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The dissolution of albite in aqueous solutions at temperatures ranging from 25 to 300°C and pHs from 2.4 to 10.1 was inves-
tigated by determining the stoichiometric ratios of Al/Si, Na/Si and Al/Na in the effluent solution. The experiments were carried
out in a tubular plug flow reactor. The solution data collected at temperatures above 100°C were representative of steady state
dissolution behavior. Under these conditions, both the Al/Si and the Na/Si ratios showed negative incongruency. The deficiency
of Al was attributable to the observed precipitation of a crystalline boehmite (AI0(OH)) reaction rim. The high porosity of the
boehmite phase prevented it from behaving as a diffusional barrier to the outward flux of Si from the structure. The deficiency of
Na was much less than that of Al, and was probably due to the sorption of Na ions either at the feldspar-boehmite interface and/
or within the boehmite. If these factors are taken into account, then it can be assumed that steady state dissolution is congruent.
At temperatures of 25 and 100°C, the Al/Si and Na/Si ratios generally showed positive incongruency, indicating the preferential
release of Al and Na with respect to Si. This reveals that the initial, non-steady state phase of dissolution leads to a leached near-
surface zone which i$ depleted in Na and AL This altered layer is probably not uniform in depth or lateral extent since there was
evidence for preferential attack of the feldspar at specific sites on the surface, leading to etch pit formation. When the low tem-
perature, non-steady state results are taken together with the high temperature, steady state results, then the hydrolysis of feldspars
can be considered to be a two-step process: first, there is the initial development of a non-uniform leached zone due to incongruent
dissolution; the subsequent steady state, stoichiometric dissolution process occurs when the rate of diffusion of product ions
through the leached zone equals the rate of structure breakdown.

tually precipitate. However, in many cases, geolog-
ical systems are constrained by conditions where ir-
reversible thermodynamic processes, which have
never attained true equilibrium, predominate. The
ability to predict how such rock-water systems will

The chemical and physical evolution of many geo-
logical systems is a function of rock-water interac-
tions. Equilibrium solubility studies are useful in as-
sessing the final state of any particular rock-water
system, thus allowing for the prediction of which
phases should dissolve and which others will even-

* Address after 1 December 1988: Université Paul Sabatier -
CNRS, Laboratoire de Mineralogie et Cristallographie, 38, Rue
des Trent-six Ponts, 31400 Toulouse, France. '

evolve over time then becomes a question of the ki-
netics of the chemical and physical reactions occur-
ring within such systems.

Any rock-water system is inherently complex due
to the large number of components and variables
present. Therefore, it becomes necessary to decom-
pose the problem into an investigation of the indi-
vidual hydrolysis reactions of the component min-
erals. Feldspars are the most common occurring
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silicates in the near-surface of the crust, where they
occur in a wide variety of geological environments.
The hydrolysis reaction(s) of feldspars can be par-
ticularly difficult to study experimentally due to
complexities associated with incongruent dissolu-
tion behavior. Thus, before rate constants for such
reactions can be determined, the exact nature of the
dissolution process must first be adequately under-’
stood. For the purposes of this study we have chosen
albite (NaAlSi;Os), a feldspar belonging to the pla-
gioclase feldspar solid solution series (NaAlSi;Og-
CaAl,Si,0;). In this study the behavior of albite dis-
solution was investigated over conditions ranging
from those at the surface of the earth to shallow hy-
drothermal environments, where temperatures gen-
erally do not exceed 300°C.

Since feldspars are such a ubiquitous mineral
component of so many rock types, information
gained from dissolution studies will yield important
information on the overall dissolution behavior of a
large number of rock types. In a very broad sense,
these types of experiments will yield much of the
needed information to more fully understand many
of the fundamental problems of geochemistry and
petrology related to the flow of aqueous solutions
through crustal rocks. In addition to the earth sci-
ences, rock~water studies have also found broad ap-
plication in the development of in situ mining tech-
niques, radwaste burial leaching studies, geothermal
power generation and ground water contaminant flow
modeling.

1.2. Hydrolysis models and this study

Current feldspar hydrolysis models fall into two
broad categories. The diffusion-limited model is
based on the hypothesis that diffusion through sec-
ondary surface layers controls the outward flux of
dissolution products. This model is based on data
from experiments conducted under a variety of con-
ditions, which showed that product ions were not re-
leased in their stoichiometric proportions (see, for

example: Correns and von Engelhardt [1], Wollast

[2], Tsuzuki and Suziki 3] and references therein).
The incongruency of feldspar dissolution, particu-
larly with respect to the deficiency of Al in solution,
was thought to be caused by the precipitation of “ar-
moring™ precipitates, such as kaolinite, muscovite,

montmorillonite and boehmite. The type of precip-
itate was found to be a function of the compositions
of the fluid and the solid. Another variation of the
diffusion model is based on the hypothesis that a thin
leached zone forms at the near surface of the solid,
due to the rapid exchange of protons for alkalis within
the lattice (Garrels and Howard [4], Pales [5],
Chou and Wollast [6,7], Wollast and Chou [8],
Holdren and Speyer [9] and references therein).
According to this model, the reaction becomes con-
gruent when the leached zone attains a steady state
thickness; this occurs when the rate of dissolution
equals the rate of diffusion through the layer. De-
spite solution data supporting this hypothesis, sur-
face spectroscopy data have not supported this idea
(Petrovié et al. [10], Holdren and Berner [11] and
Fung et al. [12]).

In contrast to the diffusion model, the surface re-
action model invokes a surface control mechanism
where congruent dissolution at specific activated sites
on the surface is the rate controlling step. This hy-
pothesis is supported by evidence that surface area
has been found to be generally proportional to the
rate of reaction; SEM micrographs showing etch pit
development also support this model (Lagache
[13,14], Berner and Holdren [15], Aagaard and
Helgeson [16], Helgeson et al. [17], Dibble and
Tiller [18], Berner and Schott [19], Berner et al.
[20], Holdren and Speyer [21], Knauss and Wolery
[22] and references therein). It was recently pro-
posed that the leached layer model be modified such
that the formation of leached zones is not uniform,
but rather localized at sites of high surface strain en-
ergy (Chou and Wollast {23] and Berner et al. [20]).

Even though there have been a large number of
studies on the hydrolysis of feldspars, most of them
have been restricted to temperatures below 100°C.
The few studies that were done at higher tempera-
tures were virtually all carried out in batch reactors.
One of the limitations of batch experiments is that
changing the input solution necessitates the disrup-
tion of the run. The other drawback of batch reactors
is that the chemical affinity of the hydrolysis reac-
tion continuously changes with time; this can com-
plicate the correct interpretation of the data. Exper-
iments utilizing flow reactors are generally much less
time consuming since the input solution chemistry
can be changed without having to disrupt the ex-
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periment. In addition to this, for any given constant .

experimental conditions, the chemical affinity of the
reaction remains invariant with time. In the case of
tubular reactors, an axial chemical gradient can ex-
ist, depending on the axial length of the reactor and
the rate of reaction. Nevertheless, any gradients
which do occur are constant under steady state
conditions.

The study reported here is one of the first to utilize
a flow system to measure the dissolution of feldspars
at temperatures to 300°C. The main goal was to in-
vestigate the aqueous stoichiometries of the reaction
products, as measured by the ratios of Al/Si, Na/Si
and Al/Na in the reactor effluent. The measure-
ments were made both at steady state and non-steady
state conditions. By doing so, information on thé
mechanism of dissolution could be elucidated for the
initial phases of dissolution and the subsequent
steady state stage. We also carefully characterized the
surfaces both before and after reaction.

2. Experimental design and methods

2.1. Preparation and characterization of samples
and solutions

For these experiments we used Amelia albite since
it is one of the “purest” albites commercially avail-
able; it has also been well characterized in the mi-
neralogical literature. The experiments were run us-
ing crushed grains (0.18-0.15 mm) from which
extraneous phases, such as quartz, micas and mag-
netic minerals, had been previously separated. Grains
were then treated ultrasonically in acetone for 1/2
hour to remove surface fines. The homogeneity of
the sample was then checked both by X-ray diffrac-
tion (XRD) of a powder as well as by electron mi-
croprobe analyses of a polished section. After soni-
fication, surface area determinations were made of
representative samples using the single point BET
technique. o

Input solutions were made from deionized water;
based on pH measurements the water used was in
equilibrium with atmospheric CO,. Acidic and basic
solutions were prepared with HCl and NaOH, re-
spectively. In all cases pH buffers were not used in
order to eliminate possible interferences by the buff-

ering compounds. The solution pH’s were continu-
ously monitored over the course of each experiment
and were found to be quite steady (£0.05).

2.2. Flow system design, methodology and
conditions

« The experiments were run in a flow system using
a vertically mounted tubular plug flow reactor. The
system was constructed almost entirely of titanium
to limit corrosion. Input solutions were pumped
through the system with an HPLC pump in a one-
pass flow mode. To ensure that the fluid was at the
proper experimental temperature, solutions first
passed through a preheating column before contact-
ing the packed bed of feldspar in the reactor. The
feldspar grains (runs utilized approximately 9 g)
were held in place within the reactor by titanium frits.
Solutions, upon exiting the reactor and the furnace,
cooled down before they passed through the back
pressure regulator and were sampled. The regulator
maintained the system pressure at a constant value
of 170 Bars. In all cases, experiments were run at
pressures exceeding vapor saturated water pressure.
Fig. 1 shows a schematic diagram of the flow system.
Further details of the apparatus used can be found
in Posey-Dowty et al, [24].

The experiments were run under a wide variety of
conditions. Temperatures ranged from 25 to 300°C,
PH's were varied from 2.46 to 10.12 and flow rates
spanned a range from 0.7 to 2.9 ml/min (commen-
surate to average residence times of 4.4 to 1.3 min,
respectively). The flow through the reactor bed was
non-turbulent. Based on calculations incorporating
variable flow rates and temperatures (which affects
the viscosity), the particle Reynolds number (Ng.)
was on the order of 0.01 to 1.

The packed bed experiments generally lasted from
500 to 600 h each. During the course of an experi-
ment, three variables were continually changed: flow
rate, temperature and input pH. These variables are
listed in order of their-hierarchy, i.e., for any given
input pH, samples were obtained for temperatures
ranging from 25 to 300°C, and at any given tem-
perature, samples were taken at various flow rate set-
tings. At the start of a new experiment, the packed
bed was exposed to flowing water at 25°C for 24 h
in order to eliminate, as much as possible, any re-
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Fig. 1. A schematic diagram of the flow system used in this study.
Solutions were pumped with.an HPCL pump through a preheat-
ing chamber before contacting the crushed mineral bed residing
in the tubular reactor. Output solutions were sampled down-
stream from the back pressure regulator. The liquid-gas mixing
chamber was not utilized for this set of experiments. Virtually all
wetted parts of the flow system were made of titanium. Adapted
from ref. [24].

sidual surface fines adhering to the grains. After the
initial conditioning period, samples of the output so-
lution were taken for a variety of flow rate settings.
The time allowed for dynamic equilibrium to be
reached between each flow setting ranged from 1/2
to 4 h, depending on the flow rate. Temperature set-
tings were incrementally changed in the following or-
der: 25, 100, 175, 225, 300, 25°C. The temperature
setting was brought back down to 25°C to check the
repeatability of the results. Approximately 2 1/2 h
were allowed for chemical equilibration once a par-
ticular new temperature setting had been reached.
When changes in solution pH were made, 24 h were
allowed to pass (at 25°C) before sampling was re-
sumed. Exposure of the grains to high temperatures,
where the dissolution rate is highest, was kept to a
minimum to minimize changes in the characteristics
of the grains (such as surface area, etc.) during the
course of an experiment. The first series (# 1) of ex-
periments used input solutions with pH’s of (in ex-
perimental order) 2.46, 3.21, 5.45 and 5.7; the sec-
ond series ( # 2) of experiments used solutions with
pH’s 5.7, 10.12, 9.16 and 5.7.

Samples were collected in triplicate. After theit ™

PH’s were measured, the solutions were acidified with
HCI prior to analysis for Al, Na and Si. At concen-
trations greater than 500 ppb, solution analyses were
made using inductively coupled plasma spectropho-
tometry (ICP-ES). At lower concentrations, Si was
measured colorimetrically using the silicomolybdate
blue method described by Strickland and Parsons
[25], and Al and Na were measured by atomic ab-
sorption (AA) techniques (graphite furnace AA and
flame AA, respectively). At concentrations greater
than 500 ppb, we estimated that our analytical ac-
curacy was in the range of 5-10%; this figure rose to
10-15% for all methods at low concentrations.

3. Results
3.1. Release ratios

The data collected from experimental series 1 and
2 are shown in graphical form (figs. 2-4) in terms
of Al/Si, Na/Si and Al/Na release ratios. The re-
lease ratios were measured at 25, 100, 225 and
300°C. The data have been spread apart on each plot,
such that the dependence on input pH is also shown,
At each temperature and pH, compositions were
measured in triplicate at several flow rates; each
graphical symbol represents one analysis. A partic-
ular release ratio is a measure of the stoichiometric
ratio of one element to another element in solution,
normalized to their stoichiometric ratio in the solid.
Based on weight percentages, ten microprobe anal-

yses of a polished section of Amelia albite yielded

the following solid stoichiometric ratios and corre-
sponding values for 1o: Na/Si=0.288 £0.005; Al/
Si=0.358+0.004; Al/Na=1.2431+0.023. Release
ratios can be used to decipher key aspects of the hy-
drolysis of the structure, provided that the release
ratio attributable to the actual breakdown of the
structure has not been altered by any secondary pro-
cesses which may selectively retain one or more
product species. An example of such a process would
be the precipitation of a secondary phase.

Relative release ratios are defined ([9]) as fol-
lows (based on Si):
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where X=Na or Al

Release ratios are by definition dimensionless. The
units chosen for the numerator and the denominator
must be equivalent for the ratio to be meaningful.
The sign of the release ratio is indicative of whether
dissolution is congruent or incongruent. The equa-
tions below summarize the three variations that the
release ratio can assume:

(1)
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3.2. Experimental results

3.2.1. Aluminum/silicon )
Fig. 2 shows the release ratios of Al/Si from the
data of series 1 and 2. Despite the large amount of
scatter in the data at lower temperatures (25 and
100°C), it is apparent that the means of the release
ratios change from positive to negative over the range
of 25 to 100°C. This indicates that at 25°C Al is
preferentially released into solution with respect to
Si. The degree of preferential release of Al is quite

dX dsi ) substantial since the means of the release ratios lie
1 =0 === t, 2 . .
0g(rrm)x =0 dt dt congruen 2) in the range of 0 to + 1.5 log units. At temperatures
X dsi of 100°C and above, the means of the release ratios
log(rrr)x >0: =— > T ;(+) incongruency, (3) are in the range of 0 to — 3.0 log units, indicating that
Al is preferentially retained.
dX dS . . The data for temperatures of 175°C and above also
log(rrryx <0: — Tl dt ;(—) incongruency. (4)
relative release ratios: Al/Si
300 -
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Fig. 2. The relative release ratios for Al/Si, Na/Si and Al/Na as a function of temperature and pH. Release ratios were measured at 25,
100, 175, 225 and 300°C. The data have been spread apart at each temperature to show the dependence of the ratios on pH. At each
temperature and pH, compositions were measured in triplicate at several flow rates; each symbol represents one: analysis. Positive release
ratios represent the preferential release of a given component (the numerator of the ratio) into solution, and conversely, negative values

represent preferential retention.
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show that the release ratios, for any given temper-
ature, vary as a function of input pH. As an example,
at 225°C the mean of the release ratios at pH;, 2.46
is approximately —3.0. At a pH;, of 3.21, the mean
of the release ratios is much higher, approximately
—1.2. The sharp increase in the values of the release
ratios with increasing pH;, becomes much less pro-
nounced at intermediate to high pHs (5.45-10.12).
At these pH’s, the means of the release ratios fall in
the narrow range of —0.5 to —0.1. These trends in-
dicate that the degree of Al retention at temperatures
above 100°C is inversely dependent on pH;,, with
the highest degree of preferential Al retention oc-
curing at the lowest pH,. :

3.2.2. Sodium/silicon

Fig. 3 shows the release ratio data for Na/Si. In
many respects, the trends are quite similar to those
observed previously for Al/Si in fig. 2. At 25 and
100°C, the means of release ratios plot within the
positive incongruency field, indicating that Na is
preferentially released into solution in comparison
to Si. At 175°C, most of the release ratio means plot

either on the congruency line, or within one or two
tenths of a log unit from it. At higher temperatures
(225 and 300°C), the means of the data are tightly
clustered between 0 and —0.15 log units, indicating
slight negative incongruency. This is indicative of the
preferential retention of Na. The degree of Na re-
tention at high temperatures is, however, several or-
ders of magnitude less than Al, especially at low pHs.
In contrast to the Al/Si results, there does not appear
to be any significant relation between input pH and
the value of the release ratio for any given
temperature.

3.2.3. Aluminum/sodium

Based on the Al/Si and Na/Si release ratio trends,
the Al/Na trends are easily predictable in advance.
Fig. 4 shows that virtually all of the means lie within
the negative incongruency field. As was the case with
the Al/Si and Na/Si plots, there is a considerable de-
gree of scatter in the data at low temperatures.
Nevertheless, even at low temperatures (25 and
100°C), it is apparent that either Al is preferentially
retained with respect to Na, or conversely, Na per-

relative release ratios: Na/Si
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Fig. 3. The same as fig. 2.
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relative release ratios: Al/Na
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Fig. 4. The same as fig. 2.

haps is released at a faster rate than Al At temper-
atures above 100°C, the means of the data are much
more tightly clustered for any given pH,,. It is also
apparent that at these temperatures there exists a
negative dependency between the pH,, and the re-
lease ratio. The trend observed in fig. 4 closely re-
sembles, as expected, the pH-release ratio trend for
Al/Si. This suggests that Al is always preferentially
retained at low pHl’s and high temperatures, both with
respect to Na and Si.

3.2.4. Flow rate dependence and reproducibility
results

Based on figs. 2-4, two of the three experimental
parameters, T and pH, which were varied during the
course of each run, have a significant effect on the
value of the release ratios of Al/Si, Na/Si and Al/
Na. The third parameter, flow rate, was not sepa-
rately considered since we found that when release
ratio plots were constructed as a function of resi-
dence time, holding temperature and pH, constant,
no observable trends were apparent for Na/Si re-
lease ratios. In some cases, there was a small de-

pendency of the Al/Si release ratios on residence time
at pH 2:46, such that the means of the ratios de-
creased up to one tenth of a log unit from the lowest
to the highest residence time. If this effect is real, then
it would indicate that Al retention is favored by
slower flow rates. However, this effect was judged
too small, relative to the dependence on temperature
and pH,,, to warrant the separate treatment of flow
rates and release ratios.

In order to determine whether the release ratios
were reproducible, a comparison was made between
data from experimental series 1 and 2 at a pH,, of
5.7, this being the only pH both series had in com-
mon. Figs. 5 and 6 show that at all temperatures, the
degree of reproducibility in terms of the Al/Si and
Na/Si release ratios was very good. At low temper-
atures, the degree of scatter was considerable in both
cases. At temperatures above 100°C, the means of
the release ratios were within one to two tenths of a
log unit within each other. An internal comparison
was also made of the data from series 2. In this case,
the experiment commenced and ended with solu-
tions of pH;,=5.7. This afforded a comparison be-
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reproducibility study: Al/Si
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Fig. 5. The reproducibility measurements for Al/Si and Na/Si release ratios allow for the comparison of data at a pHi, ‘of 5.7, both
between experiments of series 1 and 2, as well as within series 2. The agreement between the data is quite good, particularly at tempera-

tures above 100°C.
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tween release ratios obtained at the beginning of the
experiment (0-64 h) with those obtained at the end
(336-502 h). In this case, as well, there were no sig-
nificant differences.

4. Discussion
4.1. Preferential aluminum retention above 100°C

As fig. 2 shows, the Al/Si release ratios were neg-
ative at temperatures exceeding 100°C. This sug-
gests that Al was being preferentially retained, es-
pecially at very low pH’s. In order to test this
hypothesis, we subjected large albite cleavage frag-
ments (several mm on a side) to input solutions of
pH 2.36 at 300°C for periods ranging from 24 to 80
h. Under these conditions a white, friable secondary
precipitate formed a rind around each albite frag-
ment. An X-ray diffraction pattern (using Cu Ka ra-
diation) yielded a very definitive boehmite pattern
(AIO(OH) ), as can be seen in fig. 7. No other phases
could be positively identified on the X-ray diffrac-
tion pattern. Microprobe traverses from the albite-
boehmite interface across the precipitated rind also
only revealed the presence of Al

By cleaving the reacted “crystals” parallel to the
(0 10) cleavage plane we were able to obtain excel-
lent cut-away views of unaltered albite cores sur-
rounded by massive reaction rims. Fig. § is a 20
SEM image of a crystal reacted at 300°C at pH 2.36

30
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ALUMINUM OXIDE HYDROXIDE -~ BOEHMITE

Comparison of boehmite sample to boehmite standard in JCPDS file

for 62 h. The rind consists of massive (~j mm
thick), non-epitaxially grown crystalline boehmite.
This SEM image shows some of the best evidence to
date that massive rims of secondary phases can pre-
cipitate on hydrothermally altered feldspars. Pre-
vious related studies, such as those by Wyart et al.
[26], Tchoubar and Oberlin [27] and Tchoubar
[28] only found evidence for noncoherent epitaxial
occurences of boehmite and other secondary phases,
such as kaolinite. Fig. 9 is an SEM image at 5000 X
showing bladed, outward radiating crystal masses of
boehmite. Note the large amount of interconnected
void space. On this criterion alone, it is probable that
the rate of aqueous diffusion of product ions would
not be hindered by the presence of a porous precip-
itate. Fig. 10 is a 5000 image of the albite-boch-
mite interface. The linearity of the interface was ver-
ified by many SEM traverses. From the apparent
direction of growth of the boehmite crystals towards
the retreating albite interface, it is possible that the
degree of Al supersaturation and rate of crystal nu-
cleation may be highest at the boehmite-albite in-
terface. This suggests that Al precipitation occurs at
the interface, rather than at the outside surface of the
reaction rim. It should be noted, however, that other
occurences of boehmite crystals at the interface dis-
played a much more random orientation, similar to
that shown in fig. 9.

Mass balance calculations were made to evaluate
whether or not the deficit in the Al concentrations
from the packed bed experiments could be ac-

1.67 d-spacing 1.20

ol el o
AL' 0 O H

Fig. 7. X-ray diffraction pattern of the alternation rind formed on an albite cleavage fragment that was run in a flow experiment at 300°C
at pff 2.36 for 62 h. The pattern reveals that the rind is composed of crystalline boehmite (AIO(OH) ).
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Fig. 8. A 20 SEM image of an albite fragment surrounded by a 1/2 mm thick reaction rim of crystalline boehmite. The rind formed
after contact with a flowing solution of pH 2.36 at 300°C for 62 h.

A

i
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Fig. 9. A 5000 SEM image of the rind shown in fig. 8. Note the high degree of porosity among the bladed crystal masses of boehmite.
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Fig. 10. A 5000x SEM image of the interface between boehmite and albite. Note how the tips of the bochmite crystals point in the
direction of the interface, indicating possible growth in the direction of the retreating albite core.

counted for by precipitation of Al as boehmite. The
molar deficit of Al in the effluent solution of the
packed bed experiment at pH,, 2.46 and 300°C, over
a period of 62 h, was used to predict the number of
moles of boehmite which theoretically could precip-
itate. This value was compared to calculations based
on a rind formed during an experimental run where
a single crystal was exposed to a pH,, 2.36 solution
at 300°C for 62 h. The number of moles of observed
boehmite rind was found to be approximately 3 x
higher than the value predicted from the packed bed
experiments. The discrepancy between the two cal-
culations can be attributed to uncertainty in the di-
mensions and porosity of the rind as well as the fact
that the pH of the single crystal experiment was 1/
10 of a unit lower than the packed bed experiment.
It is also inherently difficult to compare both results
because of the positive axial pH gradient in the
packed bed experiments. Since the solution pH in-
creases as a function of axial length, preferential pre-
cipitation of boehmite will occur at the upstream end

(inlet) of the reactor. Precipitation at the inlet end
of the reactor seems counterintuitive, since the sol-
ubility of boechmite increases at both acid and basic
pH’s. However, the rate of Al hydrolysis is also great-
est at low, acidic pH’s, leading to Al oversaturation
and precipitation of boehmite. Therefore, if the axial
pH gradient were to be taken into account, the pre-
dicted amount of boehmite precipitation should in-
crease. If all of these factors are considered, then it
seems plausible that the results would agree quite
closely. Even if these correction factors are not ap-
plied, it 1s reasonable to postulate that the negative
release ratios of Al/Si can be accounted for by the
precipitation of boehmite.

It was discussed earlier that the large percentage of
interconnected void space seen in SEM images of the
boehmite phase would preclude the possibility of it
acting as a diffusional barrier to the outward flux of
product species (such as Na and Si) from the re-
action front to the bulk solution surrounding each
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grain. This is based on the fact that diffusion of
products in an aqueous medium is significantly faster
than the intrinsic rate of structure breakdown. An-
other point to consider is that the molar volume ra-

tio of boehmite to albite is 0.195. According to the

empirically derived Pilling-Bedworth rule (Gomes
and Dekeyser [29]), when the molar volume ratio
of precipitate to reacting substrate is less than unity,
then the precipitate will not be diffusionally limiting
with respect to the flux of product ions. The repro-
ducibility results (figs. 5 and 6) offer additional proof
that secondary precipitates do not diffusionally in-
hibit ion fluxes. If we consider the fact that the val-
ues of the negative release ratios for the same con-
ditions (pH;, 5.7) did not change over the course of
several hundred hours, and if it is assumed that the
rate of Al precipitation remained constant under
equivalent conditions, then it seems very likely that
the outward flux of Si was not influenced by the for-
mation of a boehmite reaction rim. If this would not
have been the case, then the release ratios would have
increased as a function of rim. In summary, it is ap-
parent that two critical properties of secondary.pre-
cipitates, the porosity and the molar volume ratio
(precipitate/reactant ), determine whether or not a
secondary phase acts as a diffusional barrier to prod-
uct species released during dissolution. The precip-
itation of massive boehmite does not seem to affect
the release rate of Si species into solution. In the next
section, we will discuss why this does not necessarily
hold true for Na ions.

4.2. Incongruency and sodium retention above
100°C

Most of the release ratios at temperatures exceed-
ing 100°C have means centered approximately
around - 0.1 log units on the release ratio scale. This
corresponds to a 25% linear deficit in the solution
Na/Si ratio. This far exceeds the estimated 5-10%
analytical error in the data at these elevated tem-
peratures. If the results were to be solely attributed
to suboptimal analytical accuracy and/or precision,
then the scatter should be symmetric about the con-
gruency line. This is clearly not the case. Thus, the
deficiency in Na must be a real phenomenon. From
the X-ray diffraction pattern (fig. 7), we already

~
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noted that boehmite was the only phase present in .
the reaction rim. An electron microprobe backscat-
tered image of the rim also failed to show evidence
for more than one phase. Saturation index calcula-
tions based on the computer code EQ3NR (Wolery
[30]) indicated that boehmite was the only phase
supersaturated in the reactor core. These lines of evi-
dence show that Na is not being retained as a dis-
creet secondary phase.

Preliminary near surface studies of hydrother-
mally altered albite utilizing XPS (X-ray photoelec-
tron spectroscopy) facilities at the Center for Ma-
terials Research at Stanford University led to the
hypothesis that sorption of Na ions may be the cause
for the negative Na/Si release ratios. The XPS spec-
tra generally showed that the near surface of hydro-
thermally reacted albite crystals was depleted in Na.
However, whenever boehmite crystals had precipi-
tated on the surface (as revealed by SEM), the spec-
tra yielded an enhanced Na signal, indicating a slight
degree of enrichment of Na, either at the albite sur-
face or within the boehmite. This effect was only
noted in those cases where precipitates had formed.
Unfortunately, from the XPS data-alone we were not
able to resolve the question of which phase was se-
questering the Na ions.

Broken bonds and other atomic disturbances af-
fect the electroneutrality of mineral structures such

‘that most minerals have a net surface charge. The

nature of the charged surface is both an inherent
property of the mineral as well as the surrounding
aqueous environment. In order for surface electro-
neutrality to be maintained, non-specific electro-
static adsorption of ions on the charged surface will
occur, resulting in the formation of an electrical dou-
ble layer about the surface. The double layer pro-
vides a “reservoir” for counterion adsorption. Thére
are many models which treat the spatial distribution
of charged species within the double layer (for a re-
view, the reader is referred to Parks [31] or Stumm
and Morgan [32]). The potential at a solid-liquid
interface exponentially dereases to zero in the bulk
solution. The net charge that a surface will carry is
dependent on the amphoteric nature of adsorbed
surface MOH (M =metal) groups as well as the ad-
sorption of aqueous metal hydroxo (M=*(OH);~")
complexes (Parks [33], and references therein). The
solution pH at which a surface has a net zero charge
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is called the zero point of charge (ZPC). At solution -

PH’s less than the ZPC the net surface charge will be
positive, and conversely, at pH’s above the ZPC the
surface will carry a net negative charge. Thus, Na ions
which have become detached from the structure will

be electrostatically attracted to surfaces carrying a

net negative charge. The albite~boehmite interface
and the boehmite rind are the two available surfaces
for adsorption, the ZPC’s of each are approximately
2.0-2.4 and 7.7-9.4, respectively [31,33]. Based on
the given values of the ZPC’s, Na adsorption theo-
retically should take place at the albite~-boehmite in-
terface for all solutions with pH less than 7.7 to 9.4,
whereas at higher p/’s adsorption could occur on the
interface as well on the boehmite crystal surfaces.

In order to test the idea that Na ions were being
adsorbed in an amount equal to the deficit of Na in
the output solution, we applied the Gouy-Chapman
electrical double layer model to the albite~boehmite
interface and calculated the total adsorption density.
For the calculations we used the evaluated form of
the integral of the concentration profile (see ref,
[31], p. 248). The major uncertainties in the cal-
culations were-due to the estimation of the surface
area and the value used for the potential drop across
the mobile part of the double layer. These points
aside, the value calculated for the total amount of Na
adsorbed agreed with the solution data within a fac-
tor of approximately 3. The calculations suggest that
for a given set of conditions, there is approximate
agreement between the Na deficit in solution and the
calculated amount of Na that could be adsorbed in
an electrical double layer, However, these calcula-
tions do not consider time as a variable. The ad-
sorption of Na into the double layer is instantaneous
with respect to the vtime scale of the experiments. The
reproducibility results (figs. 5 and 6) show that the
degree of Na deficiency remains the same for equiv-
alent experimental conditions over a period of sev-
eral hundred hours. For the deficiency to remain
constant, there would have to be a concomitant in-
crease in the total adsorption density of Na in the
electrical double layer. The most obvious way to sat-
isfy this condition would be for the surface area to
increase over time. At present it is difficult to as-
certain whether the change in surface area of the al-
bite interface during dissolution would be sufficient
to allow for the adsorption density to increase.

The boehmite crystals could possibly be the other
environment for adsorption of Na ions. Here the ca-
pacity to serve as a substrate for adsorption would
steadily increase with time since the boehmite rind
continuously grows in thickness and volume. As
mentioned before, the measured ZPC of synthetic
boehmite ranges from 7.7 to 9.4. However, Parks

" [33] has noted that naturally formed boehmite can

have a ZPC<2. If this were the case, then the boeh-
mite undoubtedly could serve as an environment for
adsorption. With the continual addition of few sur-
face area, the amount of Na adsorbed would remain
fairly constant over time, thus corroborating the
constant release ratio findings.

4.3. Incongruency and preferential release of Al and
Na at 25 and 100°C

As figs. 2 and 3 show, the release ratio values for
Al/Si and Na/Si at 25 and 100°C show different be-
havior than their counterparts at temperatures above
100°C. The first major difference is the degree of
scatter. At 25°C, the scatter in the Na/Si and Al/Si
release ratios spans up to 3 log units. The degree of
scatter in the data is at least an order of magnitude
less at 100°C, especially with respect to the Na/Si
data. The high degree of scatter in the data for both
sets of release ratios can be attributed in large part
to a low degree of analytical accuracy and precision
inherent in the measurements. At low temperatures,
the rates of dissolution were low enough such that
the effluent solution concentrations of Al, Na and Si
were often in the range of only a few tens of ppb.

Despite the high degree of scatter in the data, the
other major difference in release ratio behavior is still
apparent. The means of the Na/Si release ratios are
positive at 25 and 100°C, and for Al/Si, they are only
positive at 25°C. The positive release ratios cannot
simply be attributed to suboptimal analytical accu-
racy and/or precision. If this were the case, then the
data should be spread more or less symmetrically
about the zero congruency line. This is evidently not
the case.

_ The influence of surface fines also cannot be in-
voked to explain these results. The presence of sur-
face fines has been given attention in the literature
as a major reason for initially high rates of dissolu-
tion. The higher rates of dissolution have been at-
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tributed to their higher degree of solubility. Never-
theless, increased rates of dissolution should not be
a factor leading to the prevalence of positive release
ratios. It may be possible to presume that the initial
high rate of dissolution is characterized by the pref-
erential release of Na and Al with respect to Si. How-

ever, over the course of several hundreds of hours of _

dissolution any surface fines which were initially
present would have been completely dissolved away
(as revealed by SEM). Complete dissolution would
imply that these particles would only contribute stoi-
chiometric ratios of product ions to the solution. Figs.
5 and 6 show that the positive release ratios are re-
producible after several hundreds of hours of dis-
solution. Based on this reasoning, the role of surface
fines can be discounted as a source for the positive
release ratios. A similar argument can be applied to
the initial presence of mechanically disturbed sites
on the surfaces of grains. If these sites contributed to
incongruent dissolution, then surface annealing after
contact with 300°C solutions should have occured
over the duration of the experiments, thus dimin-
ishing any possible role disturbed surfaces may have
had with respect to incongruency.

The most likely explanation for positive incon-
gruency at low temperatures is that the output so-
lutions were not sampled under steady state condi-
tions. This indicates that not enough time was
allowed for equilibrium to be established between the
packed mineral bed and the flowing solutions at
25°C, and for the case of Na, also at 100°C. Thus,
these results provide information on the processes
involved during the initial phases of dissolution when
dissolution is incongruent. Past studies (see, for ex-
ample, [6,7,9] and references therein) have shown
that the initial stages of feldspar hydrolysis are char-
acterized by the exchange of protons for alkalis, re-
sultingin an alkali depleted, Si-rich zone at the near
surface. The initial phase of incongruent dissolution
gradually evolves into a steady state, congruent dis-
solution process. The time required for the onset of
steady state conditions at 25°C is still not clear. Re-
sults from [6,7] suggest tens of hours, whereas data
from [9] indicate that several hundred hours may
be required for the attainment of steady state

_conditions.

The results from these packed bed experiments

confirm that the initial phases of hydrolysis are

marked by the rapid exchange of protons for both
Na and Al in the structure. Thus, atoms in the albite
structure that are considered to be both network
modifiers and network formers are subject to pref-
erential leaching from the lattice, leaving behind a
depleted zone consisting of (possibly hydrated) Si
and O. The existence of leached layers has been sub-
ject to debate because XPS studies have, until now,
failed to detect depletion of Na and Al to depths
greater than a few Angstrdms [ 10-12]. However, our
preliminary XPS results do, in fact, show that under
conditions similar to those used for the packed bed
experiments, depletion of Na and Al extends several
tens of A into the sructure (details on our XPS re-
sults will be forthcoming). . _

Chou and Wollast [6,7] postulate that the for-
mation and subsequent collapse of depleted zones
enriched in Si can be effected by instantaneously
changing the input solution from an acidic to a basic
medium. Unfortunately, the scatter in our data pre-
clude extracting similar observations. It does seem
likely, however, that another reason for some of the
scatter in the data at low temperatures, for any given
input pH, is attributable to sampling at various stages
of the initial dissolution period.

5. Conclusions

The release ratio results from our packed bed ex-
periments suggest that the data are representative of
two distinct phases of dissolution. The low temper-
ature data- (25°C for Al/Si; 25 and 100°C for Na/
Si) describe the initial phase of incongruent disso-
lution. The positive incongruency of the release ra-
tios denotes that Na and Al are preferentially leached
from the near surface of the albite structure. Since
the rate of hydrolysis is a function of temperature, at
temperatures above 100°C steady state conditions
were achieved in our experiments. Current interpre-
tations of the leached layer dissolution model sug-
gest that steady state conditions are attained when a
critical thickness of the leached layer is reached, such
that the rate of diffusion of product ions through the
leached layer equals the rate of structure breakdown
(see [6,7] and references therein). The release ra-
tios obtained from our data taken at elevated tem-
peratures indicated that the effluent solution in nearly
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all cases was deficient in Al and Na with respect to
Si. In the case of Al, massive precipitation of boeh-
mite led to the negative release ratios. The rate of
hydrolysis was apparently most rapid at low pH’s,
resulting in the greatest degree of Al precipitation as
well as the most negative release ratios. The release
ratios of Na/Si at elevated temperatures also indi-
cated that Na was selectively retained; however, the
degree of retention was much less than for Al. The
non-specific electrostatic adsorption of Na ions either
at the albite-boehmite interface, or within the boeh-
mite rim, is a possible mechanism for producing neg-
ative release ratio values. If the effects due to the pre-
cipitation of Al and the adsorption of Na are taken
into account, then the data support the conclusion
that albite dissolves congruently at steady state
conditions.

From the non-steady state results at low temper-
atures, the release ratio data support the hypothesis
that the initial dissolution process is controlled by
the formation of a leached layer. However, there also

exists evidence that dissolution is controlled by sur-
face reactions. This means that hydrolysis takes place
at specific surface sites which have high surface strain
energies. These sites occur where dislocations, mi-
crofractures or other imperfections in the near sur-
face of the structure intersect the surface. Fig. 11 quite
graphically illustrates that a surface control mecha-
nism must be operative. The etch pits were formed
on an Amelia albite grain reacted at pH 2.46 at 25°C
for 80 h. Berner et al. [20] pointed out that evidence
such as this is contrary to the leached layer model.
Reconciling the two hypotheses calls for a model with
surface reactions constrained to localized areas on
the surface which would be most prone to attack by
hydrolysis reactions, coupled to the formation of
leached layers at these sites. As pointed out in
[20,23], leached layers need not be continuous either
spatially or with respect to depth. Thus, it seems that
our data suggest that initial phases of dissolution are
controlled both by surface reactions and the forma-
tion of localized leached areas.

Fig. 11. Well developed etch pits on an albite fragment run at p/ 2.46 at 25°C for 80 h at a rate of 1.6 ml/min in a flow reactor. The
presence of etch pits indicates that dissolution occurs preferentially at certain surface sites.
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