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Abstract— Albite feldspar was hydrolyzed over a wide-range of pH conditions at 100, 200, and 300°C.
The release rates of Na, Al, and Si were measured as a function of time from the initial, pre-steady-state
phase to the attainment of steady-state, congruent dissolution conditions. Leached layers were developed
during the initial stages of dissolution due to the preferential release of Na with respect to Al and Si at
nearly all pH and temperature conditions. The preferential release of Na is due to the higher rate of ion
exchange reactions vs. hydrolysis reactions associated with the release of Si and Al The depths of Na
preferential leaching show a pH dependence. Maximum depths on the order of 1500 and 1200 A were
recorded at acid and basic pH conditions, respectively, whereas minimum depths were observed in the
neutral pH range. Leached layers deficient in Al (with respect to Si) were recorded at acid and neutral pH
conditions. At mildly basic pH conditions, Al and Si were congruently released, or alternatively, either Al
or Si was preferentially released. At more extreme basic pH conditions, only Al was preferentially released.
The depths of Al preferential leaching were not determinable under all conditions due to the precipitation
of an Al surface phase; a maximum recorded depth of 250 A was determined at basic pH conditions. The
preferential release behavior of Al and Si is ascribed to the pH dependency of the speciation of Al-OH and
Si-OH groups at the surface and within the Ieached layers. However, at very basic pH conditions, where
A)-O~ and Si-O~ groups are postulated to predominate, the preferential release of Al is probably due to
the inwrinsically greater reactivity of Al-bridging oxygen bonds.

Calculations of diffusion coefficients for Na diffusion within the leached layers suggest that leached
layers are structurally more open and porous than unaltered, crystalline albite. In addition, the calculated
diffusion coefficients show a strong pH dependence., This result implies that leached layers formed at acid
and basic pH conditions undergo a greater degree of structural modification since they are more open than
those formed at neutral pH. The pH-dependent nature of the structural and transport properties of leached
layers can be considered to be a contributing factor to the overall pH dependence of feldspar dissolu-
tion rates.

The formation of leached tayers is an important factor in providing hydrolyzing molecules (H*, H;O,
OH™) access to Na* exchange sites and Si-O-Si and Al-O-5i hydrolysis sites deep within the structure.
Evidence for this is shown by the positive relationship between the overall rates of dissolution and the
depths of Na and Al leaching. The data from this study suggest that reactions at the surface and within
leached layers control the overall dissolution behavior of feldspars and other similar, multi-oxide silicates,
It is therefore proposed that a *‘leached layer-surface reaction’” model more accurately describes the dis-
solution process at elevated temperatures than the traditionally accepted ‘‘surface reaction” model.

INTRODUCTION

Despite numerous geochemical studies devoted to feldspar-
water interactions, much still remains to be learned about the
exact nature of the dissolution process. To date, most of the
theories on the mechanisms of feldspar dissolution have been
based on work carried out at low temperatures, which in the
majority of cases has been at 25°C. However, with the excep-
tion of chemical weathering reactions at the Earth’s surface,
most mineral-water reactions take place in subsurface crustal
environments, where temperatures can range into the hun-
dreds of degrees. It has thus become necessary to guestion
whether our present assumptions on the mechanisms of feld-
spar dissolution are also valid at elevated temperatures.

With this in mind, a systematic study of the stoichiometry
of albite feldspar dissolution at hydrothermal conditions was
conducted. The experiments were cartied out at 100, 200, and
300°C over a wide range of pH (1.3—10.3) conditions. The
span in experimental pH, obviously being much larger than
that which might occur under natural conditions, was chosen
to ensure a better quantification of the effect of pH on the
stoichiometry and mechanisms of dissolution. This study is
the second in a series devoted to the albite-water system at
elevated temperatures. A previously published article on the
steady-state dissolution kinetics of albite, at the same exper-
imental conditions as cited above (Hellmann, 1994), will
henceforth be referred to as Part L.

The main purpose of the present study. is to document the

ch in the stoichiometry of dissolution as a function of
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time for each particular set of dissolution conditions. The time
evolution of the stoichiometry is based on the aqueous release
rates of Na, Al and Si that are measured from the initial stages
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of dissolution (i.e., non-steady-state behavior) to the estab-
lishment of steady-state conditions. Elemental release rates
contain information on how a particular element in a mineral
structure interacts both with the hydrolyzing molecules of an
aqueous solution and with the other elemental constituents of
the solid. This is necessary for obtaining information on the
detailed nature of the dissolution process, which in the case
of feldspars and similar multiple oxides, is very complex and
is thought to consist of the following steps: ion-exchange re-
actions on the surface and within the structure, diffusion of
solvent molecules into the structure and their subsequent ad-
sorption at hydrolysis sites, hydrolysis of framework bonds
and subseguent detachment, outward diffusion of hydrolysis
products through the structure, and potential precipitation of
secondary phases on the surface, as well as possible direct
formation of secondary phases within the hydrolyzed near-
surface region (see Casey et al., 1993).

Elemental release rates contain information on how these
individual processes are coupled with one another; they can
also provide a means for estimating which one is rate-limiting.
Their utility becomes particularly apparent when it is the ini-
tial, transient stages of nonstoichiometric dissolution that are
being studied. In addition, release rates provide information
for determining which element is best suited, and under which
particular conditions, for use in formuiating an overall dis-
solution rate (i.e., avoidance of those elements that tend to
precipitate, adsorb on surfaces, etc.). The form of an overall
rate law, of course, also depends on the type of physical or
chemical process that is rate limiting.

When specifically considering feldspar dissolution, two
general models for dissolution have been proposed in the lit-
erature. The first proposes that the overall dissolution rate is
limited by diffusion; the second is based on the rate being
limited by surface chemical reactions. The relative importance
of these two processes during dissolution has been the basis
of long debate. The applicability of these two models to feld-
spar and other aluminosilicate dissolution reactions has been
described in the geochemical literature for nearly three dec-
ades now (for more details see Holdren and Berner, 1979;
.Chou and Wollast, 1984).

Feldspars often display incongruent dissolution behavior, .

where the degree of incongruency depends'on such factors as
solution pH, temperature, and composition. Under some con-
ditions, most notably at neutral pH and room temperature,
leached layers are negligibly small (Chou and Wollast,
1984). Under acidic pH conditions, the initial stages of dis-
solution are marked by a rapid (on the order of minutes) ion
exchange process ( Garrels and Howard, 1957; Chou and Wol-
last, 1985a), where alkalis in the surface structure are ex-
changed with protons in the solvent solution. At basic pH,
positively charged species in the solution are exchanged with
alkalis (see results in Hellmann et al., 1990). Evidence for
ion exchange has also been shown by the anticorrelation of
Na and H profiles in the near surface of hydrolyzed albite
using a resonant nuclear reaction analysis (RNRA) ion beam
technique (Petit et al., 1990). The initial incongruent stage of
dissolution due to ion exchange reactions is then followed by
amuch longer period of dissolution (minutes to several hours,
depending on the experimental conditions ) that is character-
ized by the preferential release of certain framework elements

(Correns and von Engelhardt, 1938; Chou and Wollast, 1984;
Holdren and Speyer, 1985; Casey et al., 1988; Hellmann et
al., 1990). Eventually, steady-state conditions of dissolution
are attained, such that all elements are released at stoichio-
metrically equal rates. The sequential stages of the dissolution
process described above have been extensively studied using
batch-type reactors, The results have been described in the
literature in terms of concentration vs. time curves that show
a change from exponential, to. parabolic, to linear behavior
(see Busenberg and Clemency, 1976; Fung et al., 1980).

The observation that feldspars can dissolve incongruently
during the initial stages of dissolution led researchers to pos-
tulate that surface or near-surface layers, with a composition
different from that of the bulk, must develop. The diffusion
model is based on the premise that these surface layers dif-
fusionally-limit the overall dissolution process. The exponen-
tial and parabelic kinetics that were observed in batch-type
experiments could then be explained in terms of the growth
of such a layer, where the inward diffusion of reactants and/
or the outward diffusion of hydrolysis products through this
layer control the overall rate of dissolution. The exact nature
of this layer has been subject to debate.

One interpretation of the layer is based on the precipitation of
either an amorphous gel or a crystalline phase (Wollast, 1967;
Helgeson, 1971, 1972). Even though surface precipitates have
been documented, there has never been proof that they affect the’
outward diffusion of species (see Hellmann et al., 1989, for ex-
ample). Velbel (1993) recently showed that surface precipitates
are not diffusionally inhibiting unless the molar volume ratio of
product (the precipitate) to reactant is greater than one. An al-
ternative interpretation is based on the preferential release of el-
ements leading to the formation of leached layers within the near
surface. Based on a feedback model, the leached zone increases
in thickness up to a point where the outward flux of diffusionally
limited hydrolysis products (i.e., those elements which are pref-
erentially released) becomes equal to the rate of retreat of the
outer boundary of the leached layer (the rate of release of residual

_ framework element(s) at the surface/flvid interface) (Correns

and von Engelhardt, 1938; Luce et al., 1972; Pa%es, 1973; Bus-
enberg and Clemency, 1976; Tsuzuki and Suzuki, 1980; Chou
and Wollast, 1984, 1985a).

The diffusion model has been challenged on several fronts.
Lagache (1965 ) was among the first to point out that the intrinsic
rate of feldspar dissolution was a linear function of time (for
dissolution in a batch reactor), and that deviations from this
behavior were due to precipitation reactions that were distinct
and not coupled to the overall dissolution rate (see also Petrovié
¢t al., 1976; Busenberg, 1978; Holdren and Adams, 1982). Lin-
ear kinetics of dissolution thus became synonymous with a sur-
face reaction model, where steady-state dissolution is congruent
and the reaction rate is proportional to the surface area and in-
dependent of time. Various theoretical models of surface reaction
dissolution have been advanced in accord with this model, such
as those based on transition state theory and the bréakdown of
activated surface complexes (Aagaard and Helgeson, 1982) and
on the rate of detachment of product species at step and Kink
sites ( Dibble and Tiller, 1981). SEM images of reacted surfaces,
showing etch pits that formed at sutface sites with excess energy
(dislocations, twin boundaries, etc.), offer experimental evidence
in support of the surface reaction model (Berner and Holdren,
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1979). Berner and Holdren (1979) also examined naturally
weathered feldspar soil grains with X-ray photoelectron spectros-
copy (XPS) and found no evidence for any significant leached
layers with a composition different from that of the bulk. Expla-
nations for initial nonlinear dissolution behavior, in the absence of
precipitates, were based on the dissolution of ultrafine surface par-
ticles (Holdren and Berner, 1979) or on the dissolution of a me-
chanically disturbed surface layer (Petrovich, 1981ab).

Nonetheless, based on recent experiments using grains with
well-conditioned surfaces (i.e., absence of surface fines, pre-
dissolution of any mechanically strained surface layers) and
run under experimental conditions that precluded the precipi-
tation of secondary phases, there is generally still conclusive
evidence for initially incongruent dissolution, and by implica-
tion, the existence of leached layers ( Schweda, 1990; Stillings
and Brantley, 1995). The thickness of the surface layers has
been found to be a function of solution composition ( Chou and
Wollast, 1984, 1985a) and solution pH (Holdren and Speyer,
1985). Definitive proof for the existence of leached layers, up
to several thousand A in thickness, has been reveaied over the
last decade by the application of several spectroscopic (XPS,
Auger) and ion beam techniques (RNRA, RBS, ERDA, SIMS)
to the study of surface and near surface regions of hydrolyzed
feldspars and other silicates (Petit et al., 1987, 1990; Casey et
al., 1988, 1989; Hochella et al., 1988; Muir et al., 1989, 1990;
Helimann et al., 1990). The sample surfaces examined by XPS
by Berner and Holdren (1979) were probably weathered at
close to neutral pH conditions, where leached layers are gen-
erally negligible, with thicknesses not exceeding a few tens of
A. Tt should be noted that even at 225°C, the dissolution of
albite in deionized water led to the development of leached
layers onty 1020 A thick (Hellmann et al., 1990),

From the evidence discussed above, it is obvious that aspects
of both models are not mutually exclusive, as was pointed out
by Chou and Wollast (1985b). It is, however, also apparent that
both theories, taken by themselves, do not accurately describe
the complete dissolution precess from ¢ = 0 to 1 = . A more
complete understanding of the dissolution behavior of complex
minerals, such as feldspars, requires a different model altogether.
An attempt to reconcile this problem calls for a *‘leached layer-
surface reaction’* model that specifically considers the formation
of leached layers and their influence on the overall reaction ki-
netics of dissolution. Thus, in this model, reactions that-occur
within leached layers are postulated to influence the rates of bond
breakage and the subsequent release of both network-modifying
elements (alkalis)-and network-forming elements. It is also im-
portant to note that aspeets of both previous models, surface
reactions and the diffusion of species through leached layers, are
an integral part of this model.

One of the primary purposes of this study is to present
results that detail the formation of leached layers, based on
the time evolution of the stoichiometry of dissolution. As is
shown later on, solution pH and temperature are key factors
in determining both the thickness and composition of the
leached layers. The thickness and composition, in turn, are
shown to be related to the overall rate of dissolution, both
during the initial and steady-state stages. In addition, it is
shown that the open structure and the associated transport
properties of the leached layers play an important.role in de-
termining the rate of dissolution. These pieces of evidence

form the basis for demonstrating the applicability of the
leached layer-surface reaction model to the dissolution of
feldspars at elevated temperatures and pressures.

EXPERIMENTAL METHODS AND CALCULATIONS

The experimental methods in this study .were the same as those
described in Part [; therefore, only a brief synopsis is given here. All
of the cleaved (=1 cm X 1 cmy) albite samples used in the experi-
ments came from the same parent sample {locality: Amelia Court
House pegmatite, VA, USA; obtained through Wards Scientific,
nc.). The endmember composition of this very pure albite was con-
firmed by electren microprobe analyses; the component oxides are
Jisted in Table 1, Part I. Surface areas were measured with a multi-
point BET gas adsorption technique, using Kr as the adsorbate gas.
The adopted initial surface area used for all samples was 0.013 m?
g~'; the accuracy is estimated to be 20-30%. Geometric surface
areas were more than an order of magnitude less, on the order of
~0.0006-0.001 m* g~'. Due to the fact that the initial surface area
measurements were close to the limit of the BET technique, surface
areas were not measured at the end of the expetiments.

The dissolution experiments were carried out using a one-pass, tubular
flow system constructed almost entirely of titanium; a schematic diagram
of the system is shown in Fig. 1, Part I. Solutions were pumped by a
HPLC pump through a preheating vessel before contacting the sample
in 4 horizontally-positioned tubular autoclave vessel. The system pressure
was maintained continuously at 170 bar by a back-pressure regulator.

Each experiment was started by pumping the inlet solution into the
reactor which was at the desired temperature, Initially, the solution va-
porized, until the pressure of the vapor ded the vapor ion
pressure. Once this oceurred, the solution (entirely a liquid phase) flowed
through the system and was sampled at the exit of the back pressure
regulator. The start of any given expetiment (¢t = 0) was a function of
when the first drops of solution exited the regulator. It should be noted
that this particular experimental operating procedure may induce a slight
time lag with respect to the start of circulation, resulting from the time
required to pass from a two phase, liquid-gas regime to a single, liquid
phase regime. This phenomenon may have had a potential influence on
the recorded release rate results for different operating temperatures close
to £ = 0, as will be discussed later on.

Flow rates ranged from 0.1-3.0 mL/min.; the calculated effective
fluid-sample contact times were on the oxder of 0.1 3.0 min. Run times
averaged 24 h, in some cases significantly longer experiments were
run. At higher temperatures, run times were often less than 24 h (see
Table 3, Part I for details). Due to the extremely short contact times
between sample and fluid, the difference between the input and the
output pH was not greater than 0.2 pH units at steady state. The pH of
the inlet solutions was adjusted with HCl and KOH. In order to avoid
competing ion effects that could have influenced the measured rates,
no constant-pH or ionic strength buffers were added to the solutions.
Solutions were left open to the atmosphere to equilibrate with CO,.
In-situ pH values were calculated using the EQ3/EQ6 code { Wolery,
1992; Wolery and Daveler, 1992); the in-situ pH values of the solu-
tions are given in Table 2, Part [.

The cutput solutions were analyzed using standard atomic absorption
{AAY}, atomic emission (ICP), and colorimetric techniques (see Part 1
for details). In general terms, the accuracy and precision of the Si data
wete supetior to those of the Na and Al data. This especially held true
for the measured concentrations of Na and Al from the 100°C experi-
ments, where the concentrations of the measured elements were often
less than 100 ppb. Uncertainties for Na and Al concentrations in the 0—
100 ppb range were probably no better than +10-20 ppb; this should
be kept in mind when interpreting the results at 100°C. At concentrations
ranging from 100-500 ppb, Na and Al analytical accuracy and precision
were estimated to be 15-20%, and above 500 ppb, on the order of 10%.
‘The precision and accuracy of the Si measurements, over the entire con-
centration range, were estimated to be 5-10%.

The release rates of Na, Al, and Si were calculated using the fol-
lowing formula (the applicability of this formula is discussed in the
Appendix of Part I):

= (Cad () (107)

MéA 0
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where 7 is the stoichiometrically normalized release rate in molm=2s~",
Cu is the output concentration of a given element in mg/L, 9y is the
input flow rate in mL 57!, M is the atomic weight (g mol ™) of the
element chosen, & is the formula stoichiometric coefficient for the ele-
ment chosen (§ = 1.0 for Na and Al, and 6 = 3.0 for Si), and A is the
total surface area in m?. The stoichiometric coefficient serves to nor-
malize the release rate, such that the calculated rate represents the overall
dissolution rate of the mineral. Since the release rates were normalized
to the stoichiometry of the solid, the case of congruent disselution implies
that the elemental release rates are all equal. At any given sampling
interval, the total surface area used in the rate equation above was cal-
culated from the initial surface area (i.e., 4 = mass X 0.013 m®* g~').
Since only the initial and final masses for each sample were known, the
decrease in sample mass was calculated as a linear function of time.
Unfortunately, due to the low surface areas, it was not possible to mea-
sure the effect of etch pit formation, etc., on the specific surface area (m®
£7") as a function of time. The uncertainties in the non-steady-state re-
lease rates are difficult to estimate, since sample heterogeneities have a
significant effect on the results (to be discussed further on). On the other
hand, steady-state rates are less susceptible to this and therefore the un-
certainties were estimated to be in the range of 0.2-0.3 log rate units
(for more details, see Table 4 in Part I).

The chemical affinities of low albite and several other solid phases
were calculated using the EQ3/EQ6 code (chemical affinity defined
in Eqn. 6, Part I). The affinity calculations, based on the measured
aqueous concentrations of Na, Al, and Si in the output solution, were
made for conditions ing both the beginning and the end of
each experiment, The chemical affinities, which have besn shown
alongside the telease rates in Figs. 15, were used as a tool to predict
which phases were thermodynamically favored to form secondary sur-
face precipitates. The calculated saturation indices were based on a
newly revised version of EQ3/EQ6 using the SUPCRT 92 (Johnson
et al, 1992) thermodynamic database. Recent modifications to the
SUPCRT 92 database were incorporated; these included the use of new
thermodynamic data for Al-OH species and phases from Pokrovskii
and Helgeson (1995). For this reason, the calculated chemical affinities
for low albite differ by several kI mol~' from those reported in Part L
The uncertainties in the calculated affinities are estimated to be on the
order of 1-3 kJ/mol. This estimate is based on data representing the
end of experiment M (Fig, 1¢). For edch given phase, the uncertainty
in the affinity was calcuiated by changing the d el 1 con-
centrations by the maximum estimated uncertainties in each element
(M: +5% in Si, +10% in Na, =50% in Al).

In order te directly verify the chemical affinity results, the presence or

of surface preci was verified using SEM observations of
the reacted surfaces for the samples whose releage rates are shown in
Figs. 1-5. As will be di 1 in the pretations section, there were
often quite large discrepancies between the chemical affinity predictions
and the actual presence of secondary surface precipitates.

N

RESULTS -

The experimental results are presented in terms of the time
evolution of the reiease rates of Si, Al, and Na for dissolution
experiments that were carried out with initial pH values (mea-
sured at 25°) of 2.0, 4.0, 5.7, 10.0, and 12.0; they are shown
in Figs. 1, 2, 3, 4, and 5," respectively. Each figure is com-

" In Figs. 1-5, each elemental release rate is normalized with respect
to the stoichiometry of albite. Note that the timescales representing the
first few hours of dissolution have been expanded. The initial noncoin-
cidence of the rate curves indicates non-stoichiometric dissolution (i.c.,
preferential release with respect to Si); the eventual convergence of the
rate curves denotes congruent dissolution. In each figure, the chemical
affinities of several phases have been indicated, based on the measured
Na, Al, and Si ions at the begil and the end of the
experiments (as denoted by the arrows). Positive affinities denote un-
dersaturation; negative affinities denote supersaturation (indicated by
*). The estimated uncertainties in the affinities are 1—3 kJ/mol. Mineral
phase abbreviations are as follows: alb = low albite, analc = analcime,
boeh = bochmite, corund = corundum, diasp = diaspore, gibbs
= gibbsite, kaol = kaolinite, natro = natrolite, qtz = quartz.

posed of three subfigures showing the effect of increasing
temperature (100, 200, and 300°C) on the release rates. The
timescale representing the first few hours of dissolution was
expanded in each figure in order to show more clearly the
initial trends of the release rates. In all cases, the log rates are
expressed in units of mol m2 s, The results below are dis-
cussed in terms of rates, although all figures show log rates.
The pH values are given in terms of the initial value measured
at 25°C, and in parentheses, the calculated value at tempera-
ture (indicated only if different from the 25°C value).

In general, for each set of pH and temperature conditions,
more than one experiment was run (see Table 3, Part 1); how-
ever, only one representative experiment was chosen for each
figure. The results from experiments that have not been shown
are discussed in those cases where there was some noteworthy
phenomenon that was different from the release rate behavior
shown. The results from all experiments are shown in Ta-
ble 1.

Before specific results are discussed as a function of pH
and temperature, it is useful to very briefly summarize some
of the results common to the dissolution runs. The majority
of the dissolution experiments can be characterized by ele-
mental release curves showing a ‘spike’ followed by a mono-
tonic decrease during the initial stages of dissolution. As can
be seen in Figs. 15, the subsequent asymptotic approach to
steady-state conditions depends on pH and temperature, both
in terms of how large the monotonic decrease is and the time
needed to attain steady state. At 300°C, however, the Si rate
curves commonly did not show an initial spike, but rather a
monotonic increase before a leveling-off at steady state oc-
curred. A feature common to all dissolution runs at 100°C is
ahigh degree of scatter in the Na release rates. It is noteworthy
that the scatter is probably real and not due to. analytical in-
accuracy.

In comparing the trends of the elemental release curves
at any given pH and temperature, it is important to note
that the use of a log scale on the ordinate axis tends to
magnify small differences between the various elemental
release rates at low temperatures (100°C), where the over-
all rates of dissolution are very low. Inversely, at high tem-
peratures (300°C) where dissolution rates are very high,
small differences in the elemental release rates may appear
to be insignificant on the diagrams, and yet are quantita-
tively important. The practical meaning of the above is that
differences in rate curves cannot be directly compared
based on log rates. An example of this can be seen in Fig.
1: a difference of 0.5 log rate units in the steady-state rate
curves at 100°C is quantitatively (i.e., analytically) insig-
nificant; inversely, a difference of 0.1 log rate unit in the
initial rate curves at 300°C translates to a quantitatively
important difference in rates.

Acid pH

PH 2.0

Figure 1a shows the evolution of the Si, Al, and Na release
rates (sample A) over a time period of approximately 42 h at
100°C. Sodium and Al are preferentially released with respect
to Si. All of the clemental release rates show a monotonic
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TFable 1. El | release relationships and calculated depths® of preferential leaching
Sample pH pH(T) Temp Run  Preferential release relationships with respect to ST, Comments
(25°C) ©C)  time leaching depths in A (time in hours)
(hours)
Na: Si Al: 8i
YB 0.7 13 300 1942 Na=~Si Al> Si — Al = 8i 1
A 20 2.0 100 4215 Na> 8i; 1379 (1.5 Al > 8i; 61 (1.5) no precip. (SEM);
a* Na|
B 20 2.0 200 4780 Na> Si; 1533 (0.35) Al = 8i —+ 8i> Al; Al precip. (SEM)
-7 (0.35) (spaxse)
C 20 2.0 200 8630 Si> Na; -504 (0.60) () Si> AL -996 (0.60) (?) incomplete initial Na
data, 3
L 20 20 200 2370 Na> 8i;481 (0.17) Al > §i; 68 (0.17)
. - 8i> Al
D 20 22 300 2405 Na>Si Al = Si 1, no sample
recovered, 3
E' 20 22 300 0.08 Na>S8i Al>Si— 8i> Al 1,3
B" 20 22 300 227 Na>8i Si> Al 1,3
G 20 22 300 0.67  Na> Si; 1405 (0.20) Si> Al 3
M 20 22 300 2483 Na> Si; 151 (0.10) Si> Al Al precip. (SEM)
RD 34 34 300 2425 NawmSi 8i> Al 1.
VB 4.0 40 100 2420 Na> 8i; 158 (0.40) Al> 8i— Si> Al—> 10 precip. (SEM)
AlwmSi b*
VA 40 4.0 200 2342 Na> 8i;25(0.10) Al> Si — 8i> Al Al precip. (SEM)
VE 4.0 4.0 300 23.15 Na> 8i; 245 (037 Al = Si — 8i> Al Al precip. (SEM)
Q 57 57 100 44.17 Na> 8i; 166 (0.97) Al > Si; 6 (0.97) 10 precip. (SEM);
Na & Al |
P 57 56 200 2437 Na> Si; 148 (1.25) Al>8i—~8i>Al ¢* Al precip. (SEM)
N 57 57 300 2408 Na> 8i; 249 (0.18) Si> Al Al precip. (SEM)
RC 57 5.7 300 2400 Na>Si Si> Al 1,3
YA 57 59 300 2480 NawSi Si> Al 1,3
YH 68 68 300 433 Na>Si Al Si — Si> Al 1
YF 87 76 300 542 Na> Sl Al = Si 1
YG 96 77 300 1025 Na>S: Al = Si 1
TE 100 84 100 2458 Na> 81 800 (0.67) Al > 8i; 251 (0.67) 10 precip. (SEM);
Na & Al}
TA 100 76 200 2400 Na> Si; 1227 (043) Al = 8i; 8 (043) no preeip. (SEM); Na |
D 100 77 300 2103 Na> Si; 94 (020) Si= Al -65 (0.2) no precip. (SEM); Na |
RE 11.0 86 300 2400 Na>Si AlwSi 14
YE i1.0 86 300 608 Na>3S8i Al = 8i 14
SA 120 103 100 2395 Na> S8i; 63 (5.12) Al> 8i — Si> Al 4, no precip. (SEM);
-67 (5.12) Na| Alt
SF 120 93 200 2400 Na> 8i; 439 (043) Al > 8i; 126 (0.43) 4, no precip. (SEM);
Na }
SB 120 92 300 2387 Na=Si Al> Si 2, 4 precip. (SEMD);
Na |
YD 120 92 300 1309 Na>8i Al> Si 1,4
YC 13.1 100 300 7.17  Na>Si Al > 8i 1,4

* Depths based ona linear depletion gradient (see text for details); negative dexlhs indicate preferential leaching of Si

a* Interpretation: preferential release of Na over Si, depth of leaching = 1379
b* Inlerpmanon he Al rate data suggest the preferential release of Al gver Si,

bagsed on time when release curves became coincident)
ful lowed by the precipitation of an Al phage, which then wag

redissolved, resulting in an increasing atid then conatant Al release rate which was equal to the Si rate
o* Interpretation: initial preferontial release of Al over Si, followed by preferential release of 51 over Al, due to precipitation of an Al-phase

1 insufficient data for determination of leaching depthe
2 SEM/EDS results suggest that the precipitate ig not ¢ the d

Ca and $i peaks perhaps indicates a zeolite phase

3 precipitation of an Al-phase llknly. but not substantiated by SEM observations
1 + Naandlor Al: Depth of leaching based on modified (decreased | or increased 1) rats curve, such that the adjusted rate curve at sready state

conditions equals the Si rate curve

4 Na depths (release) significaitly decreased due to Na impurity in KOH input solution- see text

decrease over the first 2 h of dissolution. The chemical affin-
ities at the beginning and the end of the 100°C run (denoted
by arrows in Fig. 1) did not predict the supersaturation of the
solution with respect to any Al-bearing phases. The lack of
precipitates was verified by SEM (see Fig. 6a).

The initial behavior of the release curves at 200°C (Fig.
1b) was similar to that at 100°C, except that the degree of
scatter in the Na rates was considerably less. The calculated
chemical affinities suggested that diaspore, and perhaps
boehmite as well, potentially could have precipitated at the



1674

log rate (mol m2 s71) log rate (mol m2 s-1)

log rate (mol m2s1)

R. Helimann

-5.5 N @
4 .S
Ib155.2 ki
® Al A pH 2.0,100°C boenaos ™
6.5 2 Na gibbs 33.6
diasp 27.2
qtz 20.5
A
5%, 4, b . s 4
. “AA * 4 L iy N i . ‘
I l et ™M ‘4 . ‘. . . [Y 4
A
-8.5'? ony ".uo 0%, ¢ ‘ [ ] < F 4
ab111.7
boeh 20.7 N " . ] - L
ibhs 23.6 diasp 17.2 qtz 13.8 kl/mol
95 g T 2o T 3 1 e T ‘ll\/\u T T T T T T T
0 0.5 1.0 15 20 2.5 5 10 15 20 25 30 35 40 45
time (hours)
.50 ‘ N )
{ [wst
e Al o
iva| B pH20, 200°C
‘A
-6.04 .
'y
A
. A
] A A 4 ﬁ 3 ‘
1 A A A
-7.0  tat a A A
Togds ivnog ymsi o a
x ath 111.1 kJ/mol alb 119.0 kJ/mol
boeh 2.8 boeh 6.2 /
g:::: -1006(3' kaol 39.4 qtz 16.7 g:::: ;.48.0‘“2 15.1
-8.0 T T T T T )\/ U T T U T T T T
o] 05 1.0 1.5 2.0 2.5 10 15 20 25 30 35 40 45 50
time (hours)
50 Al v ©
I L L LI .
:h.nnhil U} . Vo N [l
601 LR
sl M pH20, 300°C
aNa|
704
PR t ' [ e
Sttty v e . LY AN
801 | ab132.2 wna :':)’e:‘sfz'sgu’ mol
o boeh 10.1 . gibbs 26,2
g!bbs 23.3 diasp 9.7
diasp 6.9 qrz21.5
Gtz 4.2 :
-90 T T T T T T T T T A T T T T |/\/| T L2 | T T T T T T
0 02 04 06 08 1.% 15 20 285 30 15 17 19 21 23 25

time (hours)

Fic. 1. The time evolution of the 8i, Al, and Na (log) release rates at pH 2.0, Note the initial preferential release of
Na and Al vs. Si at 100° (a) and 200°C (b). The shatp drop in the Al rate curve at 300°C (c) reveals the precipitation
of a“secondary Al phase (boehmite ?) on the surface over the course of the experiment,
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beginning of the experiment. After 48 h of dissolution, the
solution was predicted to be slightly undersaturated with re-
spect to both diaspore and boehmite. The divergence of the
Si and Al rate curves with time (¢ > 10 h) may be due to the
localized precipitation of an Al phase. SEM images revealed
that the surface was very corroded and had a high coneentra-
tion of etch pits. Precipitates possibly occurred in a few of the
etch pits (see bottom edge of Fig. 6b).

At 300°C (pH 2.2) the rate curves for all three elements
were different with respect to the previous results, as can be
seen in Fig. 1c (sample M). The Na and Si release rates did
not display a prominent initial spike and subsequent mono-

tonic decrease. Even though the Si and Na rates were almost .

identical over the entire run, there is evidence for the prefer-
ential release of Na at the very outset of the experiment. This
type of behavior may be real, and its importance is discussed
further on.

The positive chemical affinities of various Al phases de-
termined at the beginning and end of the experimental run
were not indicative of solution supersaturation. Nonetheless,
SEM observations confirmed that dense masses of bladed
crystals had precipitated on the sutface (see Fig. 6¢). SEM/
EDS analyses of the precipitated crystals revealed the pres-
ence of only Al and O. The exact identity of the precipitates
could not be confirmed directly by X-ray diffraction due to
the small quantities present. Nonetheless, the acicular Al pre-
cipitates are thought to be boehmite, due to their close mor-
phological resemblance to those precipitated on albite and
identified by X-ray diffraction in Hellmann et al. (1989). The
surface coverage of the crystals was uniform in some areas,
whereas other areas were barren of crystals.

pH 4.0

The results at 100°C (sample VB; Fig. 2a) revealed some
of the same trends (and scatter) as were shown at pH 2.0.
Sodium was preferentially released with respect to Si. The Al
rate curve showed that Al was preferentially released with
respect to Si at ¢+ = 2 min. The trough in the Al rate curve is
most likely due to the transient precipitation of an Al phase.
Note that at # = 0.2 h, the Al rate rose sharply and then at-
tained steady state. The calculated chemical affinities showed
that three Al phases, diaspore (—9.2 kI/mol), gibbsite (—2.7
kF/mol), and boghmite ( —5.6 kJ/mol), were predicted to pre-
cipitate at the beginning of the experiment. Only the chemical
affinity of diaspore (—0.16 kJ/mol} was negative at the end
of the experiment; both gibbsite (6.3 kJ/mol) and boehmite
(3.4 kJ¥/mol) had positive chemical affinities. SEM images
did not reveal the presence of surface precipitates (note: im-
ages were taken of rehydrolyzed sample VB'). This may have
been due to the precipitates having formed in small cracks or
etch pits that were not amenable to direct SEM imaging. The
more likely reason is that any initially formed precipitates
were redissolved during the course of the experiment.

At 200°C (Fig. 2b, sample VA) Na and Al were prefer-
entially released during the initial period of dissolution. The
initial high Al release rate led to the solution becoming su-
persaturated with respect to boehmite (—2:1 ki/mol) and di-
aspore (—5.5 kJ/mol ). This supersaturation led to the precip-
itation of an Al phase, as revealed by SEM. Based on the fact

that the Al rate continuously diverged from the Si rate over
time may imply that precipitation occurred during the course
of the experiment, despite the fact that the chemical affinities
of boehmite and diaspore at the end of the experiment pre-
dicted undersaturation of the solution with respect to these
two phases.

Dissolution at 300°C (sample VE) is shown in Fig, 2c.
Sodium was preferentially released with respect to Si at the
outset of dissolution, thereafter their rates were nearly iden-
tical, The behavior of the Al rate curve implied that an Al
phase precipitated during the initial stages of dissolution (neg-
ative chemical affinities for boehmite and diaspore), and con-
tinued to precipitate over the course of the experiment. SEM
images of the surface showed the sparse presence of bladed
precipitates on the extremely etched and pitted surface.

Neutral pH

The neutral pH region mainly encompassed dissolution ex-
periments using deionized water with a pH of 5.7 at 25°C. In
addition, the results from two other experiments with starting
pH values at 25°C of 6.8 and 8.7 have also been included in
the neutral pH grouping, due to the fact that their dissolution
behavior (see Part I) showed no pH dependence, and was
therefore similar to the behavior recorded for the experiments
run at pH 5.7.

pH 5.7

The results at 100°C and pH 5.7 are shown in Fig. 3a (sam-
ple Q). Both Na and Al were preferentially released at the
beginning of dissolution. It is not certain whether the discon-
tinuity and divergence in the release rate trends at ¢ > 22 h
can be attributed to the failure of the HPLC pump and sub-
sequent resumption of circulation (which occurred over ¢
= 22.6-24.7 h). Based on the calculated chemical affinities,
the solution was supersaturated with respect to diaspore at the
end of the experiment. No precipitates were observed by SEM
(sample Q").

Figure 3b shows the results for dissolution at pH 5.7 and
200°C (sample P). Sodium was preferentially released over
8i at the onset of dissolution. The Al rate initially exceeded
the Si rate at the very start (¢ = 3 min) of the experiment.
The behavior of the Al rate curve is indicative of the precip-
itation of an Al phase over the course of the experiment, as
confirmed by SEM. Despite direct evidence for precipitation,
the chemical affinity results show that the solution was un-
dersaturated with respect to such phases as boehmite and di-
aspore.

SEM images of the sample surface after dissolution (Fig.
6d, e) show the heterogeneous nature of dissolution. Note
how the negative faces of the two large depressions (etch
pits?) in Fig. 6d have a much higher density of precipitated
crystals than the surrounding surfaces, which are relatively
barren of precipitated crystals and show only small etch pits.
This indicates that the localized level of solution supersatu-
ration within the two large pits was much higher than in the
bulk solution in contact with the adjacent flat crystal surfaces,
The prismatic precipitates formed at 200°C may be either di-
aspore or boehmite, based on their morphologies. Attempts at
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X-ray diffraction analysis were unsuccessful, due to the small
quantities of crystals present.

Figure 3¢ (sample N) shows the results of dissolution at
300°C and pH 5.7. Sodium is preferentially released over Si,
As opposed to the results at pH 2.0 and 4.0 (300°C), the initial
Na and Si rate curves display prominent spikes, followed by
monotonic decreases to steady-state values. The Al rate curve
is suggestive of the rapid initial precipitation of an Al phase.
It cannot be ascertained, however, whether the initial rate of
Al release exceeded that of Si. This is an example of how a
precipitation process can obscure the signal of the intrinsic
hydrolysis processes occurring at the surface and within the
leached structure. Note that over an extended period of time,
the Al rate curve asymptotically approaches the Si rate curve.
The calculated chemical affinities at the beginning and end of
the experiment indicate that the solution was undersaturated
with respect to potential Al precipitating phases. SEM images
show that the hydrolyzed surface is very corroded and gen-
erally barren of secondary precipitates. However, careful ob-
servation within cracks and crevasses revealed the sparse oc-
currence of bladed aggregates of crystals.

pH 6.8 8.7

Two samples were hydrolyzed at 300°C under mildly al-
kaline conditions. In both experiments, the rates were only
measured at the beginning and at the end of the runs. Disso-
lution of sample ( YH) showed the initial preferential release
of Al and Na with respect to Si, The other sample (YF) was
hydrolyzed at pH 8.7 (7.7). Under these conditions only Na
was preferentially released with respect to Si, whereas Al was
congruently released with reépect to Si. Both experiments re-
vealed that Na, Al, and Si were congruently released at the
end of the experiments.

Basic pH

Note: The reagent grade KOH used to adjust the pH of the
stock solutions was contaminated by Na, The Na rates shown
in Figs. 4 and 5 are blank-corrected. This was done by ad-
justing the Na release curves downward, such that at steady-
state conditions, the Na and Si curves were identical (note:
the same method of release rate adjustment was described
eatlier in detail). The effect of Na in solution is to decrease
the preferential release of Na from the structure (Petit et al.,
1990). This effect should be most pronounced at pH 12.0.

pH 10.0

Figure 4a (sample TE) shows the results for dissolution at
100°C and pH 10.0 (8.5). Sodium and Al showed preferential
leaching with respect to Si in the beginning stages of disso-
lution. Over the period of ¢ > 2 h, there was a marked diver-
gence of the Na rate curve from the Si and Al curves. This

type of divergence was not noted upon redissolution of the
sample. Even though the formation of a secondary Al-Si pre-
cipitate cannot be ruled out, the divergence is more likely to
be due to analytical uncertainty in Na. Diaspore is the only
solid that had an affinity close to zero. No solid phases were
observed by SEM (sample TE').

The dissolution results at 200°C and pH 10.0 (7.6) are
shown in Fig, 4b (sample TA). The initial stages of disso-
lution were characterized by the preferential release of Na. As
was the case at 100°C, the first measured rate (# = 1.8 min)
revealed the preferential release of Al over Si. Subsequently,
the Al and Si rates became roughly equal (¢ = 0.5 h). Ac-
cording to the chemical affinity calculations, the solutions at
both the beginning and the end of the expetimental run were
at or above saturation with respect to any of the solid phases
accounted for by the calculations. SEM images did not reveal
any surface precipitates.

At 300°C and pH 10.0 (7.7), the behavior of the Si rate
curve {Fig. 4c, sample TD) differed from the preceding runs
at lower temperatures since it displayed a monotonic increase
and then a leveling-off at steady state. The degree of Na pref-
erential release was minimal, except at the very onset of dis-
solution; thereafter, the Na rates were roughly equal to the Al
and Si rates. Except for the initial data point showing the
preferential release of Si over Al, both rates were equal over
the course of the experiment. No solid phases were predicted
to have precipitated, and SEM did not reveal the presence of
any precipitates.

In addition to the experiments at pH 10.0, one sample (YG)
was hydrolyzed at pH 9.6 (7.7) and 300°C. This run was only
sampled at the beginning and the end of the experiment. Al
and Si were congruently released, and only a slight initial
preferential release of Na with respect to Si was observed.

pH 11.0, 12.0

At pH 11,0 (8.6) two experiments were run, both at 300°C,
In both cases, the rates of Si and Al release at the beginning
and at the end of the experiments were equal. A small degree
of Na preferential leaching occurred.

The results at pH 12.0 (10.3) and 100°C are shown in Fig.
5a (sample SA). Sodium was preferentially reieased with re-
spect to Si. The first Al rate measurement indicated the pref-
erential release of Al over Si; thereafter, the Al rate curve
always remained below the Si curve. While the overall pref-
erential release of Si over Al is probably real {(for t < 2 h),
it is possible that the steady-state Si and Al relgase rates were
equal and that the offset in the curves is due to analytical
uncertainty (i.e., [ Al] measurements that were too low by 20
ppb with respect to [Si]). It is interesting to note that when
this sample was rehydrolyzed (SA’), it was found that Al
was preferentially released with respect to Si. This finding
suggests that under these pH and temperature conditions, the
preferential release of either Al or Si is probably not signifi-

Fic. 2. The time evolution of the Si, Al, and Na (log) release rates at pH 4.0. The behavior of the 100 (a) and 200°C
{b) tate curves shows many of the same characteristics that were observed at pH 2.0, such as the preferential release of
Na and Al vs. Si. The divergence of the Al rate curves at 200 (b) and 300°C (c) was due to the precipitation of an Al
phase. Precipitation occurred even though the chemical affinities did not always predict that the bulk solution was
supersaturated with respect to Al phases which potentially could have precipitated.
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cant and the noncongruency is simply due to analytical un-
certainty. The chemical affinity results showed precipitation
of secondary phases to be unfavorable, SEM showed no pre-
cipitates (sample SA').

Figure 5b (sample SF) shows the dissolution results at
200°C and pH 12.0 (9.3). Sodium was preferentialty released
with respect to Si and Al during the initial stages of dissolu-
tion. The degree of Al preferential release over Si (for ¢
< 0.25 h) was significant. No secondary phases were pre-
dicted or observed.

The results of dissolution at 300°C and pH 12.0 (9.3) are
shown in Fig. 5¢c (sample SB)}. The Si rate curve displayed a
monotonic increase and then a leveling-off at steady state, a
trend similar to the Si rate curve at pH 10.0 (7.7) in Fig. 4c.
Sodium was not preferentially released with respect to Si and
Al (due most probably to the Na contamination problem). The
preferential release of Al was extremely pronounced. It is not
known why this particular sample displayed such an unusun-
ally elevated initial rate of Al release.

An SEM image (Fig. 6f) revealed the sparse presence of
needle-like precipitates. Their needle-like structure and mor-
phology were different from the acicular crystal aggregates
observed in Fig. 6¢c. SEM/EDS analyses showed Si, Ca, O,
Al, and Na to be the primary elements present (peak height
ratios of 6:3:3:1:0.3, respectively). Based on their morphol-
ogy and chemical composition, it is suggested that these crys-
tals are possibly a zeolite phase. The chemical affinity results
did not predict the precipitation of a solid phase. This may be
a function of the incomplete representation of zeolite phases
in the EQ3/EQ6 database.

Another sample (YD) was also run at 300°C. The lack of
continuous sampling only allowed for the observation of the
preferential release (on the order of 0.4 log rate units) of Al
over Si at the onset of dissolution; after 13 h the rates were
equal. The initial rate of Al release was almost 1.5 orders of
magnitude less than it was for sample SB. Nonetheless, both
of these results confirm that the degree of Al preferential re-
lease is significant at these pH and T conditions.

Under pH conditions still more severe than the conditions
described above, another sample (YC) was hydrolyzed at
300°C and pH 13.1 (10.0). At the beginning of the experi-
ment Al was preferentially released {a significant difference
of 0.3 log rate units was measured). Dissolution was congru-
ent after 7.2 hours of dissolution,

INTERPRETATION OF DATA

In a generat manner, the dissolution of any mineral can be
described in terms of the adsorption of reactant molecules at
chemically reactive sites, the hydrolysis of bonds (a multistep
process), and the detachment of product molecules and/or
atoms, When one considers complex multicomponent oxides
such as feldspars, dissolution is not only a function of reac-

tions occurring at the solid/solution interface, but it is also
dependent on reactions taking place at significant depths
within the structure. The reactions that occur within the struc-
ture are elementally rate-specific; that is to say that each el-
ement within the structure may react at a different rate with
the reactant molecules which diffuse into the structure. The
differential rates of detachment lead to the formation of
leached layers that have a chemical composition and a phys-
ical structure different from that of the bulk mineral. The out-
ward diffusion of product species through the leached layers
may be influenced by reactions with elements comprising the
leached layer. The outward flux of products may also lead to
the supersaturation of the solution at the solid/liquid interface,
thereby leading to the precipitation of a secondary phase(s)
on the surface.

It is specifically the time evolution of the release rates, from
the initial stages to steady-state conditions, that offers the best
means for understanding the complexity of the feldspar dis-
solution process. The discussion and interpretation of the el-
emental release rate curves is presented in the following man-
ner: initial reactions at the surface, progression of a reaction
front into the structure, monotonic decrease in the rates of
release, attainment of steady-state rates and potential evolu-
tion of these rates, depths of preferential release, chemical
speciation of leached layers, diffusion within leached layers,
structurat interdependence of Na, Al, and Si release rates, dis-
solution rates and leached layer depths, and precipitation of
secondary Al phases on the surface.

Based on the processes listed above, a detailed interpreta-
tion is made of a set of rate curves obtained for a sample (expt.
B) hydrolyzed at pH 2.0 and 200°C (Fig. 1b). This set of rate
curves is fairly typical for those obtained under acid condi-
tions, in the absence of major surface coverage by precipi-
tates. This set of rate curves was specifically chosen since they
could be compared (qualitatively) to results from a similar
study (Hellmann et al., 1990), where albite was hydrolyzed
at 225°C and pH 0.7. Specifically, use is made of data (Hell-
mann et al., 1990) representing the consumption of protons
as a function of time. The consumption of protons was deter-
mined from the difference in the pH of the input and the
output solution, both measured at 25°C: Although the exper-
imental conditions were not exactly identical with those of the
present study, the H* consumption trend offers important
qualitative evidence for the interpretation of the rate curves
discussed below. The rate curves obtdined in the present study
for different pH and temperature conditions are not explicitly
treated, except in the case where they require a different in-
terpretation than given for sample B.

Initial Surface Reactions: Acid pH

The initial elemental rate curves for Na, Al, and Si can be
described in terms of an asymmetric pulse or spike resulting from

FIG. 3. The time evolution of the 8i, Al, and Na (log) release rates at pH 5.7, Sodium was preferentially released at
all temperatures (a—c}. The sharp drop in the rates at 100°C (a) at z = 22—25 h was due to a pump failure. During the
initial stages of dissolution, Al was also preferentially released, even though Al precipitation occurred at 200 (b} and
300°C (c). The Al rate curve at 300°C (c), which displayed a sharp drop followed by a gradual increase, is indicative
of initial precipitation reactions followed sequentially by the redissolution of the precipitates and overall congruent

dissolution.
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Fig. 4. The time evolution of the Si, Al, and Na (log) release rates at pH 10,0 (pH meas. at 25°C). Sodium was
preferentially released at all temperatures. At 100°C (a), Al was preferentially released, but at 200 (b) and 300°C (c),
Al and 8i were congruently released (within the error of analyses).
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Fig. 5. The time evolution of the Si, Al, and Na (log) release rates at pH 12.0 (pH meas. at 25°C). Sodium was
preferentially released, except at 300°C (c). As noted in the text, the degree of Na release was adversely affected by a
Na impurity in the initial stock solution. Aluminum hydrolysis was either roughly congruent (100°C (a); note that
nonconvergence is attributed to analytical uncertainty), or initially greater than Si at 200 (b) and 300°C (c).
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FiG. 6. (a) A (010) surface of albite after dissolution at pH 2.0 and 100°C. The surface shows few signs of chemical
attack and is relatively devoid of surface fines. (b) A highly etched (010) surface after dissolution at pH 2.0 and 200°C
(with possible precipitates occurring in some etch pits- see lower portion of image). (¢) Dissolution at pH 2.0 and 300°C
resulted in the massive precipitation of bladed boehmite (?) crystals. Note the high degree of interconnected porosity.
(d) A (010) surface after dissolution at pH 5.7 and 300°C. Note the large depression (etch pit?) in the center, surrounded
by a surface with numerous small etch pits. (e) The elevated degree of supersaturation of the solution within the large
pit led to the localized precipitation of numerous prismatic crystals. (f) Precipitated zeolite (7) crystals on a sample
subjected to dissolution at pH 12.0 (9.3) and 300°C.
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a rapid increase in the release rate from zero to a maximum value,
followed by a monotonic decrease to a plateau rate value (see
Fig. 7, trends A — B — C). The extremely sharp increase in the
release rates of Na, Al, and Si from # = 0 to their respective
maximum rates can be attributed to rapid ion exchange and hy-
drolysis reactions that occur at the surface, where the surface is
defined to extend one unit cell into the structure. The initial in-
crease in rates (trend A, Fig. 7), which occurs over approxi-
mately 0.1 h, is mirrored by a similarly sharp increase in the
consumption of protons (trend A, Fig. 8). This is the result of
H™ being consumed by ion exchange with Na* and adsorption
of H* on surface silanol (Si-OH) and aluminol ( Al-OH) groups.
Adsorption of H* eventually leads to hydrolysis and detachment
of Si and Al from surface sites.

The rapid kinetics of the initial stage of dissolution is due to
several factors. First, the coordination environments and the
chemical speciation of Na, Al, and Si at the surface differ from
those deeper within the bulk structure, thereby making surface
atoms far more reactive. In general, surface metal atoms (Al, Si)
are coordinated to one or more OH groups; therefore, there are
fewer metal-bridging oxygen bonds that require hydrolysis for
complete detachment of the metal to occur. In addition to this,
access of reactant molecules to reactive sites is not impeded by
diffusion through a solid structure. The reactions which take
place at surface sites occur in the presence of a free fluid, where
diffusion rates are very rapid (diffusion coefficient D values
range from 10 7#~107° cm® s '). Therefore, the rates of detach-
ment control the kinetics of hydrolysis at surface sites.

The enhanced reactivity of surface sites may also be caused
by an elevated surface strain energy. The creation of a fresh
surface by a cleavage process necessarily results in the rupture
of bonds that may lead to a configuration of surface atoms
having a perturbed coordination and/or chemical environ-
ment (see discussion by Petrovich, 1981ab, for example).
Evidence in accord with this is based on the results of surface
titrations of albite powders before and after thermal annealing
at 900°C. The degree of proton consumption of the thermally
annealed powders was over an order of magnitude lower than
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FIG. 7. Initial Na and Si rate curves (stoichiometrically normalized)
at pH 2.0 and 200°C. These rate curves show behavior typically ob-
served at most temperature and pH conditions: a very rapid initial
increase (A), a monotonic decrease (B), an attainment of an initial
steady state (C). Leached layer thicknesses were calculated directly
from the excess moles of Na (or Al) released with respect to Si, as
represented by the shaded area.
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FIG. 8. The time evolution of the number of protons consumed
during dissolution at pH 0.7 and 225°C. Note the similarity in the
trend A = B — C with that shown in Fig. 7. Data to the left of 1 = 0
were obtained as the reactor was being heated. Data from Hellmann
et al., 1990.

the untreated powders. This suggests that an annealed surface
(which has a more stable configuration of surface atoms) is
chemically less reactive (R. Hellmann, unpubl. data; see also
results in Schott, 1990).

Of course, another reason for the initial dissolution pulses
is due to the rapid dissolution of surface fines which are cre-
ated during the surface cleavage process. Extremely small sur-
face fines have a higher solubility than the bulk material, this
being a thermodynamic effect related to their small radii of
curvature (see discussion in Parks, 1990, for example). It is
interesting to note that several of the samples that were hy-
drolyzed at 100°C were rehydrolyzed one more time, and in
some cases, once again (at the same pH and temperature ).
Even though the magnitudes of the initial release rate pulses
decreased with each successive run, they were always present.
This suggests that the dissolution of surface fines is not the
sole reason for the initially rapid release rates (see Fig. 6a for
a surface largely devoid of surface fines after two successive
dissolution runs). Another important point is that the com-
plete dissolution of surface fines should be a congruent pro-
cess. However, the number of moles of Na, Al, and Si released
with each pulse was not equal, as can be seen by comparing
the maximum rates of Na and Si release in Fig. 7.

It is interesting to note that the occurrence of a prominent
spike in the initial release rates appears to be a function of
temperature and pH. At 300°C and at acid and neutral pH
conditions, the spikes in the Na and Si release rate curves
were present but not very pronounced when compared to
those at 200 and 100°C. There may be several reasons for this
behavior. It cannot be excluded that the initial Na and Si re-
lease rates were rapid enough at 300°C that the signal at ¢
= 0 was ‘swamped out,” given the sampling frequency of once
every minute. Closely related to this may be the effect of a
possible time lag associated with # = 0 and the start of the
experiment (see Experimental Methods and Calculations sec-
tion). In addition, the lack of large Na spike with respect to Si
can be explained by assuming that at 300°C, the rate of H™-
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Na* exchange is roughly equivalent to that of Si hydrolysis. In
such a case, one would not expect any significant degree of
preferential Na leaching (i.e., equivalent rates of Na and Si
release ), Examination of the Na and Si rates in Fig. 1c, where
their rates are virtually identical (except at the very outset, close
to t = 0), is possible evidence for this relationship.

At basic pH and 300°C, there was a complete absence of
initial Si rate spikes. Instead, the Si rate curves commonly
displayed smooth monotonic increases over an extended pe-
riod of time, followed by a subsequent leveling-off to con-
stant, steady-state values (Figs. 4c, 5¢). This behavior is most
probably a real phenomenon, and is probably not due to the
manner in which sampling was conducted. The initially de-
pressed values of 8i release close to 7 = 0 are perhaps indic-
ative of the inhibition of Si hydrolysis. Potential reasons for
this behavior are presently not understood. This phenomenon
merits investigation in greater detail in the future.

Progression of the Reaction Front into the Structure

As ions and molecules are rapidly detached from the sur-
face, a reaction front begins to advance into the structure. This
reaction front is characterized by the influx of reactant mol-
ecules from the solution into the structure. The reason such a
phenomenon occurs during the dissolution of feldspars, as
well as with many other multioxide silicates, is due to the fact
that the initial rates of release of each element from the struc-
ture are not identical. The preferential (i.e., faster) release of
certain elements leads to preferential leaching of the structure,
thereby creating leached layers with a distinctly different
chemical composition from that of the buik. Albite leached
layers can be defined in terms of the differential rates of re-
iease of Na, Al, and Si; the preferential leaching associated
with the two elements that are released at the fastest rates
defines two chemically distinct leached layers with different
depths. At nearly all pH and temperature conditions in this
study, Na was released at a faster rate than both Al and Si,
thereby leading to the formation of Na-leached layers. At acid
and neutral pH conditions, Al was released at faster rates than
Si, leading to formation of Al-leached layers. However, at
basic pH, Al and Si were either released congruently, or al-
ternatively, differential rates of Al and Si release led to the
creation of either Al- or Si-leached layers,

The advance of the reaction front is defined by the furthest
advance of solution species (H*, H,0*,Cl~, H,0,K*,0H™)
into the structure, At acid pH, this corresponds to the maximum
depth of H ion penetration, this theoretically equaling the depth
of Na leaching, since Na* cannot be released until it is ex-
changed with H jon. At basic pH, the advance of the reaction
front can be defined by the furthest depth of penetration of
KOH, since K * is probably exchanged with Na*. Even though
no direct evidence exists for this ion exchange reaction, the
results from a similar study suggest that it is likely. From the
results in Hellmann et al. (1990), there is XPS evidence for
the presence of Ba** to depths (500 A) corresponding to that
of Na* leaching in an albite that was dissolved (225°C) at basic
pH in an aqueous Ba(OH); solution.

The influx of hydrolyzing species (H*, HyO*, H,0, OH™)
associated with the advance of the reaction front and ion
exchange reactions results in the concomitant hydrolysis of

AJ-O and S8i-O bridging bonds within the structure. However,
since the hydrolysis of these bridging bonds is much slower
than ion exchange, the depths of Al or Si preferential leaching
should be less than the depths of Na preferential leaching,
This is confirmed by the fact that the rate curves in Figs. 1~
5 show that Na is initially released at faster rates than Si and
Al The more pronounced differences in release rates at 100°C
suggests that the relative difference in the rates of ion
exchange and hydrolysis depends strongly on temperature.

Monotonic Decrease in the Rates: Acid pH

The initial rate of advance of the reaction front from the sur-
face region into the bulk structure is very rapid, as are also the
initial rates of release of Na, Al, and Si. Each of the release rates
passes through a maximum and then starts to decrease monoton-
ically, until a minimum is reached, defined by where the rates
become constant (transition A — B — C in Fig. 7). This type of
behavior was common to almost all of the experiments in the
present study (exceptions to this are discussed further on). A
very similar trend was noted for the rate of proton consumption
(Fig. 8). Note that the maximum and minimum are vniquely
defined as a function of time for each of the elemental rate
curves. The observed decreases in the rates of release are a func-
tion of several factors. Below, two arguments are presented, one
based on diffusion, the other on Al adsorption.

The diffusion argument is based on the rates of diffusion
of reactant species in the direction of advance of the reaction
front, as well as the rates of product species diffusing in the
opposite direction, towards the solid/solution interface. The
key to this argument is a feedback relationship between the
diffusional fluxes and the rate of retreat of the solid/solution
interface ( see discussions by Chou and Wollast, 1984, 1985a;
Pades, 1973; Correns and von Engelhardt, 1938),

This feedback relationship is first presented with respect to
the influx of reactants into the structure. Examining the B —
C transition at acid pH (Fig. 8), two processes may be re-
sponsible for the observed decreases in the rate of H* con-
sumption and the inward flux of H* (i.e., rate of advance of
the reaction front). H* consumption and the penetration of
H™ into.the structure are two interdependent processes, since
the advance of the reaction front by H* is coupled to con-
sumption by ion exchange and hydrolysis reactions. The flux
Ju+ into the structure can be expressed in terms of Fick’s first
law, J = Ddec/dx. One factor which serves to decrease the
flux Jy+ is the decrease in |—d[H*1/dx| with increasing
depth of penetration x. In addition, the coefficient of diffusion
D will decrease as H* species, initially diffusing through the
open surface structure, encounter a more closed structure as-
sociated with that of unaltered albite. However, the flux Jy+
will only decrease to a point where it equals the rate of retreat
of the solid/solution interface. The rate of retreat is of course
governed by the element with the slowest rate of release (in
expt. B, this corresponds to the rate of Si release). Once a
balance between the two processes is achieved, the rate of
advance of the reaction front i equal to the rate of retreat of
the solid/solution interface. A constant depth of H* advance
also corresponds to a steady-state depth of preferential Na
leaching, since Na* and H* are an ion exchange couple (re-
gion C in Fig, 7). It should be noted, however, that the steady-
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state consumnption of H* (region C, Fig. 8) is not only a
function of ionic exchange, but also Al-O and $i-O hydrolysis
reactions within the leached zone. Thus, at acid pH, the
amount of H* consumed will be greater than the amount of
Na released (results in Part IIT, Hellmann et al., 1995).

The same argument can be applied to the outward diffusion
of product species. At acid pH conditions, for example, the
penetration of H™ into the structure contiruously leaves a
more open structure behind the advance of the reaction front.
This allows the large scale influx of reactant molecules into
the leached layer, thereby increasing the population of Al and
Si groups susceptible to hydrolysis reactions. If one takes the
case of Al being preferentially leached (expt. B), the outward
flux of Al can be expressed in terms of J5 = Ddc/dx. As
dissolution progresses, d[ Al, 1/dx steadily decreases, until a
point is reached where the rate of retreat of the solid/fluid
interface equals the rate of advance of the Al depleted zone.
Several studies, in particular those by Muit and Nesbitt
(1991) and Shotyk and Nesbitt ( 1992}, show data which sup-
port the idea that Al diffusion gradients influence the rates of
dissolution and the thickness of Al leached layers in plagio-
clase feldspars. However, the influence of aqueous Al on the
rates may have been due to other reasons aside from changes
in the Al diffusion gradient, as discussed next.

Aluminum adsorption may also play a role in decreasing
the release rate of Si and therefore, the fluxes of Na and Al
as well. Even though there is controversy with respect to
whether aqueous Al influences the overall rates of feldspar
dissolution (Burch et al., 1993), many studies in the terature
suggest that Al adsorption does have an inhibitory effect
(Chou and Wollast, 1985a; Amrhein and Suarez, 1992; Oelk-
ers et al., 1994). The data from the present experiments do
not allow the Al-adsorption hypothesis to be tested. However,
data in the literature on the inhibitory effects of Al do leave
open the possibility that adsorption reactions within the
leached zone and at the surface occur in conjunction with the
preferential release and outward diffusion of free Al species.

The adsorption of Al on silica surfaces (i.e., at silanol sites)
has been extensively investigated (see, e.g., Dugger et al.,
1964; Vydra and Galba, 1967; Allen and Matijevic, 1969,
1970, 1971; Matijevic et al., 1971; Ier, 1973; for a review,
see Iler, 1979). Al adsorption on silanol groups on hydrated
silica gel surfaces can be represented as a two step, cation
exchange process (see Dugger et al., 1964):

N N
—Si-OH = —S8i-0~ + H* (2a)
7 /

N N
—Si-0 + AP* . 6H,0 = 751-0—Alz+-6H20. 2b)

The adsorption of Al can alternatively be expressed in terms
of a condensation reaction (Allen and Matijevic, 1971):

N
7Si—OH + AKOHY** - 5SH,0 =

N
7Si-O-Alz* +5SH,O + H,0. (3)

Adsorption of Al on SiOH starts at about pH 2.5 at 25°C
(Vydra and Galba, 1967), with the adsorption edge located

at approximately pH 4-5. According to the results of Dugger
et al. (1964), the ion exchange reaction (Egn. 2a,b) is favored
by increasing temperature. The adsorption edge should, there-
fore shift to lower pH with increasing temperature. This is in
part a function of the pK,, and pK,, of 8i-OH decreasing, by
an amount possibly related to the decrease in the ionization
constant of water with increasing temperature (see Tewari and
McLean, 1972). Therefore, as the temperature increases, the
proportion of 8iO~ groups increases at a given pH, which in
turn, increases the adsorption potential for positive Al species.

The above reactions suggest that free Al ions diffusing
through leached zones may be adsorbed at silanol sites, either
at the surface or within the leached zone. This process may
be a mechanism for slowing down the rate of Si hydrolysis
during the initial stages of dissolution. If Al adsorption does
occur, then the establishment of steady-state conditions re-
quires a balanced interrelationship between the rate of Al hy-
drolysis, Al adsorption, and the rate of release of Si, which in
turn, directly controls the rate of retreat of the solid/fluid in-
terface. In addition, it should be noted that Al adsorption on
silanol sites may aiso play a catalyzing role in Si-OH con-
densation reactions ( Casey et al., 1988).

Attainment of Steady State: Acid pH

The establishment of steady-state conditions is dependent
on the attainment of a steady-state balance of reactions that
serve to open up leached structures and promote the overall
dissolution process (ion exchange, hydrolysis of Si-O-Si and
Si-Q-Al bonds) and those reactions that serve to slow down
the overall dissolution process (Al adsorption on silanol
groups) and restrict { or reduce ) the transport properties of the
leached structure (repolymerization reactions of Si-OH
groups). The attainment of steady-state conditions of disso-
lution can be represented by region C in Figs. 7 and 8. This
represents both a minimum and a steady state in the rates of
release of Na, Al, and Si, as well as the rate of H* consump-
tion. This initial steady-state region is important for two rea-
sons: first, it marks a period of dissolution characterized by
rates of release that remain constant over an extended period
of time; secondly, it is generally characterized by congruent
dissolution. Congruency of the reactions-may, however, al-
ready occur before the attainment of these plateau rates.

In some cases, the initial steady-state rates that were re-
corded appeared to be transient, as evidenced by smooth,
monotonic increases in the rates of Si and Na release over
time, up to a.point where new and constant steady-state rates
of release were achieved. This type of behavior was most
noticeable in the acid pH range, especially at 200 and 300°C
(see Figs. 1b,c, 2b,c). This effect was less pronounced at
neutral pH, and absent in the basic pH range. Recasting Fig.
Lb (pH 2.0 and 200°C), by using a linear rate ordinate, more
clearly shows the gradual increase in Si and Na rates (labeled
as transition C — Dj; Fig. 9). The exact same type of behavior
shown in Fig, 9 was noted for three different dissolution ex-
periments at the same conditions. It is.also interesting to note
that the rate of change in the steady-state rates occurred much
faster at 300 than at.200°C, as can be seen by a comparison
of the rate curves in Figs. 1b,c and 2b,c.

Based on dissolution experiments at relatively similar con-
ditions (pH 0.7 and 225°C), the consumption of H* as a
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Fic. 9. The evolution of the steady-state rates of release of Na, Al,
and Si at pH 2 0 and 200°C (adapted from Fig. lb) These rate data
also rep i ion of Fig. 7 (indicated curves are sche-
matic). The increase in the rates of Si and Na and the attainment of
new steady-state rates (trend C — D) are postulated to result from a
“*structural re-equilibration’ of the initially formed leached layers.
The divergence of the Al rate curve is probably due to precipitation.
Note that the increase in the Si and Na rates is qualitatively similar
to the proton consumption trend C = D shown in Fig. 8.

function of time shows a very similar trend, as shown by
transition C = D in Fig. 8 (data from Hellmann et al., 1990).
The transition C — D is characterized by an increase in H*
consumption by a factor of 6.5 over a 2 h period of time,
beyond which the curve remains constant. It should be noted
that only a qualitative comparison between the two datasets
is possible since the experimental conditions were not the
same,

The evidence above suggests that particularly at acid pH
conditions, the evolution of the release rates is quite complex
and may continue well beyond the time period associated with
the initial attainment of congruent, steady-state release rates.
At this point, one cannot exclude the explanation that the ob-
served increases in steady-state rates were due in part to an
increase in the effective surface area, due mainly to the cre-
ation of etch pits, etc, (see discussion in Stillings and Brant-
ley, 1995). However, the fact that these increases in rates
were pH dependent seems to indicate that another mechanism
is responsible for this. An alternative explanation, based
purely on conjecture at this point, is based on a ‘‘structural
re-equilibration”” process oceurring within the leached layers,
at a slower timescale than that associated with the initial for-
mation of the leached layers. Restructuring of the leached
layers necessarily would cause a readjustment of the fluxes of
reactants diffusing towards the fresh albite/leached zone in-
terface (H* in Fig. 8) and product species being transported
towards the surface/solution interface (Na and Si in Fig. 9).
Unfortunately, since the interdependence of all of the forward,
parallel, and backward reactions is not known with sufficient
detail, the resolution of this problem is not yet possible.

Depths of Preferential Leaching

The depths of preferential leaching were based on the in-
tegration of each elemental rate curve (using linear rate
scales ) associated with a given temperature and pH condition.
Since the Na, Al, and Si release rates were normalized with

respect to the stoichiometry of albite, the integral of each rate
curve yielded the moles (n) of albite dissolved, calculated
with respect to a given element. The integration limits ex-
tended from ¢ = 0 to ¢ = (), which corresponded to where
the rate curves converged (i.e., convergence of Na and Si or
Al and Si rates). Leaching depths were solely based on the
initial convergence of the rate curves during the first stages
of dissolution; any subsequent changes in the rate curves were
not considered (as in Fig. 9).

The preferential depth of leaching d was calculated using
the following formula

d = Amol X 100.07 cm® mol ™"/
(0.013m* g~' X avg. mass), (4)

where 100.07 em® mol ™! is the molar volume of albite ( Robie
et al., 1984). As an example, the depth of preferential leach-
ing of Na with respect to Si is proportional to Amol = nalby,
~ nalbg;, and similarly, the depth of preferential leaching of
Al with respect to Si depends on Amol = nalby, — nalbg;
(note that the molar difference Amol is steichiometrically
normalized). If, however, the difference in the latter case is
a negative quantity, then this implies the preferential release
of Si with respect to Al

It is important to note that depths calculated from solution
data and the application of Eqn. 4 are not directly comparable
to depths obtained directly from depletion profiles derived
from surface analytical techniques (for the same conditions
of dissolution). The calculated depths of preferential leaching
(using Eqn. 4) assume that a given. leached layer is modeled
by a step-like boundary representing the transition from a
zone of .complete depletion to a zone of non-depletion. In
reality, of course, the depletion of an element is characterized
by a concentration gradient. If a linear gradient is assumed,
for example, then the depths calculated from solution analyses
(Eqn. 4) are muitiplied by a factor of 2. In the present study,
the leaching depth results are presented in the context of a
linear gradient. Most commonly {see the XPS profiles in Hell-
mann et al., 1990, for example}, depletion profiles have a
sigmoidal form that show a gradual, asymptotic approach to
the bulk compesition, represented by a calibration curve that
is representative of fresh, unaltered material. These types of
profiles inherently produce depths of depletion that are con-
siderably greater than other types of profiles. Therefore, leach-
ing depths are strongly dependent on the nature of the deple-
tion profile. In addition, the use of Eqn. 4 does not take into
account structural changes occutring within the leached zone.
Experimental evidence suggests that leached zones have an
amorphous-like structure (Casey et al., 1989; Petit et al.,
1990; Hellmann et al., 1990; see also discussion on diffusion
coefficients further on). This implies that the molar volume
term in Eqn. 4 should not be treated as a constant, but rather
should be a function of the depletion gradient(s) within the
leached zone.

The determination of leaching depth estimates was not al-
ways straightforward. The Na and Al rate curves at 100°C
generally did not converge with the Si curves {see Fig. la,
for example). Instead of eventually converging, as would be
expected for the onset of steady-state, congruent dissolution
conditions, the rate curves became parallel. One can hypoth-
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esize that either true steady-state conditions were not
achieved, or analytical inaccuracies (Na and Al) prevented
the convergence of the rate curves. Taking the case of dis-
solution at 100°C and pH 2.0 (Fig. 1a), the calculated depth
of preferential Na leaching would be > 6840 A if it is as-
sumed that the nonconvergence of the Na and Si rate curves
is in fact a real phenomenon. On the other hand, if analytical
uncertainties are assumed, then the Na and Al rate curves can
be ‘‘corrected’” by a forced convergence with the steady-state
Si rate. This was done by modifying each individual rate {data
point) by the same amount, such that the entire rate curve was
shifted. Referring again to the 100°C, pH 2.0 rate curves,
when the Na rate curve was shified (downward), the Na and
the Si rate curves converged at7 = 1.5 h (¢ = 1.5 h is the time
when the curves became roughly parallel). After correction,
the calculated depth of Na leaching over this time period was
1379 A. Even though neither hypothesis can be proven at this
point, it was decided to calculate leaching depths that err on
the conservative side.

Sodium-leaching depths

Leached layers depleted in Na developed at nearly all pH
and temperature conditions in the present study. Calculated
depths are listed in Table 1, and average depths are shown
graphically in Fig, 10. The estimated accuracies of the leached
layers (220-30%) depend not only on the limits of integra-
tion that were chosen for each rate curve, but also on the
uncertainties associated with the rates. There was admittedly
an arbitrary nature in the choice of the upper limits of inte-
gration for each set of rate curves. Unfortunately, this problem
cannot be easily avoided with this type of data analysis.

Leaching depth estimates for the same conditions of dis-
solution often varied by an order of magnitude. For example,
Na leaching depths at pH 2.0 and 300°C ranged from 151—
1405 A (Table 1). This large variation in depths is apparently
a real phenomenon and cannot be attributed to the methods
used in calculating the depths. Leaching depths differing by
an order of magnitude were also reported by Rose (1991) for
albite samples dissolved at 100°C at the same pH. Sample
heterogeneity is the most probable cause for this, These results
point out the importance of the overall trends observed, and
not individual leaching depth estimates.

To summarize the pH dependency. of the Na leaching
depths from the present study, the greatest depths were deter-
mined at acid and basic pH; they exceeded-those at neutral
pH by roughly an order of magnitude. The decrease.in depths
with increasing pH in the acid to neutral pH region is unam-
biguous and is in accord with other dissolution studies at low
and elevated temperatures (Chou and Wollast, 1985a; Hol-
dren and Speyer, 1985; Muir et al., 1989; Casey et al., 1989;
Petit et al., 1990; Hellmann et al., 1990). The transition in
dissolution conditions from neutral to basic pH generally re-
sulted in an increase in leaching depths; however, the varia-
tion in the calculated depths precludes the establishment of
an unambiguous trend. The lack of a trend in the basic pH
region can also be extrapolated from data in Chou and Wollast
(1985a). Despite the large variation in depths in the present
study, it is important to note that these results demonstrate
that Na leaching does occur to quite significant depths at basic
pH and elevatgd temperatures.

The pH dependence of leaching depths implies that ion
exchange reactions are quantitatively more important at low
and high pH conditions than at neutral pH. This follows as a
consequence of the pH-dependent concentration gradients
controlling the rates of inward diffusion. Thus, | —d[H*1/dx|
increases with decreasing pH in the neutral to acid pH region,
and likewise, | —d[K*}*/dx| increases with increasing pH in
the neutral to basic pH region *(the cation is of course de-
pendent on the base used). This relationship predicts that
maximum depths of leaching and penetration of hydrolyzing
species should occur at acid and basic pH conditions. Taking
this one step further, this implies that the overall dependence
of dissolution rates on pH is in part related to the structural
and transport properties of the leached layers,

The dependence of leaching depths on temperature could
not be determined from the data in this study, and therefore,
the leaching depth-temperature relations shown in Fig. 10
should not be over-interpreted. Far more replicate analyses
would have to be carried out in order to establish an unam-
biguous relationship between temperature and leaching depth
at any given pH. Nonetheless, the data in Fig. 10 reveal that
the leaching depths do not show a dramatic increase with
increasing temperature (at pH 2.0, there was an apparent de-
crease). This can be attributed to the interdependency be-
tween the rates of diffusion and hydrolysis in determining
leaching depths, In general, the activation energy of diffusion
is less than that of hydrolysis {Lasaga, 1981). Therefore, rates
of diffusion will increase more slowly with temperature than
rates of metal-oxygen bond hydrolysis. As mentioned earlier,
if the two rates are equal, there should be no preferential
leaching.

Aluminum-leaching depths

Even though Al-leaching depths were often not determin-
able at higher temperatures due to the precipitation of an Al
phase, the overall results from this study show that Al was
preferentially released with respect to Si under acid and neu-
tral pH dissolution conditions. Under mildly basic pH con-
ditions (pH < 10 at 25°C), the degree of preferential release
of Al or Si generally was minor, such that dissolution can be
considered to be more or less congruent. At intermediate basic
pH conditions, dissolution was either congruent, or alterna-
tively, Al or Si was preferentially released. At more extreme
basic pH conditions at 200 and 300°C (pH = 12 at 25°C),
only Al was preferentially released, to significant depths. In
general, the Al depths were an order of magnitude less than
the corresponding Na depths of depletion. The Al leaching
depths determined in this study are shown in Table 1. As was
the case for Na leaching depths, the estimated accuracies are
on the order of +20-30%.

The results at 100°C from the present study show a decrease
in the depth of Al leaching with increasing pH in the acid to
neutral pH range. This trend is in accord with results from
previous feldspar dissolution studies, both at 25°C and at el-
evated temperatures (Choun and Wollast, 1984, 1985a; Casey
et al., 1989; Muir et al.,, 1990; Hellmann et al.,, 1990). It is
not clear at this point if the overall lack of a trend in-the pH
dependency at basic pH conditions is the result of insvfficient
data (mainly due to precipitation reactions), or whether it is
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depth (A)

Fig. 10. The average depths of Na leached layers (estimated ac-
curacy 20-30%) as a function of pH and temperature. The essential
trend is that of decreasing depth of leaching with increasing pH in
the acid +» neutral pH range. No unambiguous trend is apparent in
the fws« phl range. There appear to be no dramatic increases in the
lea(hiw3 u’uvpths with femperature (note the decrease at pH 2.0). The
establshment of definitive trends for depth vs. temperature requires
more datu however.

due to the interplay of processes not yet understood. The pre-
sumed complexity of dissolution at basic pH conditions may
be due to the chanqing speciation of Si-OH and Al-OH groups
within the leached zones, this being a function of both tem-
perature and pH (see discussion below). Nonetheless, the
present results in conjunction with XPS results from a pre-
vious study (Al depletion to a depth of 455 A at pH 7.7,
225°C; Hellmann et al., 1990) point out that significant leach-
ing of Al can take place at basic pH conditions. This stands
in contrast to previous results at 25°C, which show that Al
and Si release rates are essentially congruent at basic pH
(Chou and Wollast, 1984, 1985a; Holdren and Speyer, 1985;
Casey et al., 1989).

Leached Layers and Speciation of Si-OH and Al-OH
Groups

The formation of leached layers at high temperature (re-
sults from the present study and Hellmann et al., 1990), as
well as at 25°C (Chou and Wollast 1984; Holdren and Speyer,
1985; Muir et al., 1990; Casey et al., 1989), can be examined
in the context of surface speciation. Based on numerous sur-
face titration results in the literature, the charge of surface
metal hydroxyl groups is related to the solution pH. Blum and
Lasaga (1988) showed that the surface charge of albite is
directly related to the overall dissolution rate r, such that at
25°C: r « c§puyat pH < 6 and r = c§by- at pH > 7 (where
cson; and cson- represent the surface concentrations of
metal-OH; and metal-OH~ groups, respectively; note also
that S-OH™ is equivalent to S-O~ in the following discus-
sion). In order to interpret the preferential leaching results in
the present study, an argument based on surface speciation is
applied to metal hydroxyl groups within the leached zones.
This approach is based on the premise that charged metal
hydroxyl groups are preferentially hydrolyzed with respect to
neutral groups. It is implicitly assumed that the chemical char-

acteristics of metal hydroxyl groups (=S-OH) found within
a leached layer are identical to those occurring at the surface
(despite the lack of experimental evidence confirming this).

At 25°C, Si-OH has the following acid/base constants; pK,,
~ —2.0 and pK,, = 6.6 (amorphous SiO;; pK,, averaged from
Schindler and Kamber, 1968, and Sigg, 1973); for Al-OH,
pK, = 7.3 and pK,, = 9.8 (ALLO; used; Hohl and Stumm,
1976, and Kummert and Stumm, 1980). Therefore, Si-OH is
the dominant silanol group at pH < 6.6, whereas the nega-
tively charged Si-O~ group dominates at pH > 6.6. With
respect to Al-OH speciation, AI-OHJ is the dominant alu-
minol group at pH < 7.3, Al-OH is dominant at 7.3 < pH
< 9.8, and Al-O~ is dominant at pH > 9.8. As temperature
increases, the pK, values do not remain constant, and there-
fore, the speciation of silanol and aluminol groups will change
as well. The determination of speciation at temperature re-
quires the calculation of pK, values as a function of temper-
ature. For conditions ranging from 100-300°C, such calcu-
lations are non-trivial (due mostly to a lack of thermodynamic
data) and are therefore beyond the scope of this paper.

It is generally accepted that pK, values decrease with in-
creasing temperature (see, e.g., results from Tewari and Mc-
Lean, 1972; Brady, 1994 ). There is experimental evidence
that the change in the pK, is a function of the change in the
ionization constant of water (pK,,) (see Tewari and McLean,
1972). To illustrate this point, the evolution of the pH,,. of
ALO; (pH,,. = (pKy + pKi2)/2) with temperature is calcu-
lated, using a 1 pK, model and the application of the van’t
Hoff equation:

dlog Ky/dT = (dpH,,c/dT). = AH,q, 4+/2.303RT?, (5)

where K}, is the equilibrium constant for proton adsorption at
the pH... C refers to the electrolyte concentration, and
AH,g,u+ is the isosteric heat of proton adsorption at the pH.,,.
(see application in Macheski and Jacobs, 1991). Using this
method yields the following approximate pH,,. values: 8.5
(25°C), 7.0 (100°C), 5.5 (200°C), 4.8 (300°C). As a com-
parison, at 300°C (sat. vapor pressure), the value of pK,, is
11.4 (Marshall and Franck, 1981). Similar calculations for
Si-OH are not possible due to a lack of thermodynamic heat
capacity data (i.e., AH, -+ for Si-OH). To circumvent this
problem, the temperature dependence of the acid/base prop-
erties (i.e., pK,’s) of both Si-OH and Al-OH groups are sim-
ply approximated by the temperature dependence of pK,,.
At acid pH conditions, Si-OH and Al-OH; groups should
predominate at all temperatures (25-300°C). Given that the
Al groups are charged, this should lead to their preferential
release from sites both at the surface and from within the
structure. This differential reactivity is based on surface titra-
tion results (Blum and Lasaga, 1988) as well as ab initio
calculations (Xiao and Lasaga, 1994). This prediction is in
accord with the results from the present study, where Al
was always preferentially released with respect to Si at
acid pH conditions. At neutral pH conditions, Si-OH and
Al-OH/AI-OH; groups are predicted to predominate at 25—
100°C. The slight predominance of positively charged Al
groups is probably the reason why there is evidence for the
preferential release of Al even at neutral pH, even though the
degree of preferential release should be very modest. At 25°C,
Al leached layers of no more than 10—20 A have been found
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Fic. 11, Diffusion coefficients for Na and Al diffusion through
leached layers (based on steady-state conditions and constant leached
layer thicknesses) from data in the present study, Hellmann et al.
(1990), and Chou and Wollast (1984). The cutves are representative
of experimentally measured Na diffusion coefficients in albite and
albite glass (from the literature). The fact that the leached layer dif-
fusion coefficients fall between the two curves suggests that the
leached layers are structurally more open than crystalline albite. Note
that the extrapolation of the 2 curves below 200°C may not be ac-
curate (stippled curve pattern).

(note, in many studies, no preferential leaching was ob-
served). At 100°C, the degree of Al leaching was minimal in
the present study (see Table 1); this is also in accord with the
predicted predominance of Si-OH and Al-OH/Al-OHZ
groups (at higher temperatures, Al leaching depths could not
be determined due to Al precipitation ), '

With increasing pH at basic pH conditions (at 25°C), the
distribution of Si groups is predicted to change in favor of the
predominance of $i-O~ groups, starting at pH > 6.6, The
predominance of Al-O~ groups is predicted to occur at pH
> 9.8, In many of the cited studies at 25°C (see discussion
above), Si and Al were observed to dissolve congruently and
no leached layers. were observed. The results of Chou and
Wollast (1984) indicate that the preferential leaching of Al
or Si is possible, depending on pH. Even so, their results show
that these leached layers are insignificant (=10 A) at mildly
basic pH conditions. With increasing temperature or increas-
ing pH, it is expected that speciation should shift from SiO~
and mixed Al-OH/AI-O~ groups to-the exclusive predomi-
nance of negatively charged Si-O~ and Al-O~ groups. This
may explain the shift from insignificant preferential leaching
of Al or Si to significant Al leaching at very elevated pH
conditions, where depths of Al leaching ranged up to several
hundreds of A (see Table 1, and results in Hellmann et al.,
1990),

Therefore, based on the available data at 200-and 300°C, it
seems reasonable to suggest that in the pH range where neg-
atively charged $i-O~ and Al-OH/AI-O~ groups predomi-
nate, either Al or Si are preferentially released (to insignifi-
cant depths, see Table 1). The pH range where there is a
predominance of both 8i-O ~ and A-O~ groups occurs at very
basic pH conditions. Even when taking into account errors in
the speciation calculations, it is likely that at 200 and:300°C
and pH.12.0 (pH meas. at 25°C), that both 8i-O~ and Al-O~

groups predominate. Under such conditions, Al was always
preferentially hydrolyzed, with. significant depths of prefer-
ential leaching (hundreds of A). This may be due to the fact
that when both negatively charged silanol and aluminol
groups are present, the differences in negative charge density
of the Al-QO~ and $i-O~ groups may play a minor role in the
preferential hydrolysis of Al

Alternative explanations need to be briefly considered to
explain the results. One such reason may be related to the fact
that Al-O,, bonds are longer than Si-O. bonds (where O
denotes a bridging O) (Harlow and Brown, 1980; Geisinger
et al., 1985). This implies that Al-O bonds are intrinsically
weaker and should, therefore, be more easily hydrolyzed. In
addition to these length differences, MO calculations (de Jong
and Brown, 1980) suggest that the reactivity of O, sites is
greater in Al-Oy, linkages than in 8i-O, linkages (see discus-
sion in Hellmann et al., 1990). This result was substantiated
in recent ab-initio simulations of dissolution, whereby it was
shown that Al-O, linkages are preferentially hydrolyzed with
respect to 8i-O,, linkages (Xiao and Lasaga, 1994). Thus, the
greater reactivity of Al-O bonds may explain the observed
preferential release of Al at very high pH.

Diffusion in Leached Layers

The determination of diffusion coefficients allows for the
estimation of Na and Al diffusion rates through the leached
layers. Since the true nature of the depletion gradients could
not be determined from the data, a linear depletion gradient
and a constant diffusion coefficient were assumed. Fick’s first
law of diffusion is used to calculate the coefficient of diffu-
sion D.

J=DZ 6)

where J is the flux (equal to the rate of Na or Al release), dc
is the change in concentration of Na or Al (assumed to be
zero at the solid/solution boundary and 0.01 mol/cm® at the
leached zone/fresh albite boundary), and dx is the distance
of diffusion, which is equal to the depth of leaching (from
Table 1). The fluxes used in the calculations were based on
the rates of release where the Na and Al rate curves became
coincident with the respective Si rate curves (as was the case
for the determination of leaching depths).

Figure 11 shows the values of log D for Na and Al deter-
mined from this study, as well as log Dh, at 225°C from Hell-
mann et al. (1990) and log Dy, at 25°C from Chou and Wol-
last {1984). For the sake of comparison, linear diffusion gra-
dients were applied to each set of data. The log D values
plotted in Fig. 11 are bounded by two curves representing the
temperature dependence of log D for the diffusion of Na
through albite and albite glass. The curves were calculated
using an Arrhenius equation:

D = Dyexp(—Q/RT), N

The pre-exponential factor (Dy) and activation energy (2)
values were obtained from Smith and Brown, 1988 (Tables
16.1 and 16.3; based on original data reported in Kasper, 1975
(albite) and Jambon and Carron, 1976 (albite glass)). The
variation in the log D values obtained at any one set of tem-
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perature and pH conditions in the present study is perhaps due
to the heterogeneity of the sampies, such that the overall D
measured for any given sample is a function of volume dif-
fusion as well as grain boundary diffusion.

In Fig. 11, several observations are immediately noticeable.
First, the calculated log Dy, values at alt temperatures (25—
300°C) are delimited by the log Dy, values for albite and
albite glass. This is potentially indicative that diffusion
through the leached layer occurs within an altered structure
that has transport properties intermediate between those of
crystalline albite and albite glass (the glass structure consists
of 6-membered rings; Taylor and Brown, 1979). This is'a
consequence of the preferential leaching of Na and Al leaving
behind a structure that is much more open and porous than
crystalline albite. The second observation is that the log Dy,
values generally are within the same order of magnitude as
the corresponding values for Na (also observed in Hellmann
et al,, 1990). However, in crystalline albite (and presumably
in albite glass, as well), the rates of self-diffusion measured
for Na are several orders of magnitude greater than for Al
(Smith and Brown, 1988). At this point, the data are not suf-
ficient enough to determine whether the phenomenon of sim-
ilar diffusion coefficients is real or not. It may point to a dif-
fusional process occurring in an open structure where differ-
ences in the charge and size of the diffusing species play a
less significant role (as in a liquid) than would be the case
for diffusion in a crystalline solid (noting that it is presumed
that Na diffuses as Na* and Al as Al(OH)}-}, where n varies
from 04, depending on pH).

Given the fact that the exact structural nature of the leached
layers is not known, the data do not allow one to test whether
the depths of preferential leaching are in fact limited by the
rates of diffusion of Na and Al (with reference to the feedback
model discussed earlier). As an example, if the leached layers
are modeled as albite gtass, then the values for log D obtained
from the rate data should coincide with those measured in
glass diffusion experiments. Nonetheless, it should also be
remembered that the diffusion coefficients are based on con-
servative estimates for leaching depths; the true leaching
depths are probably much greater (see discussion in Depths
of Preferential Leaching).

Another observation, shown in Fig. 12, pertains to the re-
lationship between the diffusion coefficients and pH (all cal-
culations based on a linear diffusion gradient, The caltculated
log D values decrease with increasing pH in the acid to neutral
pH range. This relationship was also shown to be true for data
obtained at 225°C (Hellmann et al., 1990), as well as at 25°C
(Chou and Wollast, 1984), Even though the data in the basic
PH range (from the present study) are sparse, it appears that
with increasing pH, the log D values increase from neutral to
basic pH (verification of this trend would require more data).
The inverse relationship between log D and pH (acid to neu-
tral pH conditions) is probably due to several factors. One
possible factor may'be related to the transport properties of
the leached structure (i.e., D) as a function of pH. At low pH,
the ion exchange of H* and Na™ and the preferential hydro-
lysis of Al groups from the structure are more significant than
at neutral pH. The result of this may be that the leached layers
created at low pH are more open and porous than those created
at neutral pH conditions. For this reason, the leached layer D
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FiG. 12. Leached layer diffusion ceefficients for Na and Al at 200
and 225°C. Each set of experimental data shows a strong dependence
on pH, Despite the large variation in values at any given pH, diffusion
coefficients are generally lowest in the neutral pH range. This implies
that leached layers formed at acid and basic pH conditions are more
open and porous than those created at neutral pH conditions. The fact
that the Na and Al coefficients are of the same magnitude is also
evidence for diffusion occurring through an open structure (see text
for details).

values at low pH are significantly greater than those at neutral
pH. The importance of this is explored in more detail in the
following section.

Structural Interdependence of Sodium, Aluminum, and
Silicon Release Rates

The exchange reactions between H™ (at acid pH) and K *
(at basic pH) with Na™ are associated with the influx of aque-
ous species into the structure (ses, e.g., the XPS data in Hell-
mann et al., 1990). These exchange reactions have the effect
of opening up the structure and thereby increasing the number
of metal-oxygen bonds which are susceptible to hydrotysis by
solvent molecules (H*, H;O*, H;O, OH™). This theoreti-
cally should accelerate the hydrolysis of Al-O-Si and Si-O-Si
bridging bonds within the leached structure.

The observation that rates of diffusion are dependent on the
nature of the leached layers is possible evidence for the pref-
erential release of one element influencing the release rates of
other elements within the structure. Diffusion of species oc-
curs more rapidly (as evidenced by higher D values; see Fig.
12) through leached layers created at acid pH conditions com-
pared to those created under neutral pH conditions. Thus, un-
der conditions where the preferential release of one or more
elements is kinetically favored, one would expect the teached
layers to be structurally more open and porous, thereby re-
sulting in faster rates of diffusion. It is hypothesized that this
structural interdependence not only controls diffusional
fluxes, but also influences the overall dissolution process, The
purpose of the following discussion is to examine the nature
of this relationship.

In-order to investigate this idea of structural interdepen-
dence, the number of moles of Na, Al, and $i released during
the initial stages of dissolution was determined, based on an
integration of stoichiometrically normalized, linear elemental
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rate vs, time curves for each set of pH and temperature con-
ditions. The integration limits extended from ¢ =0 tos =f,
such that the rate r( f) satisfied the following: {r(f) — r(f
+ 8) Y r(f) = 3%; therefore, this covered the time period
from the beginning of dissolution to the attainment of initial
steady-state conditions (where the slope in the rate curves
initially became zero). It is important to note that these in-
tegration limits did not always correspond to those used for
the calculation of leaching depths, where the upper time limit
of integration was based on where the Na and Al rate curves
became coincident with the Si rate curve.

As can be seen in Fig. 13a,b, the majority of the Si-Na and-

the Al-Na data lie below a line representing a 1:1 congruent
release ratio, indicating the preponderant release of Na with
respect to Al and Si during the initial period of dissolution.
The release of network-modifying Na* from the structure is
positively correlated with the initial release of Al and Si,
which are network-forming elements. However, the lack of a
clear trend between the moles of Si and Al released as a func-
tion of the moles of Na released demonstrates that the degree
of correlation is very weak for data representing the entire
range of temperature and pH conditions,

The correlation of the data is, however, dependent on tem-
perature. The data at 100°C (Fig. 13a,b) are in particular in-
teresting in that they possibly suggest a complex relationship
between Na ion exchange and Si and Al hydrolysis (or, al-
ternatively, there may simply be no correlation!). Contrary to
the data at 100 and 200°C, the 300°C Si-Na data show a very
clear linear trend (Fig. 13a). This is evidence that there is a
direct coupling between ion exchange reactions within the
leached zone and the initial, non-steady-state rates of hydro-
lysis of $i-0O-8i bonds. The tendency towards congruency at
300°C (see Figs. 1c, 2c, 3c, 4¢) probably occurs since with
increasing temperature, the relative difference between the
rates of ion exchange and hydrolysis diminish, due to the
strong temperature dependence of hydrolysis reactions (at-
tributable to the higher activation energy of hydrolysis reac~
tions). This explanation, however, needs to be substantiated
with more experimental data. The relationship between the
moles of Al and Na released may be similar to that of Si and
Na; however, the temperature dependence of the data could
not be analyzed due to the lack of Al data at higher temper-
atures (due to precipitation reactions).

Figure 13c shows that there is a positive but sublinear re-
lationship between the initial, non-steady-state amounts of
moles of Si and Al released. Even though both elements are
network formers, the lack of linearity of the data on the log-
log plot shows that the release of Si is not directly related to
the degree of Al preferential release. One possible reason for
this is the role of condensation reactions, whereby adjacent
$i-OH groups (created, for example, by the hydrolysis of Al-
0-Si bonds) recombine to form Si-O-Si linkages (Pederson
et al., 1986; Bunker et al., 1988; Casey et al., 1988, 1989,
1993 ). This type of structural reorganization of network form-
ing linkages is in fact necessary for maintaining the structural
integrity of the leached zones. A leached zone where Al and
Si-release are directly coupled with each other would not be
stable, and would probably collapse, due to a lack of sufficient
network forming elements. Another reason for the nonlinear-
ity in the Si-Al release data can be attributed to the speciation
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Fic. 13. Relationship between the pre-steady-state moles of Na,
Al, and Si released for all pH and temperature conditions. The lines
in each plot indicate congruent dissolution, (a) and (b) show that the
degree of correlation (congruency) between Al and Si release vs, Na
release increases with temperature. (c) shows the positive but nonlin-
ear relationship between Si and Al release. These plots show that
there is a certain degree of structural interdependence between the
release of Na, Al, and Si during the initial stages of dissolution when
leached layers are formed.

of the Al and Si groups within the leached zones. The pH
conditions imposed by the hydrolyzing species present within
the leached zones will determine both the speciation of Si-
OH and Al-OH groups and their hydrolysis behavior. De-
pending on the pH, Si-OH, and Al-OH groups may be differ-
ently charged,.and thetefore will be hydrolyzed at different
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FiG. 14. Steady-state rates of dissolution (using log Si) vs. depths
of Na leaching at 200, 225 (data from Hellmann et al., 1990), and
300°C reveal a logarithmic relationship. This nenlinearity indicates
that the influence of Na leaching on the rates of Si hydrolysis begins
to level-off with increasing depths of Na leaching.

rates (see Blum and Lasaga, 1988; previous discussion
above).

Rates of Dissolution and Leached Layer Depths

The relationship between the preferential release of Na and
the overall rate of dissolution, as measured by the steady-state
rate of Si release, is shown in Fig. 14. In this case, the pref-
erential release of Na is expressed in terms of the depth of Na
leaching. Three sets of data are shown: 200 and 300°C from
the present study, and data at 225°C {rom Hellmann et al.
(1990). The trends of the log Si rate vs. depth of Na leaching
data suggest that a logarithmic relationship exists for each
dataset. This nonlinear relationship indicates that the influence
of Na leaching on the rates of Si hydrolysis begins to decrease
and level off with increasing depth of preferential leaching.
A similar plot of Si rate vs, Al leaching depths using data
from the present study was not possible due to the problems
of Al precipitation. Welch and Ullman (1993) showed that a
positive relationship exists between the overall dissolution
rate of plagioclase and the degree of Al preferential release.

An interesting relationship between the overall rate of dis-
solution and Al-leached layer depths can be shown for the
plagioclase solid solution series, based on an extrapolation of
data at 25°C and pH 2.0 from Casey et al. (1991). This study
showed that the rates of dissolution (based on Si) increase as
a function of the mol% anorthite (with the exception of the
oligoclase and andesine rates). Based on an integration of
concentration vs. time curves from this study (Fig. 2, Casey
et al., 1991), it was possible to determine depths of prefer-
ential Al leaching as a function. of plagioclase composition,
In addition to the plagioclase data, the dissolution rate of
quartz at 25°C and pH 2.1 was utilized (Brady and Walther,
1990). Quartz was chosen as an “‘endmember’” network sil-
icate mineral which does not undergo any preferential leach-
ing reactions during dissolution (R. Hellmann et al., unpubl.
data). The resulting cotrelation between the steady-state rates
of Si release and the depths of Al leaching show a logarithmic

relationship (see Fig. 15), very much like the ones shown for
the dissolution rate vs. Na leaching depth relation shown in
Fig. 14. The nonlinear variation of leached layer thicknesses
and dissolution rates as a function of plagioclase composition
was also shown by Shotyk and Nesbitt ( 1992) (see also SIMS
results regarding depth of leached layers and plagioclase com-
position in Muir et al., 1990). On the other hand, over a very
limited depth range (<30 A), Brantley and Stillings (1995)
extrapolated a linear trend for the relation between dissolution
rate and depth of K depletion, based on data in Schweda
(1990). Even if the exact relation is not yet known, it is ap-
parent that these results show that mineralogical composition
and structure are key parameters in controlling leached layer
thicknesses and the overall dissolution rate.

In conclusion, the results above show that when feldspars
(and other similar silicates) preferentially lose certain struc-
tural elements, the resulting leached layers permit the influx
of hydrolyzing species to considerable depths into the struc-
ture. The important point is that the depth of leached layers
is a controlling factor with respect to the number of Si-O-Si
bonds that are available for attack by hydrolyzing species,
both at the surface and within the leached structure. This is
one likely reason for the noted increase in the overall rate of
dissolution as a function of Na- and Al-leaching depths. An-
other related reason is the fact that the structural openness of
the leached layers increases with depth of leaching (results
based on diffusion coefficients and depths of leaching), again
facilitating both the hydrolysis of metal-oxygen bonds within
the structure and the subsequent detachment and removal of
hydrolysis products, Of course, the processes invoked above
nmust also include reactions that limit hydrolysis reactions
within leached layers. Back reactions, such as those associated
with Si-OH condensation reactions, are one example of this.
This is probably one of the main reasons for the nonlinearity
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(i.e., logarithmic relationship) in the dissolution rate-leaching
depth relationships shown in Figs. 14 and 15,

Aluminum Precipitation
Diffusion and sorption

The presence of a secondary precipitate at the mineral/ fluid
interface may influence the release rates of the individual el-
ements composing the structure. A surface precipitate may
act as a diffusional barrier to the outward flux of hydrolysis
products, thus slowing down their rates of release to the so-
lution. This can change the rate controlling step of a disso-
Ilution precess from reaction-controlled to diffusion-con-
trolled.

Based on the experimental evidence in the present study,
the effect of surface precipitates was negligible, both with
respect to diffusion as well as sorption reactions. The lack of
diffusional hindrance is demonstrated by Figs. 1-3, where the
release rates of Si and Na remain unaffected by the continuous
precipitation of a secondary Al surface phase. Similar results,
for much thicker precipitate rinds, are shown in Hellmann et
al. (1989). The main reason why diffusion is not hindered is
due to the interconnected porosity of the precipitates (see Fig.
6c—f), These results support the empirical Pilling-Bedworth
relation (see Gommes and Dekeyser, 1976) which predicts
no retardation of cutward diffusing species so long as the
molar volume ratio of precipitate to reacting mineral is less
than unity. In the present experiments, Vyp/Va, = 0.2 (Where
a boehmite precipitate is assumed). In a recent study of sili-
cate weathering, this empirical rule was substantiated (Velbel,
1993). .

The presence of surface precipitates with an inherently high
surface area, such as shown in Fig. 6¢, may be important in
terms of sorption reactions at charged sites on the boehmite
surface. Given that the pH,,. of boehmite is in the range of
7.7-9.4 (Parks, 1965), the adsorption of negatively charged
species should be particularly favored to occur at pH < pHpe.
However, the data in the present study show no evidence for
any significant degree of Na* and Si (HsSi0O,) adsorption
associated with surface precipitates (Na and Si congruency in
Figs. 1¢, 2¢, 3¢). Nonetheless, thick precipitation rinds {on
the order of mm) can affect the outward flux of charged spe-
cies (see Hellmann et al., 1989).

Precipitation and calculated chemical affinities

As noted in the Results section, there was often a discrep-
ancy between the presence of Al-surface precipitates and cal-
culated chemical affinities that were positive with respect to
potential Al-bearing phases (see listed affinities in Figs. lc,
2b,c, 3b,c, 5¢). There are several reasons that can potentially
explain these results. Perhaps the most obvious reason is re-
lated to analytical uncertitudes in the measured Al analyses.
Uncertainty estimates for the calculated affinities were shown
to be 1-3 ki/mol (see Methods and Calculations section).
These uncertainties are too low to account for the majority of
the discrepancies. The second reason is related to inaccuracies
in the Al-hydrolysis and solubility constants used by the
SUPCRT 92 thermodynamic database. This is not surprising,
given the large differences in experimentally-determined Al

phase solubilities in the literature (see e.g., Bourcier et al.,
1993).

As seen in Fig. 6d,e, another explanation may be related to
a phenomenon of localized solution supersaturation at sites of
preferential dissolution (etch pits, grain boundaries, etc.) and
bulk solution undersaturation. Mixing of small volumes of
saturated or supersaturated fluids with a large volume of un-
dersaturated fluid will result in an overall signal indicating
fluid undersaturation with respect to potential precipitating
phases (positive affinities). This type of a phenomenon in-
dicates that affinities based on bulk fluid chemistry are of
limited utility in describing localized precipitation processes
on surfaces.

There is also the case where (metastable) surface precipi-
tates are present, in the presence of solutions that are repre-
sentative of stoichiometric dissolution cenditions and are un-
dersaturated with respect to Al phases. This behavior is best
seen in Fig. 3c (and less clearly in Fig. 2a). The behavior of
the Al rate curve suggests that during the initial stages of
dissolution, the rapid release of Al resulted in the solution
becoming locally supersaturated (note the positive affinities
at the start of the expt.) with respect to an Al phase, resulting
in precipitation. With continued dissolution, the subsequent
decrease in the intrinsic rate of Al release from the albite
structure eventually resulted in the solution becoming under-
saturated, leading to the redissolution of the surface precipi-
tate (shown by the rise in the Al rate curve). Eventually dis-
solution becomes congruent, The gradual asymptotic ap-
proach to congruency reflects the dissolution of precipitates
remaining in isolated cracks and etch pits, which is what was
observed by SEM.

A final explanation for positive affinities is the possible
adsorption of aqueous Al onto the precipitated crystals. Figure
6c shows that the free surface area on the crystals that is the-
oretically available for adsorption reactions is quite consid-
erable. Aluminum adsorption would suppress the measured
Al concentrations in solution below that governed by the sol-
ubility of the Al phase in question, thereby resulting in posi-
tive affinities. Unfortunately, this explanation is not testable
based on the present data,

.CONCLUSIONS

The main emphasis of the present study was an analysis of
the time evolution of the initial, pre-steady-state rates of re-
lease of Na, Al, and Si over a wide range of pH conditions at
100~300°C. The interpretation of the data yielded informa-
tion on the preferential release of Na and Al (or 8i), the for-
mation, depths, and transport properties of leached layers, and
the influence of Al surface precipitates. These data provide
important evidence which show that reactions occurring
within the leached layers influence the general dissolution
process.

1) The time evolution of the rates of release of Na, Al, and
Si generally showed the following characteristics: a very
rapid initial increase, a monotonic decrease, an attain-
ment of steady state. With respect to most of the. disso-
lution conditions, the initial steady-state rates of release
remained constant, However, .at acid conditions:and el- .
evated temperatures, the initial steady-state rates:of Na
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and Si increased before new steady-state conditions were
attained.

The sharp initial increases in the rates of release are due
to ion exchange reactions (H* < Na* at acid pH and
K* « Na™ at basic pH) and to hydrolysis reactions of $i
and Al occurring at the surface. Once readily detachable
surface species are released into solution, the reaction
front progresses into the structure,

The reaction front which advances into the structure is
defined by the inward flux of aqueous species (H* or
H;0%, C17, Hy0, K*, OH™) which may participate in
both ion exchange and hydrolysis reactions. The position

of the reaction front theoretically corresponds to the max-.

imum depth of preferential Na leaching (noting that ion
exchange is always faster than hydrolysis). The inward
and outward flux of species through the leached layers
decrease with time as a consequence of the increasing
distance of diffusional mass transfer. This decrease oc-
curs until the fluxes equal the rate of retreat of the solid/
solution interface. This feedback model, as described in
the literature, limits the depths of preferential leaching.
Even though the diffusion of reactants and products plays
an important role in the development of leached layers,
the overall rate of dissolution is governed by the rate of
retreat of the solid/solution interface. This process is a
function of the rates of bond hydrolysis and detachment,
and not diffusion.

Once steady-state rates of release were achieved, the Na,
Al, and Si rate curves (stoichiometrically normalized)
were generally coincident, indicating congruent rates of
release. At 100°C, however, the Al and Na rate curves
were not coincident with the Si rate cuives. This was
attributed to the lower analytical accuracy of the Na and
Al analyses, or possibly to the nonattainment of true
steady-state conditions of dissolution.

At acid and neutral pH conditions (200° and 300°C), the
Al release curves indicated the precipitation of an Al
phase (boehmite (?) at 300°C) on the surface. The mor-
phology of the Al precipitate crystals changed as a func-
tion of temperature. The chemical affinity calculations
did not always correctly predict the supersaturation of
the solutions with respect to Al phases, This was prob-
ably due to inaccuracies in both the Al analyses as well
as in the thermodynamic database used. SEM images re-
vealed the importance of sites of dissolution (etch pits)
that led to localized areas of supersaturation and precip-
itation. These results show that precipitation reactions are
not solely dependent on bulk solution thermodynamic
saturation indices (affinity ), but on the localized kinetics
of precipitation, as well. SEM revealed that the precipi-
tated crystals did not form an armoring carapace, which
is the principle reason why the steady-state rates of Si
release (i.e. overall dissolution rates) remained unaf-
fected by the precipitation reactions.

At nearly all pH and temperature conditions, Na was
preferentially released with respect to Al and Si. The
maximum depths of preferential Na leaching (with re-
spect to Si) were recorded atacid pH (1533 A) and basic
PH (1227 A), while minima were recorded in the slightly
acid to near-neutral pH range (25 A). At the same con-
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ditions of dissolution, leaching depths may differ by an
order of magnitude. This is a real phenomenon, and is
most likely due to sample heterogeneities.

The depths of Na leaching did not increase dramatically
with temperature. At pH 2.0, the average depths actually
decreased with increasing temperature. This may be a
function of the decreasing relative difference between the
rates of ion exchange and Si hydrolysis as a function of
increasing temperature, Nonetheless, more data are
needed to establish an unambiguous relation between
temperature and leaching depths.

Aluminum was preferentially released with respect to Si
at acid and neutral pH conditions, even though exact
depths could not be calculated at 200 and 300°C due to
Al precipitation reactions. Where depths could be cal-
culated, they were generally an order of magnitude less
than those recorded for Na leaching. The difference in
Na and Al leaching depths indicates that dissolution cre-
ates two distinct leached zones, one leached in both Na
and Al, and one leached only in Na. The greatest re-
corded depths of Al leaching were at basic pH, minima
wete recorded at neutral pH. This result is important
since significant Al-leached zones at basic pH conditions
have not been previously observed in low temperature
studies. Nonetheless, under mildly basic pH conditions,
there- was also evidence for Si preferential leaching with
respect to Al, as well as congruent Al and Si release. At
extreme basic pH conditions, however, Al was always
(at 200 and 300°C) preferentially released.

The preferential release of Al at acid and neutral pH con-
ditions is attributed to the predominance of positively
charged Al-OH; groups with respect to neutral Si-OH
groups within the leached layer. As the ratio of
Al-OH/A)-OH decreases with increasing pH, the de-
gree of preferential leaching of Al should decrease; this
is one possible reason why Al leaching depths are insig-
nificant at neutral pH. Under mildly basic pH conditions,
either Al or Si was preferentially released. First order
calculations for the speciation of silanol and aluminol
groups at temperature indicate that this occurs when both
Si-O~ and Al-OH/AI-O~ groups predominate. How-
ever, it appears that when only $i-O~ and Al-O~ pre-
dominate (which occurs at extremely basic pH condi-
tions), Al is always preferentially released. According to
MO and ab initio results, Al-O,, bonds are intrinsically
more reactive than Si-Oy, bonds; this may be a decisive
factor in causing Al to be preferentially released. How-
ever, to verify the above hypothesis, more experimental
data, as well as calculations providing the exact specia-
tion of silanol and aluminol groups at temperature would
be required.

The interdependence between the initial rates of Al and
Si release suggest that there is a weak but positive cor-
relation between the preferential release of Al and the
hydrolysis of Si. The reason for this is probably related
to the different speciation of silanol and aluminol groups
within the leached layers. The speciation of these groups
is a major factor in determining their reactivity within
leached layers.
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11) There is evidence that leached layer depths are one factor
which control the overall rate of dissolution, mainly by
increasing the number of Al-O and Si-O bonds subject
to attack by hydrolyzing molecules (H*/H,O* or OH™).
The dissolution rate vs. depth of Al leaching relationship
(as revealed by the results on the plagioclase series; Fig.
15) also implies that deeper leached layers lead to in-
creased rates of overall dissolution. The pH dependency
of leached layer formation is probably a contributing fac-
tor to the pH dependency of overall feldspar dissolution
rates. It is interesting to note that both Na-leached layer
depths and overall feldspar dissolution rates roughly dis-
play a ‘U’ -shaped relationship as a function of pH
(Hellmann et al., 1990).

Based on the recorded fluxes and an assumed linear con-
centration gradient, the coefficients of diffusion for Na
were calculated from Fick’s first law. These were com-
pared to the coefficients of diffusion (from the literature)
for Na in albite and albite glass. At all temperatures, the
experimentally-determined values for Dy, fell between
those of albite and albite glass. This is a possible indi-
cation that the Na-leached layer is structurally more open
than crystalline albite. The Dy, from this study also
showed a pH dependence; there was a difference of up
to several orders of magnitude for the Dy, at acid and
basic pH with respect to neutral pH. This suggests that
there is a greater degree of structural modification (i.e.,
openness) in leached layers formed under conditions
(acid and basic pH) where the degree of preferential
leaching is the most pronounced. The degree of structural
openness of the leached layers influences both the rates
of metal-oxygen hydrolysis as well as the subsequent de-
tachment and outward diffusion of hydrolysis products.
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