface areas of
m is the mass (g). Variation in C (%RSD) ranges from 3 to 18% the cry§tal and glass increased by a factor of 1.1 and 1.4,
depending on concentration and variation in Q (one standard "eSpectively (Table 5).
deviation in measured flow) is£5%. Variability in specific
surface area¥{ 1¢) measured with Kr for these low surface area 3.3. Surface Analysis
powders was estimated by repeat measurements as approxi-3.3_1_ XPS
mately +=35%. A conservative estimate of the propagated error
in rate was therefore-40% (= (0.18 + 0.05 + 0.3%)*?). The surface compositions of the unreacted crystal and glass
The “steady state” dissolution rates reported in this study were plates (polished and etched) as measured with XPS and
derived from regions at the end of each experiment where the ARXPS are listed in Table 4 as well as XPS of the unreacted
Si concentration was constant with time to within10%. powder specimens. ARXPS cannot be performed on powdered
Values for the parameters in this equation for the glass and specimens and consequently, compositional information is lim-
crystal and the calculated dissolution rates are reported in Tableited to the outer 87 A of their surfaces. Surface compositions of
5. Dissolution rates based on flow experiments were reported the unreacted surfaces are presented as the highest and lowest
with respect to the measured output solution pH. Figure 2 Na/Si and Al/Si atomic percent ratios measured on 10 polished

3.1. Dissolution Rates
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Fig. 2. Log dissolution rate as a function of reaction time in flow
experiments (output pH 2) at 25°C. The dissolution rates for albite
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Log glass rate =-15.3 £ 0.2

Log crystal rate = -15.7 + 0.2

T T
1000 2000

T T T
3000 4000 5000 6000

Time (hrs)

Fig. 4. Log dissolution rate as a function of reaction time in flow

experiments (output pH 8.4) at 25°C. The dissolution rates for albite

crystal and glass at long reaction times are steady-state dissolution ratescrystal and glass at long reaction times are steady-state dissolution rates
(see text for rate calculation). Rates are normalized using initial surface (see text for rate calculation). Rates are normalized using initial surface
areas. For clarity, only every fifth data point is shown. The curves are areas. For clarity, only every fifth data point is shown. The curves are

provided to guide the reader’s eye.

plates or 10 powders prepared in an identical manner. Ten
analyses of 1 sample of crystal powder and 1 sample of glass
powder prepared in an identical manner were performed to test
analytical reproducibility. This variability in surface composi-
tion due to instrumental error was very smatt4%). Inter-
sample variability in the crystal surface composition was prob-

ably due to sample heterogeneity and polishing effects, while (a)

variability in the glass surface was probably due to polishing
effects only. Surface compositions of the crystals and glasses
(both polished plates and powders) reacted for long times in
batch and flow reactors are also presented in Table 4 as Na/Si
and Al/Si atomic percent ratios.

Figures 5—-8 present XPS and ARXPS analyses as Na/Si or
Al/Si atomic percent ratios vs. reaction time. The highest and
lowest Na/Si and Al/Si ratios measured on the unreacted plates
are represented as horizontal dashed lines on these plots. Sur-
face compositions of the powder specimens, which were sim-
ilar to plate specimens (Table 4), are not included in the figures.

bl
n

m crystal
o glass T

-14.0 1

-14.5

-15.0

-15.54

-16.0 1

Log Dissolution Rate (moles Si/cm’/s)

Log crystal rate =-16.0 + 0.2
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T T
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Fig. 3. Log dissolution rate as a function of reaction time in flow
experiments (output pH 5.6) at 25°C. The dissolution rates for albite

Na/Si Atomic % Ratio

~
o
=

Na/Si Atomic % Ratio

provided to guide the reader's eye.

The XPS and ARXPS results can be summarized in the fol-
lowing statements. Both crystal and glass surfaces (plates and
powders) exhibited Na and Al depletion at pH 2. Furthermore,

—
Analysis Depth = 17A
Amelia albite crystal

T —T T

—o— batch reactor, pH 2
—a— batch reactor, pH 9

T T
1 10

Reaction Time (hours)

T
100

0.8
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Analysis Depth = 87A
Anmelia albite crystal

—o— batch reactor, pH 2
—a— batch reactor, pH 9

=
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U
1000
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Reaction Time (hours)

Fig. 5. Na/Si ratios (atomic %) as measured with (a) ARXPS (anal-

ysis depth= 17A) and (b) XPS (analysis depth 87A), plotted as a

crystal and glass at long reaction times are steady-state dissolution ratesfunction of reaction time for Amelia albite crystal plates in pH 2 and
(see text for rate calculation). Rates are normalized using initial surface pH 9 solutions in batch reactors at 25°C. The dashed lines represent the
areas. For clarity, only every fifth data point is shown. The curves are highest and lowest Na/Si ratios measured on 10 unreacted, polished

provided to guide the reader’s eye.

crystal surfaces. The curves are provided to guide the reader’s eye.
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Fig. 6. Na/Si ratios (atomic %) as measured with (a) ARXPS (anal-
ysis depth= 17A) and (b) XPS (analysis depth 87A), plotted as a
function of reaction time for Amelia albite glass plates in pH 2 and pH
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Fig. 7. Al/Si ratios (atomic %) as measured with (a) ARXPS (anal-
ysis depth= 17A) and (b) XPS (analysis depth 87A), plotted as a
function of reaction time for Amelia albite crystal plates in pH 2 and

9 solutions in batch reactors at 25°C/ The dashed lines represent thep g so|ytions in batch reactors at 25°C. The dashed lines represent the
highest and lowest Na/Si ratios measured on 10 unreacted, polishedpjghest and lowest Al/Si ratios measured on 10 unreacted, polished

glass surfaces. The curves are provided to guide the reader’s eye.

Na and Al depletion was more extensive in the glass surface
than in the crystal surface. As pH increased, the extent of Na
and Al depletion from both the glass and crystal surfaces
decreased (as exhibited by higher Na/Si and Al/Si ratios). In
neutral conditions, the glass surface exhibited more extensive
Na depletion than the crystal surface and both surfaces were
slightly depleted in Al. In weakly basic conditions, the glass
again exhibited more Na and Al depletion than its crystalline
counterpart. In general, the glass and crystal surface composi-
tions were more similar within the outer 17 A than the outer
87 A. The specimens reacted in batch reactors generally
exhibited more Na and Al depletion than specimens reacted
in flow cells (Table 4). Finally, no evidence of Li or Cl in the
outer 17 A or 87 A of the glass or crystal surface was observed

with XPS.

3.3.2. SIMS and FTIRRS

crystal surfaces. The curves are provided to guide the reader’s eye.

the range 17-87 A in almost all cases. The only exception was
Na leaching in the glass at pH 2; but even in this case, the SIMS
hydrogen depth profile (in Fig. 9) showed enrichment to a depth
=500 A.
FTIR absorbance spectra of the glass surfaces reacted in pH
2 solutions (Fig. 10) and pH 9 (not shown) were also identical
to that of the unreacted glass surfaces, indicating no significant
change in the structure of the glass surface. The peak at 1054
cm~* was assigned to antisymmetric stretching vibrations of
bridging Si-O-Si bonds within SiQtetrahedra (Sanders et al.,
1974; Doremus, 1980; Husung and Doremus, 1990; Roy, 1990)
and the peak at 464 cm was assigned to Si-O-Si and O-Si-O
bending vibrations (sometimes referred to as Si-O-Si rocking
vibration) (Husung and Doremus, 1990). The analysis depth of

this technique is>~1 um at 1250-900 cm® and further
confirms the limited thickness of the altered surface layers.

The sodium, aluminum, and silicon SIMS depth profiles of

the reacted crystal and glass surfaces (not presented) wer

identical to the profiles of the unreacted crystal and glass

surfaces. Since the depth sensitivity of SIMS profiling under
the experimental conditions was limited 4200-500 A, sur-
face alteration must have extendez200-500 A into the

4. DISCUSSION

€.1. Dissolution Rates

All dissolution rates are summarized in Table 5 as release
rate of Si normalized by initial surface area. As per the obser-
vations of Casey et al. (1989), we saw no increase in dissolu-

surface. This is consistent with XPS that showed gradients in tion rate with time for the glass dissolved at pH 2. We therefore
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Fig. 10. FTIRRS absorbance spectra of unreacted and reacted albite
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neutral (pH 5.6) and weakly basic solutions (pH 8.4), and are in
good agreement with data available in the literature (see Blum
and Stillings, 1995 for a review). Moreover, the steady state
dissolution rate of albite crystal is slightly higher at pH 8.4 than
] pH 5.6, which also agrees with data available for crystalline
. albite. The steady state dissolution rates of albite glass at 25°C
are identical, within error £40%), to that of albite crystal at

10 100 1000 10000 each pH. These results agree well with the observations of
Reaction Time (hours) Zellmer (1986) at 70°C, Shade (1981) at 90°C, and Hellmann

Fig. 8. Al/Si ratios (atomic %) as measured with (a) ARXPS (anal- e_t al. (1990_b) at 300°C, except that Hellmann reported a Iarge
function of reaction time for Amelia albite glass plates in pH 2 and pH region (pH 5.7-11.0). Although rates at pH 5.6 and 8.4 for glass
9 solutions in batch reactors at 25°C. The dashed lines represent theand crystal were identical within error in our experiments at
highest and lowest Al/Si ratios measured on 10 unreacted, polished 25°C, glass dissolution rates were slightly faster than crystal
glass surfaces. The curves are provided to guide the reader’s eye. o . . .

dissolution rates, in agreement with the observations of Hell-
mann.

0.5 1

04 4

Al/Si Atomic % Ratio

o4

interpret the increase in specific surface area of the glass
dissolved at pH 2 as the result of the formation and spalling of 4-2- Altered Layers

a porous surface layer. This increase in specific surface area is - go|ytion analysis indicates that steady state is achieved much
not interpreted as an increase in reactive area; all rates are thus;,ore rapidly at pH 241000 hours) than at pH 5.6 (3500 h)
normalized by initial surface area. The steady state dissolution 54 pH 8.4 (3000 h). Faster approach to steady state correlates
rates of crystalline albite are higher in acid (pH 2) than in \ith faster dissolution in acidic conditions as compared to

neutral or basic pH. Solution analysis also indicates that all of

the solutions are undersaturated with respect to gibbsite at the

0.0150 . : . . : end of each experiment. At pH 2, 5.6, and 8.4 the solubilities of
gibbsite are>1 X 10" ppm, 20 ppb, and 30 ppb Al, respec
oos§ PHZO = unreacted | . tively (based on data from Stumm and Morgan, 1996). At the
end of the experiments with crystal at pH 2, 5.6, and 8.4, the Al

0.01001 ] concentrations were 152 ppb, 7 ppb, and 8 ppb, respectively,
and with glass were 166 ppb, 7 ppb, and 9 ppb, respectively.
Thus, solutions at pH 5.6 and 8.4 are closer to saturation with
respect to gibbsite than at pH 2.

While it has been shown that steady state (constant Si con-
0.0025 - 4 centration (£10%)) was achieved by the end of each experi-
ment, solution analysis indicates that the release of Na and Si
was not always stoichiometric (Table 5). The degree of stoi-
chiometry is summarized in Table 5 as the ratio of the Na and
Al release rates with respect to the Si release rate. If the Na/Si

Fig. 9. SIMS hydrogen depth profiles of unreacted and reacted albite @nd Al/Si ratios are equal to 0.33, then the release of Na, Al,
glass. and Si is stoichiometric. If one of these ratios>1.33, Na or

0.0075 g

0.0050 Bl

H/Si signal ratio

0.0000

T T T
0 1000 2000 3000 40‘00 50‘00 6000
Depth (A)
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Al is released faster than Si and if these ratios<a@e33, Na or (6 = 10°, D= 17 A) documents some depletion of Na and/or
Al is being released slower than Si. At steady state, the releaseAl, indicating the formation of thin altered surface layers in
of Al was stoichiometric within error for both the glass and neutral and weakly basic conditions. In contrast to observations
crystal at each pH, and was stoichiometric within error for based on solution chemistry by Chou and Wollast (1984), who
crystal dissolved at low and high pH. However, the release of reported Al enrichment and Si depletion in neutral and basic
Na was always faster than the release of Si for glass over the conditions at 25°C, these results show that enrichment of the
entire pH range and for crystal at neutral pH. Furthermore, the glass or crystal surface in aluminum does not occur in neutral
glass was always further from stoichiometry than the crystal. or weakly basic solutions. These results agree substantially
This data indicates that at steady state, a constant leached layewith observations at higher temperature (Hellmann et al.,
thickness was achieved with respect to Al leaching on glass and 1995). Again, we hypothesize that the chemistry of these outer
crystal at all pHs, but the layer was still growing with respect layers controls dissolution rate.
to Na leaching for the glass surfaces. At neutral pH, Na leach-
ing may have been continuing for both glass and crystal. 4.3. Natural Glasses

Despite similarity in the steady state dissolution rates of
crystalline and amorphous albite, Na and Al depletion is more
extensive from the glass surface than the crystal surface, espe
cially at pH 2. However, within the outer 17 A, the outermost
surfaces of the glass and crystal are compositionally similar
(Table 4). These observations may be related to structural
differences between crystal and glass as described below.

Geochemists may be surprised that the dissolution rate of
albite glass is similar to that of crystalline albite (within a factor
of 3) since glasses from volcanic rocks older than the Miocene
(~15 million years) do not generally exist (see White and
|Claassen, 1980; White, 1984). Dissolution of tektite glasses,

however, is very slow; these glasses have existed in nature for

Structures of altered layers on crystalline albite are presumed up to 35 miliion years (Gla_ss, 1984)'.Th's difference in disso-
to be more open and porous than the unaltered crystal surfaceluuon rate between volcanic and tektite glasses may be related
(Casey and Bunker, 1990; Hellmann, 1995; Hellmann, 1997b) to the water content of the glasses. Rhyolitic glasses cortdin

) ; ) ; ) Voo . . . o
allowing proton-bearing species access deep within the surface.v‘gﬁ wfate; ggz'lg_ltik.mf tglallsslegs chorgﬁ'ﬁl. V\Ilt(f V\ﬁfr f
In this respect, the altered surface layer of albite may be similarg\l Oee3e§ I’ e i’(IjS etal, )dl emiﬁa urability o
to the glass. Albite glass+<(2.38 g/cni) consists predominantly . 8,0-3 SIG, glasses ec;rgasées gjp'_l_y as the wate;r clgrétzent
of 6-membered rings of tetrahedra while crystalline albite INCreases over a range ot 9-— ‘.Nt 6 (Tomazawa eta_., ):
(~2.62 glcnd) consists predominantly of 4-membered rings If the water content in our albite glass equals the difference

(Taylor and Brown, 1979). Interdiffusion of proton-bearing or between 10_0% ar_id the sum of the oxide constituents (e.g.,
other aqueous species (such agOf, H,0, H, Li*, OH™ Yang and Kirkpatrick, 1989), then the water content wéls1

CI™) and modifier ions should be easier in the more open glass wtok/]o (Tab(ljg 3)'| S.UCh af Vilgaterlcontent S.'hOl.:tldhr.mt Tg).prec:ably
structure, explaining the higher depletion of Na and Al from the enhance dissolution of the glass matrix, if this albitic glass

glass surface than from the crystal surface. Apparently, how- riggtzs s_irnsilarlfy 1o thﬁ gIassz:;s StUdt'edt b¥ TotmaTavlva et ai.
ever, any enhancement of dissolution rate due to more exten-( )- erelore, where water content of natural glasses 1S

sive depletion from the glass surface is small4 factor of 3) higher than the glass used here, dissolution rates may also be

at all values of pH. The similarity of chemistry of the outer correspondingly higher. High_er water content_s in natural
surface layer (depth of tens of Angatne) and the similarity in glasses may therefore explain why glasses disappear more

rate observed for the glass and crystal suggests that the outeireaOIIIy than crystalline r_naterial n natural_ systems. .
layer controls the dissolution rate. Glasses may also dissolve more rapidly than crystals in

The large change in the specific surface area of the glass athature if weathering soluiions are <_:Ios_e to equilibrium with the
PH 2 is consistent with development of an extensive, highly _crystals. Thu_s, a small difference in_dissolution rz_:\te measur_ed
porous altered layer. The smaller increase in specific surface " OUr €xperiments may translate into larger differences in
area of the crystal is consistent with the formation of a less dissolution rate between glass and crystal under natural condi-
extensive, but still highly porous and open altered layer. De- tions. Furthermore, small differences in dissolution rate in the

spite this difference in final surface area, the glass and crystal Ic?borrla\t(;ry ce;]n trantslatel "tm()j tlarge Idiff_eri:ncesf in extent of
dissolve at the same rate at pH 2 when normalized to initial Issolution when extrapolated o geologic ime rames.

surface areas. This information. combined with the ARXPS Another explanation for the enhanced reactivity of natural
data, corroborates the finding that structure and chemistry of glasses may lie in the fact that most natural glasses are gener-

the outermost crystal and glass surfaced A) are similar ally not pure feldspar in composition, and other glass compo-
and control the dissolution rate sitions may be more reactive than their crystalline counterparts.

Similarity in the dissolution rates of crystalline and amor- In this s_t_udy, the crystals were carefully Chosef‘ so_that the
phous albite at low pH is consistent with models in which composition of glass and crystal would be nearly identical, and
reactions at the surface and within a thin20 A) altered the effects of crystallinity alone could be evaluated. More tests

surface control the dissolution rate. Any effect of the deeper W_'” be _needed, however, to determiiie wheti_ier similarity n
portions of the altered layer on the dissolution rate is unmea- d.'S.SO“.Jt'On rate between gleiss and mineral of identical compo-
surable in this type of experiment. sition is a general observation.

In contrast to extensive leaching at pH 2, XPS at a high angle
(o = 65°, D= 87 A) indicates less depletion of Na and Al from
surfaces dissolved in solutions at pH 5.6 and 8.4 and little orno  Crystalline and amorphous albite release Si and Al at com-
surface layer formation. However, ARXPS at a lower angle parable rates%40%) as measured in acid (pH 2), water (pH

5. CONCLUSIONS
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5.6) and base (pH 8.4) at 25°C. In acid, Na and Al depletion is

J. P. Hamilton, C. G. Pantano, and S. L. Brantley

Brantley S. L. and Stillings L. (1997) Reply: Feldspar dissolution at

more extensive from the glass surface than the crystal surface 25°C and low pHAm. J. S¢i297,1021-1032.

although ARXPS indicates severe depletion of Na and Al from

both the crystal and glass surfaces within the outermost 17 A at

pH 2. The more extensive in-depth alteration for the glass is

Casey W. H., Westrich H. R., Massis T., Banfield J. F., and Arnold
G. W. (1989) The surface of labradorite feldspar after acid hydro-
lysis. Chem. Geol78, 205-218.

Casey W. H. and Bunker B. (1990) Leaching of mineral and glass

probably due to the less dense, 6-membered ring structure of surfaces during dissolution. Mineral-Water Interface Geochemis-

the bulk glass compared to the 4-membered ring structure of

the crystal. Similarities in steady state surface composition
(<~20 A) and dissolution rates suggest that the ‘altered’

try (eds. M. F. Hochella, Jr. and A. F. WhitédReviews in Mineral-
ogy, Vol. 23, pp. 397—425. Mineral. Soc. Amer.

Chen Y. and Brantley S. L. (1997) Temperature- and pH-dependence of
albite dissolution rate at acid pt:hem. Geol135, 275-290.

crystal surface and ‘altered’ glass surface adjacent to the liquid chen Y., Brantley S. L., and Iiton E. S. (2000) X-ray photoelectron

phase are key to the control of dissolution rate (i.e., the solid/

liquid interface affects rates more than the in-depth leached
layers). BET suggests that the structure of the surface layers on

BOTH the crystal and glass are more open than their bulk

spectroscopic measurement of the temperature dependence of cat-
ions from the albite surfac&Chem. Geol163,115-128.

Chou L. and Wollast R. (1984) Study of the weathering of albite at
room temperature and pressure with a fluidized bed reactor.
Geochim. Cosmochim. Act8, 2205-2217.

structures, and presumably controls the attack and transport ofporemus R. H. (1975) Interdiffusion of hydrogen and alkali ions in a
proton-bearing species at both the glass and crystal surface. In glass surfacel. Non-Cryst. Solid49, 137-144.
neutral and weakly basic conditions, XPS indicates the forma- Doremus R. H. (1980) Infrared spectroscopy of surfaces of glasses

tion of less extensive altered surface layers on both albite glass
and crystal than in acidic conditions. The compositions of these

surfaces are depleted in Na and/or Al, but do not exhibit
enrichment of Al (contrary to previous reports in the literature).

In neutral and weakly basic solutions, the dissolution rates of

albite glass and crystal are similar but lower than in acid
conditions. Overall, the results of this study indicate that the

containing alkali ionsJ. Non-Cryst. Solidg1, 145-149.

Doremus R. H. (1994) Chemical durability: Reaction of water with
glass. InGlass Science (2nd Bd pp. 215-240. John Wiley & Sons
Inc.

Douglas R. W. and EI-Shamy T. M. M. (1967) Reactions of glasses
with aqueous solutionsl. Am. Ceram. So&0, 1-8.

Furrer G. and Stumm W. (1986) The coordination chemistry of weath-
ering. |. Dissolution kinetics 06-Al,0; and BeO.Geochim. Cos
mochim. Acteb0, 1847-1860.

thickness of the leached layer does not measurably affect the Gautier J.-M., Oelkers E. H., and Schott J. (1994) Experimental study
dissolution rates of the feldspar crystal and glass as measured in of K-feldspar dissolution rates as a function of chemical affinity at

flow experiments at 25°C (rates measured to withif0%).

The similarity in rate of dissolution between crystal and glass
of albite composition may also indicate that future geochemical
studies of mineral dissolution could be more efficiently com-

pleted in some cases by investigation of glass, which can be

150°C and pH 9Geochim. Cosmochim. Ac&8, 4549—-4560.
Gilchrist J., Thorpe A. N., and Senftle F. E. (1969) Infrared analysis of
water in tektites and other glassds Geophys. Re34, 1475-1483.
Glass B. P. (1984) Tektites. Non-Cryst. Solid§7, 333-344.
Gout R., Oelkers E. H., Schott J., and Zwick A. (1997) The surface
chemistry and structure of acid-leached albite: New insights on the

made homogeneous, rather than crystalline material, which is dissolution mechanism of alkali feldspaGeochim. Cosmochim.

typically variable in impurity and defect content and whose
microstructure compromises surface analysis.
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