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FELDSPAR DISSOLUTION AT 25°C AND LOW pH
SUSAN L. BRANTLEY* and LISA STILLINGS**

ABSTRACT. Although steady state dissolution of feldspar occurs
stoichiometrically in acidified dilute solutions, leached layers form
during dissolution and are maintained at constant thickness by the
balance between leaching of A+ and M** and silica network hydroly-
sis. The feldspar surface in contact with dilute acid solution is pen-
etrated by hydrogen species whose concentration is pH-dependent.
Because we have observed that dissolution rate and ion exchange
within the feldspar surface decrease with increasing concentration of
cations in solution, but proton adsorption is not dependent upon salt
concentration, we present two rate models which assume that ion
exchange of H* or H;0* for K*, Na*, or Ca** enhances the hydrolysis of
Si within the leached, hydrated surface layer. Speciﬁcal{ , the pH-
dependent ion-exchange reactions are assumed to accelerate hydroly-
sis of AlOSi bonds in the surface, causing an increase in the concentra-
tion of =SiOH sites throughout the leached, hydrated layer and a
consequent increase in the rate of silica network hydrolysis. The silica
network hydrolysis reaction (depolymerization), enhanced by ion ex-
change, is therefore H-depencfent and rate-limiting, in contrast to
network hydrolysis of quartz at low pH. Assuming that dissolution rate
is dependent upon the surface concentration of protonated exchange
sites, which we model with a Langmuir isotherm, we predict the
following rate equation:

Ky[H*) "
1+ Ky{H*) + KpMP*) + 3 K

R = kniT

Here, R is the area-normalized rate of feldspar dissolution at steady
state, k is the rate constant, n, is the fraction of total sites that are AIOSi
(exchange) sites at the water-feldspar interface, T is the number of
surface sites per unit area, K, and Ky, refer to the adsorption constants
for H* and M** adsorption onto the AlOSi site respectively, and the
braces refer to activities of dissolved species. The term I, K;(C;'] in-
cludes the effect of adsorption of any other species C; onto the AlOSi
(exchange) site, including AP+ adsorption. The value of n is 1 if onl
AlOSi sites on the surface contribute to dissolution but equals 0.5 if
sites throughout the hydrated surface layer contribute, We have used
the model with n = 0.5 to fit dissolution rate data of five feldspars as a
function of NaCl concentration.
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The model prediction of rate increase with increasing hydrolysis
of AlOSi bonds throughout the leached, hydrated layer suggests that
condensation of bridging bonds during heating or drying cycles in
natural systems might slow dissolution compared to continuously wet
surfaces in laboratory reactors. Slower rate measurements derived from
long duration reaction, measurements in the presence of rate-inhibit-
ing salts, and rate measurements in alternating wet and dry episodes
might further explain the discrepancy between laboratory and field rate
estimations.

TABLE OF SYMBOLS

a = linear dissolution rate (cm s~ 1)
¢ = volume concentration of species ¢ in the bulk unaltered feldspar
(mol cm~%)
= average volume concentration of species ¢ in the surface leached
layer (mol cm™2)
c_im/ = volume concentration of species ¢ at the feldspar-water interface
(mol cm™3) ;
= volume concentration of proton-exchanged Al sites at the feldspar-
water interface (mol cm=%)
Dy = diffusion coefficient for protons through the feldspar surface
(cm?s~1)
Dy = diffusion coefhicient for the charge-balancing cation through the
feldspar surface (cm? s71)
k = reaction rate constant (s~ 1)
Ky = equilibrium constant for adsorption of H* at the exchange site at
the feldspar-water interface
K; = equilibrium constant for adsorption of cation C;" at the exchange
site at the feldspar-water interface

i
cavg

H
cxm/

Ku = equilibrium constant for adsorption of M?* at the exchange site at
the feldspar-water interface
{* = thickness of the layer on the feldspar surface which is leached with
respect to component i (cm)
K* = equilibrium constant for exchange of H* and Al3* at the feldspar
surface
M?#* = the charge balancing cation in feldspar
n, = fraction of surface sites at the feldspar-water interface which are
exchange sites (mol/mol)
pH i = immersion pH
PZNPC = point of zero net proton charge
R = molar dissolution rate (mol cm=2s71)
Vs = molar volume of the altered feldspar surface (cm?® mol™!)
x = position with respect to the original surface for feldspar leaching

and dissolution
y = position with respect to the moving surface boundary frame of
reference for feldspar leaching and dissolution
[(AlOSt)H] = areal concentration of protonated exchange sites (mol cm~2)
[=SOH] = areal concentration of protonated generic surface adsorption sites
on feldspar (mol cm~%)
o = surface charge (C cm™2)
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8y = fraction of exchange sites occupied by protons at the feldspar-water
interface
T = total number of surfaces sites per unit area (mol cm=2)

INTRODUCTION

To explain the discrepancy between estimates of mineral dissolution
rates from field and laboratory experiments, geochemists have discussed
effects ranging from hydrologic factors and the estimation of surface area
in weathering lithologies to inhibition of dissolution caused by oxide or
organic coatings (Velbel, 1990, 1992, 1993; White and Peterson, 1990;
Schnoor, 1990; Brantley, 1992). However, scrutiny of the literature of
laboratory feldspar dissolution reveals several discrepancies between
experimental results and current models for dissolution, emphasizing
that we are still unable to propose mechanism-based rate equations for
feldspar, the most common rock-forming mineral of the Earth’s crust (for
areview, see Blum, 1994).

One reason for the lack of agreement about the rate and mechanism
of feldspar dissolution is that, during dissolution of feldspar, a complex
series of reactions occurs, including 1on exchange (Garrels and Howard,
1957; Casey and others, 1989; Murphy and Helgeson, 1989; Chou and
Wollast, 1989; Wollast and Chou, 1992), protonation of surface hydroxyl
sites (Blum and Lasaga, 1988, 1991; Schott, 1990), and hydrolysis (or
condensation) of $iOSi and AlOSi bond linkages (Casey and others, 1989,
Casey, Westrich, and Holdren, 1991; Casey and Bunker, 1990; Hell-
mann and others, 1990; Oelkers, Schott, and Devidal, 1994).

Ion exchange (or leaching) of the network modifier or charge-
balancing cations, M**, at the surface can be modelled as a desorption
and an adsorption reaction (Talibudeen, 1981):

(ALOSHM = (AlOSif~ + M+ (1)
(AlOSiY~ + mH* = (AlOSi)H:™ 2)
where AlOSi refers to the exchange site, defined as the bridging oxygen

between Al and Si atoms. Protons may also adsorb at surface hydroxyl
sites, =XOH (Schindler, 1981), in the feldspar surface:

'=$i0" + H* ==Si0H (3)
=SiOH + H* >=Si0OH} (4)
=Al0~ + H* ==AIOH (5)
=AIOH + H* ==AI0OH; (6)
or to the SiOSi bridging oxygen:
=S$i0Si= + H* ==SiOHSi= (7)

Hydrolysis reactions also occur at the feldspar surface:
=8§i0Si= + H,0 ==Si0OH + =SiOH (8)
=SiOHOSi= + H,0 ==Si(OH,) + =SiOH 9
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In this notation, we have indicated each bridging oxygen explicitly as
$i0Si or implicitly with a dash, “—: for example, a Si atom with one
bridging oxygen and three hydroxyl groups is noted —Si(OH)s. This
notation emphasizes the stepwise nature and the pH-independence of the
hydrolysis reactions (reactions 8 and 9), as well as the release ofsilica into
solution:

Si(OH),08i= + Hy0 = H,Si04,, + =Si(OH) (10)

A similar set of reactions, also pH-independent, expresses the stepwise
hydrolysis of the tetrahedrally coordinated aluminum ions, resulting in
release of aluminum to solution:

Al(OH),08i= + H,0 =A(OH);,, + =SiOH (11)

where the speciation of the aqueous aluminum complex depends upon
pH of the solution.

Although the formal framework of dissolution as outlined here is
fairly well established, much controversy still exists concerning the rate-
limiting step of dissolution, the effect of H;0* and H;0O penetration into
the surface, the effect of inhibitors, pH, and dissolved salts. In the
following pages, we summarize three general types of dissolution models
(leached layer models, the aluminum-deficient precursor model, and the
surface complexation model), point out some inconsistencies among the
models and experimental observations, and suggest a new model which is
useful in reconciling some of the discrepancies between model prediction
and experimental observation.

LEACHED LAYER DISSOLUTION MODELS

Early experimental investigations of silicate dissolution documented
parabolic kinetics (rate o t71/2), which was attributed to a mechanism
limited by diffusion of cations through a surface leached layer (Luce,
Bartlett, and Parks, 1972; Paces 1973). Subsequently, researchers attrib-
uted the observed parabolic kinetics of feldspar dissolution to sample
preparation (Holdren and Berner, 1979), leading to the acceptance of
surface-reaction controlled models. The leached layer models were fur-
ther discredited when the first attempted measurement of leached layer
depths on dissolved feldspar by X-ray photoelectron spectroscopy (XPS)
revealed no evidence of leaching deeper than 20 Angstroms (Petrovic,
Berner, and Goldhaber, 1976; Holdren and Berner, 1979).

However, analysis of solution data during dissolution of albite led
Chou and Wollast (1984; Wollast and Chou, 1985) to conclude again that
Na- and Al-leached layers form on the albite-water interface under acid
conditions at 25°C. These workers used solution chemistry data from the
early nonstoichiometric stage of feldspar dissolution in acid solutions
(<300 h) to calculate Na and Al leached-layer depths on dissolved albite.
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Secondary ion mass spectrometry (SIMS) evidence also contradicts
the earlier XPS data and supports the model of leached layers forming on
dissolving feldspar surfaces (Nesbitt and Muir, 1988; Muir, Bancroft, and
Nesbitt, 1989; Muir and others, 1990; Shotyk and Nesbitt, 1990). Al-
though some workers dispute the SIMS data due to the problems of
charge-induced migration, the preponderance of both solution and
surface chemistry data—including XPS and Auger electron spectro-
scopic (AES) data (Muir, Bancroft, and Nesbitt, 1989; Muir and others,
1990; Hochella, 1990)—now support the hypothesis of aluminum, so-
dium, potassium, and calcium leaching from the feldspar surface under
low pH conditions. For example, the calculated Na/Si ratio which we
measured by XPS on albite dissolved in acetic acid-Li acetate buffer at pH
4 reveals a steady decrease in surface Na content with reaction time (fig.
1). Especially convincing evidence has been summarized for dissolution
above 200°C (Hellmann and others, 1990) and for low pH dissolution.
Casey and Bunker (1990), for example, show transmission electron

Albite Dissolution at pH 4

in acetic acid + lithium acetate buffer
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Fig. 1. Sodium/silicon ratio of the albite surface during reaction with acetic acid +
lithium acetate buffer at pH 4 (Murphy, 1993). Surface chemical composition of reacted
feldspar powder, after removal from stirred batch reactors, was measured using a Kratos
Axis X-ray photoelectron spectrometer. Analysis of Si and Na used the 2p and 25 peaks
respectively. Surface composition of starting material indicated as composition at time 0.
Feldspar powder provided by K. Murphy and ].1. Drever; XPS completed with C. Pantano
(Materials Characterization Laboratory, Pennsylvania State University).
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microscopic evidence (by ]J. Banfield) that the leached layer surface
created on labradorite dissolved at pH 2 at 25°C consists of silica gel.

Although much evidence has now accumulated to establish that
feldspar surfaces are leached of Al, Na, Ca, and K at low pH, there is still
disagreement as to whether leached layers reach steady-state thickness or
whether nonstoichiometric dissolution continues indefinitely. For ex-
ample, Hellmann and others (1990) argued that albite dissolved stoichio-
metrically at 200°C. Nesbitt, MacRae, and Shotyk (1991) argued, how-
ever, that feldspar dissolves nonstoichiometrically in HCI-H;O under ambient
conditions even at steady state. They showed that the addition of small
amounts of dissolved salts decreases the formation of the leached layers,
and they correlated that effect with the decrease in dissolution of feldspar
observed in salt solutions (Sjoberg, 1989; Stillings and Brantley, 1995).
They suggested that feldspars dissolved nonstoichiometrically wherever
the activity of protons in solution was greater than the activity of other
cations.

Our data (Stillings and Brantley, 1995) and that of Schweda (1990)
present evidence that feldspars of several compositions dissolve stoichio-
metrically after long dissolution periods (2000-3000 h) even at low tem-
peratures without salts. These steady state dissolution rates tend to be
lower than those observed by other workers, perhaps because other
workers typically discontinued their experiments after 200 to 500 h, and
because, for very long duration experiments, surface area increases must
be measured and used to normalize the final dissolution rate. For the two
phases where stoichiometric dissolution was not achieved in our labora-
tory (oligoclase and labradorite), we found convincing evidence for
factors that might explain the lack of stoichiometry: the presence of
accessory phases in the oligoclase and evidence of exsolution lamellae in
the labradorite (see also Inskeep and others, 1991; Oxburgh, Drever,
and Sun, 1994). Both these observations may also explain nonstoichiomet-
ric dissolution observed by other workers for these phases.

Assuming therefore that feldspar dissolution becomes stoichiometric
and linear with respect to time at steady state, then the release of AI°* or
M** must equal the rate, R (mol feldspar cm~2 s71), of silica hydrolysis
where all rates are normalized by stoichiometry. During the initial stage
of dissolution, if diffusion of AI** across the Al-depleted zone or M+
across the M**-depleted zone is faster than the other processes, then the
leached layer thickness for that process grows until steady-state obtains.
Such a steady state model has been described by several workers for
silicate dissolution (Luce, Bartlett, and Parks, 1972; Paces, 1983; Schnoor,
1990; Hellmann and others, 1990). In these models, the coupling be-
tween diffusion and dissolution requires that the leached layer thickness,
l, is inversely related to the rate of feldspar dissolution:

R = Dy (D! (12)
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where Dy, is the diffusion coefficient for M**, and c}!, is the volume
concentration (mol cm~3) of the cation in the bulk unleached feldspar
(Schnoor, 1990).

The inverse correlation between [ and R is observed for many glasses
(Smets and Tholen, 1985). However, the prediction of an inverse relation-
ship between [ and R contradicts the experimental evidence for feldspar:
a strong direct correlation is exhibited between the thickness of the
leached layer and the dissolution rate of microcline (fig. 2) as well as other
feldspar phases. Therefore, as the pH decreases, the leached layer
thickness of the feldspar surface increases. No generally accepted model
for feldspar dissolution explicitly couples leaching and silica network
hydrolysis and also predicts that the thickness of leached layers on the
feldspar surface should increase with decreasing pH.
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Fig. 2. Log [dissolution rate] plotted as a function of the thickness of potassium-
depleted surface layer for microcline, based on data estimated from figure 28 in Schweda
(1990). Fastest rate was measured at pH 1.1, and the slowest rate was measured at pH 4.
Figure shows that dissolution rates and leached layer depths both increase with decreasing
pH. Line represents a regression through the data.



108 Susan L. Brantley and Lisa Stillings—

ALUMINUM-DEFICIENT PRECURSOR MODEL

Once parabolic reaction kinetics for dissolution were attributed to
sample preparation effects, most models of feldspar dissolution kinetics
focussed upon the surface-limited reactions, and a plethora of surface-
limited dissolution models were published or used to fit dissolution data
{Helgeson, Murphy, and Aagard, 1984; Chou and Wollast, 1984; Wollast
and Chou, 1985; Knauss and Wolery, 1986; Murphy and Helgeson,
1987, 1989). For example, Chou and Wollast (1985) pointed out that
albite dissolution is inhibited by dissolved concentrations of aluminum in
solution, and they postulated that both the pH- and Al-dependence of
dissolution could be explained by the presence of an Al-deficient surface
complex. The possible inhibition of feldspar dissolution by A/3* adsorp-
tion has been discussed by several workers (Murphy and Helgeson, 1987;
Muir and Nesbitt, 1991). Building upon these earlier workers, Oelkers,
Schott, and Devidal (1994) and Gautier, Oelkers, and Schott (1994) have
argued that feldspar dissolution rates can be explained by assuming that
dissolution is a function of an aluminum-deficient precursor site estab-
lished by the exchange of protons for aluminum on the surface. These
workers suggest the following simplified rate law (assuming far from
equilibrium and measurable A/3* in solution) based on the activity of H*,

{H*}, and A3+, {41 +}:
\ ({H+}3)0‘53

Al3+
R = e (13)

) . {H+}5 0.33
LR ({A13+})

Here K* is the equilibrium constant for the exchange reaction of A+ for
H* on the surface, as expressed in eq 14:

=Si0(0.3340)= + H* <= P* + 0.334[** (14)

where =S§i0(0.334])= represents a surface site that reacts to form the
dissolution precursor, noted as P°®. The dissolution reaction is assumed
proportional to the concentration of precursor sites. The model success-
fully describes the dependence of alkali feldspar dissolution on pH
(Oelkers, Schott, and Devidal, 1994).

The precursor site in this model, P*, is an aluminum- and alkali-
deficient partially delinked tetrahedral silica site. However, quartz and
silica do not show increasing rate of dissolution for decreasing pH in the
range 3 < pH < 6 (Dove, 1994). Oelkers, Schott, and Devidal (1994)
argue that the pH dependence of feldspar dissolution (the increase in
rate at low pH) is explained by the stoichiometry of eq (14), which is in
turn controlled by the speciation of A/ in solution.

SURFACE COMPLEXATION MODELS FOR DISSOLUTION

Perhaps the current favorite dissolution model for feldspar was
adapted by Blum and Lasaga (1988, 1991), Wieland, Wehrli, and Stumm
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(1988), and Schott (1990) from a model for simple oxide dissolution
(Furrer and Stumm, 1986). This model has also been used by Amrhein
and Suarez (1988) for anorthite, Brady and Walther (1992) for albite,
Schweda (1990) for microcline, and Oxburgh, Drever, and Sun (1994)
for plagioclase. The relative simplicity of the model and its utility in
application to other silicates have greatly promoted the understanding of
mixed oxide dissolution kinetics in general. The model correlates dissolu-
tion with protonation of tetrahedrally coordinated surface sites and
assumes that the dissolution rate at low pH is a function of the rate
constant, £, the number of protonated surface sites per unit area, [=SOH],
and the order of the reaction with respect to protonated surface hydrol-
xyls, n:

R = k[=SOH]" (15)

Schott (1990), Blum and Lasaga (1991), and Brady and Walther (1989;
1992) argue that protonation of Al sites within the hydrated layer
explains the pH-dependence of feldspar protonation at low pH. These
workers argue that acid titrations of feldspar-water suspensions allow
measurement of protonation of the feldspar surface (for example, fig. 3).
Blum and Lasaga (1991) argue that # = 1 and the slope of log [proto-
nated surface hydroxyl sites] versus pH for albite is identical to the slope
of the log [dissolution rate] versus pH curve (= —0.5). The slope of the
log [dissolution rate] —pH plot for potassium feldspar is identical to this
value (Schweda, 1990) and should also be comparable to titration data for
that phase. Schott (1990), on the other hand, proposes that a reaction
order of n = 3 is expected, based upon the argument that n reflects the
oxidation state of the activated metal center (see Wieland, Wehrli, and
Stumm, 1988; Guy and Schott, 1989).

Although the surface complexation model works well for simple
oxides and has been used by many workers for feldspar modelling, there
are several limitations in applying this model to a mixed oxide, where
protonation of surface hydroxyls, ion exchange, and dissolution occur
during titration (see also, Oxburgh, Drever, and Sun, 1994). Several
limitations are summarized in the next several sections.

Anomalously high surface charge accumulation.—The first problem with
applying the surface complexation model to feldspars is that, even after
correcting for jon exchange and dissolution reactions, the surface charge
buildup due to protanation of feldspar (fig. 3A, B) is very large compared
to other oxides such as rutile (Yates and Healy, 1980; Machesky, Palmer,
and Wesolowski, 1994) or alumina (Hiemstra, van Riemsdijk, and
Bruggenwort, 1987; Machesky and Jacobs, 1991). Of the simple oxides,
only microporous silica accumulates such a high surface charge (Tadros
and Lyklema, 1968; Abendroth, 1970).

The high surface charge on feldspar has been implicitly noted by
surface modellers in their choice of an electrostatic model. For example,
Blum and Lasaga (1991) fit titration data for albite with a Langmuir
isotherm, which is equivalent to assuming a constant capacitance model
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Fig. 3(A) Concentrations of protons reacting with the surface (H;') of an adularia
feldspar powder during titrations at 25°C (from Stillings, Brantley, and Machesky, 1995).
Sym[‘:)ols refer to the indicated solution compositions. (B) Same data as plotted in (A), except
protons exchanged for K* during the titration as well as protons consumed during
dissolution reactions have been subtracted. The remainder of proton uptake is assumed to
equal the concentration of adsorbed protons (H ;) at each pH, as referenced to pH 7.5, the
immersion pH. (C) Data from (B) plotted in logarithmic form to extract the slope of the log
[protonated surface hydroxyl sites] versus pH curve. Only data collected for pH values
below the assumed PZNPC were plotted (D) assuming a PZNPC = 7.5, the calculated
surface charge versus pH curve (line), with data from (B). The curve represents the best fit
model, calculated with a three site MUSIC model (Hiemstra, van Riemsdijk, and Bolt, 1989;
Stillings, Brantley, and Machesky, 1995).



