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Abstract—Albite feldspar was hydrolyzed at 100, 200, and 300°C in solutions at pH values ranging from
1.4 t0 10.3. The dissolution experiments were carried out in a single~pass tubular flow system. Rates were
determined both by the mass loss of the sample and from the reactor output concentration of released
Si. All of the measured rates represent limiting rates since the experiments were run at conditions far
from equilibrium with respect: to albite saturation. The only secondary phase to form was boehmite,
precipitation of which mostly occurred under acid conditions. The dissolution rate curves displayed a
U-shaped relationship with pH, as evidenced by a decrease in the rates with increasing pH in the acid
region, a neutral pH region marked by no pH dependence, and a basic pH region where the rates increased
with increasing pH. For any given temperature, the absolute values of the slopes (n) of the log rate vs,
PH curves were approximately equal in the acid and basic pH regions. The absolute values of # increased
from 0.2 to 0.6 in both the acid and basic pH regions as the temperature increased from 100 to 300°C.
The calculated energies of -activation were 89, 69, and 85 kJ/mol in the acid, neutral, and basic pH
regions, respectively. These values reflect the greater dependence of the rates on temperature in the acid
and basic pH ranges in comparison to the neutral pH range. The results from this study have been
compared to a few published studies in the literature concerning the hydrolysis of albite and other feldspars
at 100°C and higher temperatures. A comparison of the rates revealed that the differences in rates are
potentially dependent on the design of the experiments. Even after taking into account experimental
uncertainties, it appears that static hydrolysis experiments almost always produce measured rates that
are lower than those obtained in flow systems, This may be expiained by the precipitation of secondary
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phases and/or chemical affinity considerations.

INTRODUCTION

THE HYDROLYSIS OF MINERALS is of primary importance in
understanding the evolution and behavior of water-rock sys-
temns. The domain of water-rock interactions spans a wide
range of geological environments: chemical and physical
weathering reactions on the Earth’s surface, diagenetic alter-
ation of sediments in sedimentary basins and subduction
zones, hydrothermal circulation in the upper to middle crust,
metasomatic reactions associated with regional metamor-
phism; these are just a few examples where water-rock in-
teractions control the dissolution and precipitation behavior
of minerals, the chemical composition of the fluids in contact
with the minerals, and the mass transport of dissolved con-
stituents.

In order to understand the complex nature of how rocks
behave in contact with water, the problem must first be ap-
proached with the study of mineral hydrolysis reactions. Only
when the hydrolysis behavior of the individual mineralogical
components of rocks is understood can one hope for the
development of realistic theories and models of large scale
water-rock interactions. Since feldspars are the most common
mineralogical constituent of the upper crust (ANDERSON,
1989), their hydrolysis behavior is of significant geochemical
interest. -

The study of feldspar dissolution dates back to the last
century with the studies of DAUBREE (1867}, Experiments
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of TaMM (1930) and CORRENS and VON ENGELHARDT
(1938) were representative of the first modern-day approach
to feldspar hydrolysis, thereby setting the stage for the more-
recent evolution of interest in feldspar hydrolysis. Over the
intervening years, quite a few studies have been devoted to
the dissolution behavior of feldspars at room temperature;
perhaps no other mineral has been so extensively studied in
the field of geochemical dissolution kinetics, Some of the
more recent studies at room temperature are those of WoL-
LAST (1967), BUSENBERG and CLEMENCY (1976}, HOLDREN
and BERNER (1979), (a more complete compendium of pre-
1982 published studies is given in AAGAARD and HELGESON,
1982; for an interpretation of some of the pre-1984 literature
data, see HELEGESON et al., 1984), CHoOU and WOLLAST
(1984, 1985), HOLDREN and SPEYER ( 1985), KNAUSS and
WOLERY (1986), MAST and DREVER ( 1987), AMRHEIN and
SUAREZ (1988), SCHWEDA (1990), CASEY et al. (1989,
1991). At temperatures up to 100°C, the number of disso-
Iution rate studies is more limited: KNAUSS and WOLERY
(1986), ROSE (1991), BURCH et al. {1993). There have also
been a number of experimental studies on the influence of
acetic and oxalic acids on feldspar dissolution at 100°C, such
as those of HUANG and LONGO (1992) and FRANKLIN et al.
(unpubl. resuits, pers. commun. HaJASH, 1993), (see also
teferences listed in the former study). At temperatures above
100°C, experimental work has beén published by MOREY
and CHEN (1955), MOREY and FOURNIER (1961), LAGACHE
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(1965, 1976), TSUZUKI and SUZUKI {1980), HELLMANN
(1989), HELLMANN et al. (1989, 1990), RAFAL'SKIY et al.
(1990), RAFAL’SKIY and PRISYAGINA (1991).

Despite the fact that so much experimental attention has
been given to the study of feldspar hydrolysis, published dis-
solution rates measured at 25°C have differed by up to an
order of magnitude. This is in part due to the long times
needed to achieve steady-state reaction conditions at low
temperatures. In addition, feldspar dissolution can be very
complicated due to the incongruent release of elements as a
function of pH, as well as the surface precipitation of sec-
ondary, supersaturated phases. At elevated temperatures, the
fundamental problems of investigating the dissolution be-
havior of feldspars are exacerbated by the problems associated
with the rapid precipitation of secondary phases, making the
extrapolation of rate constants from the measured dissolution
rates very difficult. The only factor in favor of the experi-
mentalist working at higher temperatures is the fact that
steady-state conditions are approached several orders of
magnitude faster than at room temperature.

The paucity of high temperature (=100°C) kinetic data
was the main motivating factor for studying the hydrolysis
of feldspar under hydrothermal conditions. The specific goals
of this study were the determination of dissolution rates, rate
constants, pH dependencies, and activation energies based
on the hydrolysis of albite feldspar at 100, 200, and 300°C
over a wide range of pH values. The extrapolated rate con-
stants from this study, combined with the calculated energies
of activation and pH dependencies, will complement low
temperature data currently available, but which are quite of-
ten lacking in agreement. These are the types of kinetic data
necessary for better constraining the quantitative aspects of
existing theories and models of water-rock interactions at
elevated temperatures and pressures. Another important goal
of this study was a detailed comparison of data from previ-
ously published studies; this provided a means for analyzing
the influence of experimental design on the measurement of
kinetic data, Even though the immediate goal of this study
was not a comprehensive treatment of reaction mechanisms,
macroscopic kinetic information of this kind is very useful
for elucidating the mechanisms of hydrolysis reactions, when
coupled with microscopic-scale data derived from the appli-
cation of various spectroscopic and microscopic techniques.
In a series of upcoming companion papers, several additional
subjects will be treated in detail: an analysis of the release
rates of Na, Al, and Si as a functicn of time, the surface

chemistry of albite after hydrolysis, and a summary study

that will address the mechanisms of dissolution.

EXPERIMENTAL METHODS

Albite feldspar was chosen for the considered dissolution experi-
ments since it has an endmember composition and it is also very
well characterized in the mineralogical literature (for an overview,
see SMITH and BROWN, 1988). Albite from the Amelia Court House
pegmatite {Virginia, USA), purchased from Ward’s Scientific Est.,
was used in these experiments in as is condition. The endmember
chemical composition (NaAlSi;Og) of this pure albite was confirmed
by microprobe analyses (Table 1), The degree of ordering of struc-
turally low albite from Amelia can be calculated from the detailed
crystallographic data given in HarRLOW and BROWN ( 1980); refer-
ences to ordering can also be found in SMITH and BROwWN (1990).
For each expefiment, a | cm X 1 ¢cm sample was cleaved from the

Table 1: Microprobe analyses of the
low albite from Amelia used in this

study*

oxide ng_l_tﬁb 1c
Si0z 67.19 043
AlO3 21.25 0.20
Fea03 0.04 .09
MgQ 0.0 -
MnO (.02 0.06
CaO 0.0 -
Nax( 1221 0.16
K20 0.0 -
Sum 100.71

*hased on 10 analyses of 3 separate areas

parent sample and then ultrasonically cleaned in ethanol for 15 min.
The main advantage of using large samples is the avoidance of sample
preparation artifacts induced by grinding (see EGGLESTON et al,,
1989). Grinding of samples is a well-known cause for both enhanced
surface strain and the creation of surface fines, Since it was assumed
that the sample surfaces were not additionally strained to any sig-
nificant degree during cleavage, annealing was deemed unnecessary,
In addition, large samples more easily allow the use of certain surface
spectroscopic and microscopic techniques.

Surface areas were measured by a multipeint static gas adsorption
technique (using Kr as the adsorbate), based on the theory presented
by BRUNAUER et al. (1938). Due to the low surface area of the sam-
ples, the surface area determinations were close to the analytical limit
of the technique, and were estimated to be accurate to within 20-
30%. The adopted surface area value for the cleavage fragments was
0.013 m?*/g. Repeated measurements of a surface area standard
yielded values within 15-20% of the stated surface area, Geometrically
measured surface areas were lower by a factor of 1.5, No attempt
was made to measure post-hydrolysis surface areas.

The experiments were run using a one-pass, tubular flow-through
circulation apparatus, A schematic diagram of the apparatus is shown
in Fig. 1. All wetted parts, with the exception of the back-pressure
regulator (316 stainless steel), were constructed of high grade titanium
in order to limit the effects of corrosion. Inflowing solutions were
pumped by a HPLC pump at rates varying from 0.1 to-3.0 mL/min.
Solutions were preheated (to a maximum of 180°C) before contacting
the sample, which resided midway in a tubular reactor. The hori-
zontally-positioned reactor was heated independently by a tubular
furnace. The temperature was monitored by two chromel-alumel
thermocouples located in wells positioned longitudinally within the
reactor walls. The system pressure was maintained at a constant value
of 170 bars by the back-pressure regulator. The aqueous effluent was
sampled at the downstream end of the regulator.

The internal volumes of the tubular reactors used ranged from 4
to 7 cm®. If one takes an average reactor volume of 5.5 cm®, the
corresponding fluid residence times would range from 2-55 min.
Since the sample took up only a small part of the total reactor volume,
the contact time of fluid with a given sample was considerably less
than the overall residence time. If one considers a reactor volume
element corresponding to I cm length, this changes the range of
effective contact times in the experiments to 0,1-3,0 min.

In a tubular {one-pass) flow-through reactor, a given packet of
solution contacts the sample only once, The pH of the incoming
solution remains the same over time for any given run (in contrast
to a batch reactor, where the pH continually changes, unless the
selution is buffered ). This is one reason why ionic strength-pH buffers
were not added to the input solutions. A second reason for the omis-
sion of buffers is that organic ligands and salts can potentially affect
the kinetics of dissolution. Several studies in the past have noted
slight differences in dissolution rates as a function of the concentration
and chemical composition of the buffer used ( GRANDSTAFF, 1986;
CARROLL-WEBB and WALTHER, 1988; RoOsE, 1991). The effect of
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FIG. 1. Schematic diagram of the one-pass tubular flow system used. All wetted parts, including tubing, were of
high-grade titanium, in order to limit the effects of corrosion; only the back-pressure regulator was constructed of 316
stainless steel. Solutions were pumped with a HPLC pump into a preheating autoclave, where solutions were preheated
to a maximum of 180°C. The sample was located midway in the horizontally positioned tubular reactor, which resided
in an independently temperature controlled furnace. The system pressure was always maintained at 170 bars by the
back-pressure regulator. The aqueous effluent was sampled at the outflow end of the back-pressure regulator. Diagram

modified from HELLMANN et al. (1990).

competing cations on the dissolution rate of quartz was recently
demonstrated in a study by DOVE and CRERAR (1990); their results
showed that small concentrations (up to 0.05 m) of NaCl and KCl
increased the rate of dissolution by up to 1.5 orders of magnitude
with respect to pure water.

The lack of buffers in this study implied that the ionic strength of
the input solutions was solely a function of the concentration of HCI
or KOH used for adjusting the solution pH in the acid and basic pH
regions, respectively. Therefore, at acid pH, the positive ion contri-
bution to the total ionic strength was due solely to the [H*], and
conversely, at basic pH, the [OH "] was the sole negative ion con-
tribution to the total ionic strength. According to the results of BLUM
and LASAGA (1988), there is a direct relationship between the ad-
sorption of H* and OH ™ and rates of albite dissolution. This has
important implications for this study, since the ions which determined

the ionic strength of the solutions probably controlled the kinetics

of dissolution, as well.

Stock solutions for the experiments were prepared with eighteen
M deionized water and stored in polyethylene containers. No at-
tempt was made to exclude CO, from the solutions. Solutions were
pH-adjusted with HCl or KOH (both analytical grade). Stock so-
lutions were pH-adjusted and left open to the atmosphere for at least
24 hours; before each experiment was run solution pH values were
readjusted as necessary. Solution pH remained constant to within
+0.05 units during the duration of any given experiment; the one
exception was in the neutral to slightly basic pH 7-9 range, where
downward pH shifts of up to ~ 1.5 units were recorded over 24 hour
time spans (probably due to influx of CO,). As is discussed further
on, this shift in pH did not affect the interpretation of the data.

Input solutions in the acid to neutral pH range were assumed to
be saturated with respect to atmospheric CO,, based on measured

pH values of 5.7 for input solutions of plain deionized water left
exposed to the atmosphere. Stock solutions in the basic pH range
were not saturated with atmospheric CO,, as shown by carbonate
equilibria calculations using the geochemical computer code package
EQ3/6 (WOLERY, 1983; WOLERY and DAVELER, 1990). The Jeo,
of the alkaline solutions was calculated by adjusting the total [ CO, ],
until the solution was electrically neutral, based on the fixed concen-
trations of H* and K* which were measured in the input solutions.
pH at experimental temperature was also calculated using EQ3/6.
For acidic solutions, the difference in calculated pH values for a given
solution from 25° to 300°C was minor, never exceeding several tenths
of a pH unit. The influence of both temperature and [CO; ],q on the
pH of neutral to alkaline solutions was much greater, such that in-
situ pH values at 300°C were on average 2-3 pH units lower than
the corresponding solution pH values at 25°C. The calculated in-
situ pH values for the experiments are listed in Table 2.

The majority of the experimental runs lasted approximately 24 h.
Some high-temperature runs (300°C) were significantly shorter or
longer (up to 248 h). Samples run at 100°C were hydrolyzed from
a minimum of 24 h to a maximum of 57 h. In each case, a sample
of known mass was introduced into the reactor, the temperature of
the reactor was raised to the desired value, and then the solution was
pumped through the system. Aqueous samples of the effluent (output)
stream were taken frequently (several times per hour, tapering off to
once every few hours towards the end of a run). The pH of effluent
samples was measured at 25°C; there were no measurable differences
between the input and output pH. Aqueous samples were acidified
with concentrated analytical-grade HCI and subsequently analyzed
for Na, Al, and Si. The recovered albite samples were rinsed with
water and allowed to dry before their masses were determined. Sec-
ondary precipitates (boehmite), if present, were removed by ultrasonic
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Table 2: Calculated initial pH values at temperature,

pH meas. 25°C Calculated pH values

100°C 200°C 300°C
0.7 0.71 0.75 1.35
2.0 2.01 2.02 2.22
3.4 3.40 3.41 3.43
4.0 4.00 4.00 4.01
5.7 5.65 5.61 5.66
6.8 6.72 6.64 6.80
8.7 7.60 7.32 7.65
9.6 8.10 . 7.43 7.69
10.0 8.45 7.59 7.72
11.0 9.43 8.50 8.56
12.0 10.27 9.31 9.25
13.1 11,20 10.14 9.96

treatment in deionized water. In most cases, the efficacy of the ul-
trasonic treatment was such that there was acceptable agreement be-
tween rates based on mass loss and on Si release. In some cases,
however, the removat of precipitates was possibly deleterious to the
underlying albite, and for this reason certain rates based on mass-
loss were up to (.5 log units higher than the corresponding rates
based on Si release (see Table 3).

The majority of the aqueous Na, Al, and Si analyses were carried
out by LC.P, (Inductively Coupled Plasma emission spectrophotom-
etry). Accuracy and precision determinations were based on repeated
analyses of standards. For L.C.P, analyses above 500 ppb, the precision
and accuracy were approximately 10%; below 500 ppb this figure
increased to 15~20%. While the majority of Na analyses were done
by I.C.P., a few samples with concentrations above | ppm were also
performed by flame emission spectrophotometry; the analytical pre-
cision and accuracy were about equal to that of L.C.P. Aluminum
analyses below 50 ppb were performed using standard atomic ab-
sorption furnace procedures; analytical precision and accuracy were
estimated to be 20%. Silicon was analyzed colorimetrically at con-
centrations below [ ppm using an automated Si analyzer; analytical
precision and accuracy were estimated to be in the range of 5-10%.
At very low concentrations (<100 ppb), Si was analyzed colorimet-
rically using the molybdate blue method (STRICKLAND and PARSONS,
1972), the estimated precision and accuracy were the same as with
the Si autoanalyzer. This method allows for the determination of Si
down to 5 ppb.

EXPERIMENTAL CALCULATIONS

Dissolution Rate

The rates of dissolution of albite feldspar were caiculated both
from the mass loss of the sample and from the concentration of
released Si in the solution. The large size of each sample facilitated
the determination of rates by mass loss. The following formula was
used to calcuiate the dissolution rate » (mol m™ s™');

Am

Fm— (1)'

(M4’

where Am is the difference between the initial and final mass in grams,
M is the formula weight (albite = 262.219 g/mol), £ is the experi-
mental time in scconds, and 4 is the total surface area in m?. The
mass-loss rate calculations were based on a surface area calculated
from the average of the initial and final mass of the sample. This
assumes that the surface arca is a linear function of the sample mass;
thus, the surface area used for each calculation is proportional to an
intermediate value of the sample mass during the run, This assump-
tion of a linear dependence is, strictly speaking, not accurate, since
it neglects the formation of etch pits-and other surface features.
Nonetheless, at elevated temperatures, the rapid rate of hydrolysis
and the concomitant decrease in mass seemed to counteract the effect
of increasing surface area due to the appearance of surface dissolution
features. The validity of this assumption was generally supported by

the experimental results, which showed close agreement between rates
calculated by mass loss and solution concentrations of Si. Similar
results were obtained when the flow reactor system was calibrated
by running quartz hydrolysis experiments at elevated temperatures.
A sample of quartz was reacted for 17 days at 300°C in deionized
water, the measured dissolution rates diftered only by 0.03 log units
(see Table Al in Appendix).

The more commonly used method for calculating dissolution rates
is based on the concentration of one or more elements released into
the agueous solution. The derivation of the rate formula shown below
and a demonstration of its applicability to this study are given in the
Appendix. Dissolution rates were calculated according to the following
formula (r in mol m™2s7');

r= (CouX(90)(1074)
MéA ’

where Coy is the output concentration of a given element in mg/l,
o is the input flow rate in ml/s, M is the atomic weight {g/mol) of
the element chosen, § is a formula stoichiometric coefficient for the
element chosen, and A is the fotal surface area in m* (based on the
mass at the end of the run). The stoichiometric coefficient serves to
normalize the rate, such that the calculated rate represents the dis-
solution rate of the mineral.

The dissolution rate of albite could have been calculated by mea-
suring either Na, Al, or Si concentrations in solution, Since it is
generally accepted that the hydrolysis of silicate minerals is most
accurately measured as the breakdown of the network structure, only
network forming elements should be used for rate determinations,
Therefore, Na, whose initial release behavior can be described by a
rapid surface ion exchange reaction (CHOU and WOLLAST, 1985),
was not used. The appropriateness of using Al depends on whether
or not any secondary aluminum oxyhydroxide phases form due to
precipitation reactions. The overall release rate of Al can be repre-
sented by the following expression:

)

Tatea| (overall) = TalCAIrstense — TALEAI precipitation (3)

In the present experiments, boehmite (AIO(OH)) commonly pre-
cipitated, predominantly at acid pH, as a surface rind on the dissolving
mineral sample. A recent study ( HELLMANN et al., 1989) showed
that boehmite rinds can completely armor an albite surface during
high temperature, low pH hydrolysis. SEM images of samples after
hydrolysis, which had been cleaved-apart, revealed the existence of
0.5 mm-thick boehmite rinds (see Figs. 8 and 9 of the aforementioned
study). Due to the high porosity associated with the bladed aggregates
of boehmite ¢rystals making up this tind, the rind was postulated
not to act as a diffusional barrier to the release of Si. In the present
study, the experimental run times were shorter than in the experiments
by HELLMANN et al. (1989), such that the boehmite rinds were sig-
nificantly less important in thickness,

The obvious difficulty of measuring precipitation kinetics under
the considered experimental conditions necessitated using Si release
rates as the indicator of the overall rate of dissolution of albite. Since
Si was used for the rate calculations, 8 = 3 was used as the stoichio-
metric normalization coefficient in Eqn. 2. The presence of boehmite
rinds on samples run at high temperatures under acid conditions
apparently did not affect the release rate of Si. This was substantiated
by the constant release rates of Si with time and by the linear trend
of the activation energy plot for acid pH conditions, shown in Fig.
5a (i.e., log rate constant vs. inverse temperature). If the rinds had
acted as a diffusional barrier, or had provided sites for adsorption,
then the calculated rate constants would have increasingly diverged
from a linear relationship with increasing temperature. There is an
additional argument that Si would not be subject to large-scale ad-
sorption on boehmite surfaces: Si under acid conditions occurs as
H,8i0,; it is unlikely that uncharged H,SiO, groups would be ad-
sorbed to positively-charged boehmite surfaces (pzc¢ of boehmite
=9.2; ALWITT, 1972).

Attainment of Steady State

All of the kinetic data that are reported in this study represent
steady-state rates; these have also been referred to as limiting rates
(KNAuss and WOLERY, 1986) or plateau rates (NAGY and LASAGA,
1992) in previous kinetics studies. This means that the rates were
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measured beyond the initial, transient period of hydrolysis that is
characterized by the dissolution of surface fines and any preexisting
strained surface layer. The formation of leached layers on hydrolyzed
feldspar surfaces (CASEY et al., 1989; HELLMANN et al., 1990) implies
a potential additional constraint, depending on which element is
chosen as the indicator for the overall dissolution rate of the mineral.
Steady-state conditions of release mandate that the preferential
leaching of elements attains a constant value and, therefore, a constant
depth. Once steady-state conditions are reached, the aqueous con-
centrations of all elements should not change with time, and the
stoichiometric ratios between preferentially released elements and a
conservative (not preferentially released ) element in solution are equal
1o the equivalent ratio in the solid. In the case of the present exper-
iments, Na and Al were almost always preferentially released, and
Si behaved conservatively. For nearly all conditions of hydrolysis,
the preferential release of Na and Al with respect to Si was demon-
strated by following the release rates of all three elements with time.
Therefore, even though Al frequently precipitated as a secondary
aluminous phase under acid conditions (as indicated by negative Al/
Si relative release ratios; see Table 3), the very initial Al release rates
were higher than those of Si. Even though more details cannot be
given here, the evolution of the release rates with time forms the
basis of an upcoming companion paper.

The only important criterion for the calculation of the dissolution
rates was that the Si release rates attained a steady state, and not
whether the Na and Al release rates were indicative of their respective
leached layers having reached a constant depth ( this holds especially
true for the 100°C results), This idea can be clarified by an exami-
nation of the results for samples Q and Q' (rehydrolysis of Q), as
shown in Fig. 2 and Table 3. One can note that their final rates of
Si release at 100°C are the same (within the experimental uncer-
tainty), even though their Al/Si and Na/Si relative release ratios are
markedly different.

In this study, dissolution rates for experiments run at 100° and
200°C were based on hydrolysis times of at least 24 h. In some cases,
experiments were run for much longer periods of titme, up to a max-

imum of 86 h. To ensure that samples run at 100°C had reached
steady state, several samples were re-run several weeks later to ensure
that there was no change in the calculated dissolution rates. The
results showed that 24 hours was sufficiently long for the attainment
of steady-state rates at 100°C. Steady-state rates were obtainable much
more rapidly at higher temperatures, such that at 300°C, 5 hours
was sufficient.

Figure 2 shows the time evolution of dissolution rates, based on
Si release, of four samples run at 100°C. The mass loss of these
samples was either not measurable (<0.1 mg) or insignificant, such
that the surface areas were considered to be constani. The time evo-
lution of the rates was strongly dependent on pH in terms of the
magnitude of the initial rate and the time required to attain steady
state. At neutral pH, one sample was rehydrolyzed (Q and Q'), and
as is shown in Fig. 2, the only important difference in their behavior
was a lower initial rate in Q' (the sample which was re-run). The
most important result to be noted is the fact that the rate of Q after
24 hours matches that of Q' after 62 hours of rehydrolysis,

In summary, Fig. 2 demonstrates that 24 hours were sufficient for
hydrolysis reactions at 100°C and neutral pH to reach steady-state
rates, and at acid and basic pH the time to reach steady state was
even shorter. At 200° and 300°C, steady-state rates were attained
over time periads significantly shorter than 24 hours for all pH ranges.
The strong dependence of the time to reach steady state on solution
pH has also been noted by KNaUSS and WOLERY (1986); experiments
run at 70°C showed that steady-state rates were reached in only 1
day at pH 1.4, whereas 3 days were required at pH 2.1.

EXPERIMENTAL RESULTS AND DISCUSSION
Measured Rates at 100, 200, and 300°C

The measured rates at 100, 200, and 300°C, based directly
on the raw experimental data reported in Table 3, are shown
in Fig. 3a,b,c, respectively. The plots represent albite disso-
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FiG, 2, Attainment of steady state rates-time evolution of dissolution rates at 100°C in pH 2.0, neutral pH 5.7, and
pH 10.3 solutions. The attainment of steady-state rates is a strong function of pH. Samples Q and Q' represent the
hydrolysis of the same sample at neutral pH. The important point to note is that the dissolution rate of Q after 24
hours of hydrolysis is the same as the rate of Q" after 62 hours of rehydrolysis. The sudden rise in the rate of Q ( marked
by *) was due to a temporary pump failure-sieady state dissolution was quickly reestablished. Note that the extrema
in the initial rates for samples A and SA are off scale and, therefore, the curves could not be shown in their entirety (¢

< |"hour).
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Table 3: Results of hydrolysis experiments

Expt. T (°C) pHal pHete Time log

log [Sii [Al}] [Na] log log  Affinity

25°C atT rate  rate RRR RRR albite
(hours) [Si] (mass) (ppm) (ppm) (ppm} (Al/Si) (Na/Si) kl/mol
a b <. d d ¢ [ [ f £
YB 300 0.7 1.3 19.42  -5.13  .4.50 4590 1495 1242 -0.041 -0.028 919
A 100 2.0 2.0 42,15 905 -8.M4 0.033 0017 0.366 0.158 1.585 150.2
A' 100 20 2.0 3440 907 -842 0153 0073 016 0125 0.559 1340
B 200 2.0 2.0 4780 -672 -6.65 2.21 0.193 1.033 -0.613 0.21 1129
C 200 2.0 2.0 8630 -6.63 -6.76 3.64 0.348 1.33 -0.574 0.103 103.7
L 200 2.0 2.0 23,70 -680 -690 071 0.034  0.40 -0.874 0.291 136.9
D 300 2.0 2.2 24.05 -5.17 0.065° 0.046 1.261 1.41 2.942 238.0
E' 300 2.0 2.2 008 -587 0.677 0.02 2.06 -1.084 1.023 169.8
E" 360 2,0 2.2 227 495 465 1024 0.038 4.155 -1.985 0.148 124.5
G 360 2.0 2.2 0.67 -547 -4.49 6.01 0.063  2.09 -1.534 0.081 133.1
M 300 2.0 2.2 2483 557 -5.54 2.64 0.501 0.87 -0.276 0.058 139.2
RD 300 34 34 2425 606 -6.07 4.79 0025 1319 -1.837 -0.02 122.6
VB 100 4.0 4.0 2420 -9.00 -877 0.009 0.008 0.154 0.395 1.773 123.4
V¥B* 100 4.0 4.0 2403 -9.50 0.013 0004 0014 -0.066 0.572 128.8
VB 100 4.0 4.0 3037 -938 918 0.016 0007 0018 0.087 0.591 124.5
VA 200 4,0 4.0 2342 -1.54 155 0.258 0002 0118 -1.665 0.20 136.5
VE 300 4.0 4.0 23.15 -636 -6.29 1.875 0016 0.058 -1.623 0.03 147.3
Q 100 5.7 57 44.17  -9.47 0.01 0.205 0.135 1.758 1.67 98.4
Q' 100 5.7 57 62.59  -9.62 0.02 0004 0019 -0.253 0.518 1113
P 200 5.7 56 2437 119 -1.65 0.151 0018 0.098 -0.478 0.352 1222
o'l 222 57 56 2625 127 0149 0011 0.020 -0.686 -0.332 140.8
02 172 5.7 57 2475 -8.09 0.049 0.052 0.088 0.472 0.794 1199
0'3 19 5.7 5.6 14.50 -7.61 0.152 0009 0030 0782 -0.165 1253
N 300 5.7 3.7 2408 -6.35 -6.31 2.60 0854 1704 .0.038 0.357 87.0
RC 300 57 5.7 24.00 -6.44 -6.39 7.06 1.409 212 -0.254 0.018 69.3
YA 300 5.7 57 24800 -630 -6.39 1.49 0121 0483 -0.645 0.051 119.6
YH 300 6.8-6.6 6.8 4335 613 -598 2.82 0429 0923 0372 0.055 92.0
YF 300 8.7-7.3 7.4 542 630 -6.26 2.14 0.534 0.802 -0.157 0114 95,6
YG 300 9.6-9.2 17 1025 -592 -595 290 0791 1081 -0118 01N 88.2
TE 100 10.0-9.5 17 24.58 -9.35 0.006 0.015 047 0.844 2434 1050
TE' 100 10.0-8.2 8.2 4995 977 940 0023 0003 0.149 -0.439 1.351 99.6
TA 200 10.0-8.6 7.5 2400 -7.79  -7.67 0.102 0.043 0.136 0.071 0.665 120.2
™ 300 10.0-9.8 77 2103 603 -599 1.268 0397 0759 -0.058 0.317 105.1
RE 300 10.9-11.0 8.6 2400 625 -6.24 6.64 2.13 2.49 -0.048 0.114 705
YE 300 11.0-10.9 8.6 608 -601 -6.00 6.46 1762 2.88 -0.118 0.189 70.9
SA 100 12.0-12.1 103 2395 -892 -8.18 0.027 0008 3.52¢« -0.082 * 1128
SA' 100 12.0 103 57.20 -10.08 0022 001 0.102*  0.103 * 125.0
SE 200 12.0 9.3 2400 715 101 0476 0.205 3.85% 0.08 * 102.8
sB 300 12.0 9.2 2387 -597 -6.00 3.53 1055 4,54  -0.079 - 88.2
YD 300 12.0-11.9 9.2 13.09 -546 -5.59 4.29 1092 672%  -0.148 * 23.4
YC 300 13.1 100 717 529

A prime (‘) denctes rehydrolysis of sample

-534 2230 582 5730 -0.138 - 63.7

® for pH shift, effective pi comesponding to average [OH-] over course of experiment

€ duration of experiment

4 units of mol m-2571

© output concentration of reactor

f log of relative release ratio: log [(AlfSi) solutien / (Al/Si) solid)

& log of relative release ratio; log [(Na/Si) solution / (Na/Si) solid}

* [Na] too high due to ination of KOH, therefore RRR not listed

note: expts. E*, B, G were not used in data analysis; SA" also not used (see text)

lution rates (log mol m~2 s™!) determined both by mass loss
and release of Si to solution. Data from all of the experimental
runs are represented, with the exception of run SA’ (pH 10.3,
100°C), where an anomalously low dissolution rate, ap-
proximately 1.5 log rate units below the mean, was measured.

The dissolution rates at 100°C were mostly based on the
release of Si, since the mass loss in the individual samples
was often too small ( <0.1 mg) to be measured, Although the
Si concentrations obtained for neutral hydrolysis at 100°C
were in the 10-20 ppb range, they were significantly higher
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FIG. 3. Dissolution rates at 100° (a), 200° (b), and 300°C (c) as
a function of in-situ, initial pH. Note the symmetry of the curves in
the acid and basic regions with respect to the neutral pH region. The
(absolute) values of the slopes increase from 0.2-0.6 as the temper-
ature is increased from 100° to 300°C. The fact that the rates in the
acid and basic regions increase more rapidly with temperature in
comparison to-the neutral region is reflected in the calculated acti-
vation energies. .

than the 5 ppb detection limit of the analytical method used.
Agreement between the rates determined by the two methods
is a strong function of temperature, as can be easily seen by
comparing the scatter in the data at 100°C with that at 300°C,
The decrease in the scatter of the data at high temperature
is probably due to the higher signal-to-noise ratios in the
measurements on solutions reacted at higher temperatures.
Also, it should be noted (see Table 3) that for a few of the
runs in the pH 7-10 range, the pH of the solutions (measured
at 25°C) shifted downwards during the course of the exper-
iment (see Table 3, samples YF = TA). The pH drift of
these experiments did not alter the results due to the fact that
the shifts occurred in the neutral pH range (when the pH
was calculated at the in-situ temperature ), where the mea-
sured rates were independent of pH.

The kinetics of dissolution of any mineral, expressed in
terms of a generalized rate law (AAGAARD and HELGESON,
1982), can be written as

Yaiss = K H a;™ f(AG i), 4)

where g is the overall rate of dissolution, &, is the rate
constant for the forward {dissolution ) reaction, & is the ac-
tivity of an ith rate-determining species in the jth reaction,
raised to some power a1, and f{ AGy) is a Gibbs free energy
function for the overall dissolution reaction, It has been ar-
gued that the form of this generalized rate equation describing
a macroscopic process bears a certain similarity {(see AA-
GAARD and HELGESON, 1982) to rate equations written in
the framework of transition state theory (TST ) ( PELZER and
WIGNER, 1932; EYRING, 1935; GLASSTONE et al., 1941),
where the critical, rate-determining step is based on the
breakdown of an activated surface complex. Nonetheless, due
to the complexity of silicate hydrolysis reactions, it is im-
portant to note that Eqn 4. does not convey information on
the mechanisms of elementary reactions, as would be the
case for a true TST-rate equation.

The Cibbs free energy function f{ AG) can take a variety
of forms; based on arguments from TST (LASAGA, 1981b;
AAGAARD and HELGESON, 1982), it is commonly written as

S(AGais) = [1 — exp(AGys/RT]"™. (5)

The exact form of this equation, as well as the value of n*,
is currently the subject of many dissolution /precipitation
studies at, or close to equilibrium conditions (for example,
NAGY and LASAGA, 1992). This Gibbs free energy term only
influences the overall dissolution rate close to equilibrium
conditions. The measure of how far a dissolution reaction is
from equilibrium can also be expressed by the chemical af-
finity of the reaction (4;), which is defined (DE DONDER and
VAN RYSSELBERGHE, [936) by the following relation:

45 = RTIn(K,/Q), (&)

where R is the universal gas constant, T is the absolute tem-
perature, K., is the equilibrium constant for the hydrolysis
reaction, and (2 is the reaction quotient for the same reaction.
Thus, by definition, the reaction affinity is equal and opposite
in sign to the Gibbs free energy of reaction.

Using theoretical TST arguments, AAGAARD and HELGE-
SON (1982) have pointed out that the AGy,, term in Eqn. 4
does not influence the reaction rate if 4/RT = 3. Experi-
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Table 4: Mean dissolution rates and representative uncertainties

Experiment” pr

Temperature {°C)

log mean rate’ log (p+20, u-20)d

YB 1.3 300
AN 2.0 100
B,C.L 2.0 ‘200
DM 2.2 300
RD 3.4 300
VB,VB',VB" 4.0 100
VA 4.0 200
VE 4.0 300
QQ 5.7 100
P 5.6 200
N,RC, YA 5.7 300
YH 6.8 300
YF 7.6 300
G 7.7 300
TE, TE' 8.4 100
TA 7.6 200
D 1.7 300
RE,YE 8.6 300
SA, SA' 10.3 100
SF 9.3 200
3B, YD 9.2 300
YC 10.0 300

-4.71

-8.74 -8.34, -9.13
-6.73 -6.58, -6.99
-5.39 -5.06, -
-6.07

-9.09 -8.71, -
-1.55

-6.33

-9.54

-7.71

-6.36 -6.27, -6.48
-6.05

-6.28

-5.94

-9.47 -9.20,-10.37
-7.73

-6.01

-6.11 -5.90, -6.53
-8.58

-1.07

-5.69 -5.35,
-5.31

2 Experiment sample identification. Note that a prime or double prime (* or ')
refers to the reutilization of the preceding sample.

b In-situ pH (at temperature) at beginning of experiment.

© Mean rates based on both [Si] and mass loss, units of mol m2 s-1 (see text for

details).

dRepresentative (log) uncertainties of mean rates, in some cases log(k-20) was

indeterminable.

mental evidence based on studies of albite dissolution close
to equilibrium by BURCH et al. (1993) has shown that the
critical affinity value for the albite dissolution reaction at pH
8.8 and 80°C is 37 kJ/mol. The chemical affinity for the
dissolution reaction of albite at various temperatures and
conditions, based on the output chemistry of the reactor at
temperature, were calculated using EQ3/6. The values ranged
from 63 to 234 kJ/mol (see Table 3). The measured chemical
affinities of reactions in this study were substantially above
the theoretically and experimentally determined critical val-
ues. Thus, the measured rates were not influenced by the
chemical affinity of the reactions. As mentioned earlier, the
ability to hydrolyze samples at conditions far from equilib-
rium is one of the main advantages of flow reactors; this of
course is due to the fact that the contact time of a given
packet of fluid passing over and interacting with the sample
is very small.

Table 4 shows a compilation of the results of the experi-
mental runs, with in-sitn pH, temperature, log mean rates,
and representative uncertainties (log mean rate x2¢) listed.
Rates were calculated for various combinations of temper-
ature and pH, based on both mass loss and soluticn com-
position, Since the rates determined by both of these methods
were independent of each other, they were treated as separate
rate measurements, and were thus equally weighted when
mean rates were determined. The uncertainties in the mea-
sured rates vary with both temperature and pH. In general
the uncertainties decrease by 0.1-0.2 log rate units as tem-
peratures increase from 100 through 300°C. Uncertainties
change similarly’ as functions of pH (especially at higher tem-
peratures); neutral pH rates have lower uncertainties than

do the rates in the acid and basic pH ranges. In terms of the
overall uncertainties of the measured rates, it is reasonable
to assign a maximum error of 0.4-0.5 log rate vnits; in most
cases, however, the error was in the 0.2-0.3 range. The ob-
served experimental scatter of the data were attributed to
experimental errors due fo uncertainties in the measurements
of temperature, pH, surface area, and the aqueous concen-
trations of the hydrolysis products. The influence of system-
atic errors on the uncertainties, which were due to the specific
physical and chemical characteristics of the starting materials,
or the experimental design, for example, were not taken into
account. Uncertainties in the slopes and the intercepts (+20)
associated with the linear regression of the rate data were
calculated using standard statistical techniques.

Analysis and Comparison with Previously Published Rates

The results reported above have been graphically compared
with results published in the literature on albite in Fig. 4,
which shows the mean dissolution rates from this study (data
from Table 4), with those at 100 and 200°C of LAGACHE
(1965, 1976), and those at 225°C of HELLMANN et al. ( 1990).
Albite dissolution rates from several other studies at lower
temperatures (ROSE, 1991; KNauss and WOLERY, 1986;
FRANKLIN et al., unpubl, data; Hajash pers. commun., 1993;
CHOU and WOLLAST, 1985) are also shown in Fig. 4, Due
to a paucity of experimental dissolution studies of feldspars
at temperatures above 100°C, the detailed comparison which
follows was not simply restricted to albite, but was extended
to include the dissolution rates of other feldspar phases, as
well. Thus, not only the studies by LAGACHE (1965, 1976},
but those pertaining to other feldspars done by RAFAL’SKIY
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Fic. 4. Comparison of albite dissolution rates from this study
(including representative 2¢ error bars) with several studies from
the literature. The following symbols are used in the figure above:
B this study 100°C; @ this study 200°C; @ this study 300°C; A
LAGACHE (1965) 100°C, p(CO,) = 6 bars; V LAGACHE (1965)
200°C, p(CO,) = 0 bar; & LacacHE (1965) 200°C, p(CO,) = 6
bars; + HELLMANN et al, (1990) 225°C; # FRANKLIN et al. (un-
published) 100°C; @ Rosk (1991) 90°C; @ Rosg (1991) 70°C; ©
RosE (1991) 50°C; € KNauss and WOLERY (1986) 70°C; ® CHOU
and WOLLAST (1984, 1985) 25°C.

“etal (1990} and RAFAL’SK1Y and PRISYAGINA (1991), are
examined. The retrieved dissolution rates for all types of
feldspars, in-situ pH values and representative chemical
affinities from the studies mentioned above are given in
Table 5. .

It should be noted that other studies of feldspar dissolution
at elevated temperatures can be found in the literature; three
of thern are briefly mentioned here. MOREY and CHEN ( 1955)
hydrolyzed Amelia albite in a static system at temperatures
up to 350°C, and found that the albite was altered to anal-
cime, boehmite, kaolinite, and dioctahedral micas. The lack
of concentration vs. time data precluded the retrieval of re-
action rates. Another study, by MOREY and FOURNIER
(1961), utilized a semi-static, semi-flow-through system to
hydrolyze albite at 295°C. The calculation of reaction rates
for their experimental system would have required knowledge
of the concentration and pH gradients as a function of the
autoctave length (i.e., along the flow axis). In addition, several
secondary phases, such as boehmite and paragonite, precip-
itated over the original albite grains; this would have com-
plicated the retrieval of rates even further. The alteration of
labradorite at 230 and 245°C by TSUZUKI and SUZUKI ( 1980)
in static autoclaves also led to the precipitation of several
secondary phases. The specific rates and rate laws determined
by the authors were based on the premise that these secondary
precipitates were responsible for the diffusional inhibition of
the hydrolysis reactions,

LAGACHE's (1965, 1976) data

The first set of retrieved rates are based on the pioneering
work of LAGACHE (1965, 1976), who hydrolyzed several va-
rieties of feldspar at 100°, 150°, and 200°C in a static (batch
reactor) autoclave. In both sets of studies, chemically un-
buffered solutions of deionized water were allowed to react
for vp to 20 days with samples. In all experiments, the so-

lutions were subject to a p(CO,} of 6 bars (with two excep-
tions: albite and adularia at 200°C, where p(CO,) values of
0, 2, 6, and 20 bars were used). Due to the fact that the
solutions were static, the fluid compositions continually
changed over time due to rising pH, release of elements, and
the precipitation of secondary phases. The extrapolated rates
of reaction were based on the release of Si (for consistency
with this study), as well as on the release of Na (Na and K,
for adularia and sanidine ). The rate calculations were based
on a simple dC/dt analysis of the data from the first 2 days
of hydrolysis. The choice of analyzing data after the first 2
days was made in order to limit the effects of both the chem-
ical affinity and the precipitation of secondary phases on the
rates of release of Si and Na. For each temperature, the in-
situ pH after 2 days of hydrolysis was calculated, using EQ3/
6, from the concentrations of released elements and the
p{CO,). With respect to the calculation of rates, the reported
geometric surface areas were increased by a factor of 1.5, to
bring the surface area measurements in line with those based
on gas adsorption (based on BET data of the author for albite
grains of approximately the same diameter).

In addition to the rates determined after 2 days of hydro-
lysis, albite and adularia rates were also calculated for longer
periods of hydrotysis, based on stoichiometric Na*, or Na*
and K*, release curves shown in Figs. 16 and 17 of HELGESON
et al, (1984). The main difference in the calculations is that
the release curves in HELGESON et al. (1984) show a linear
regression through data representing longer pericds of hy-
drolysis, and thus the extrapolated rates are lower. Nonethe-
less, the agreement between both sets of rates was usually
very close (see Table 5).

The retrieved log rates for albite at 100 and 200°C are
plotted in Fig. 4 as functions of the in-situ pH after 2 days
(unless otherwise noted). The calculated log albite rates at
100°C are —9.43g; and —9.35x, (note: throughout this paper,
all log rates have units of mol m™2 s™*; the subscript refers
to the element used for the calculation-if none given, assume
Si). As can be seen from Fig. 4, these log rates compare quite
well with the 100°C data of this study, The calculated log
rates at 200°C and p(CO.) = 6 and ~0 bars are —8.41, and
—8.83, respectively. The difference in reaction rates of 0.4
log units is most probably due to the difference in pH, which
is a function of p{CO,). Nonetheless, the p(CO,) of the so-
lution may also influence the rate, independently of pH—
this should be kept in mind when comparing the results of
this study and the rates calculated for Lagache’s experiments.
With respect to the results at 200°C, the retrieved log rates
from Lagache’s data are 0.7-1.1 orders of magnitude lower
than those from this study. Several other varieties of feldspar,
such as adularia, labradorite, and sanidine were hydrolyzed
under similar conditions by LAGACHE { 1965, 1976). Their
rates of dissolution were calculated in a similar manner; the
results have been shown in Table 5.

With respect to a comparison only pertaining to albite,
one possible explanation for the differences in the dissolution
rates is that they are due to differences in chemical affinities.
From Table 5, one can note that the albite chemical affinities
(based on EQ3/6 calculations) obtained for Lagache’s ex-
periments range from approximately 8-25 kJ/mol. For the
case of 200°C and p(CQ,) ~0 bar, the chemica} affinity of
atbite was 8.8 kJ/mol; for similar conditions in this study,
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Table 5: Retrieved dissclution rates from LAGACHE (1565, 1976),
RAFAL'SKIY and PRISYAGINA (1991), RAFAL'SKIY et al.(1990),

and HELLMANN et al. {1990).

Mineral Tem CO.)2 Timeb pH® ratesr9¢  rae rT chemical affinities

(“C)p p((bgr;) (hours) P (kJ/mol)

Albitet 100 6 ~48 399 -943,-935 -9.80 albite (39.42)

: bochmite (0)
pyrophyllite (-0.74)
diaspore (-3.83)
gibbsite (-5.32)
kaolinite (-12.76)

150 6 48 459 -855,-8.356 -8.96 albite (31.01)
others n.g.,

200 0 48 727 -8.83,-9.03 n.c. albite (8.76)
paragonite (-2.88)
kaolinite (-3.21)

200 2 48 544 -883,-864 -8.86 ne.

200 6 48 480 -841,-839 853 albite (24.73)
gibbsite (-0.83)
boehmite (-1.65)
diaspore (-4,17)
pyrophyllite (-5.11)
kaolinite (-11.93)

200 20 72 470 -8.56, -8.35 -8.59 n..

Adularial 100 6 48 386 9.72,.984 1003 nc.

150 6 48 459 -8.94,-895 -907 <

200 [ 48 470 -843,-849 -879 -

Labradoritel 200 ] 72 488 -848,-839 nc.  ne

Sanidine? 200 6 48 535 -828,-8.12 nc  ne

Andesine3 150 0 4 746 -939,-886 na ne

250 [1] 5 6.83 -8.48 -834 * .

Microclinet 150 0 4 331 -9.18,-8.85 mna  boehmite (0)
gibbsite (-2.34)
diaspore (-3.17)
kaolinite (-7.60)

250 1] 5 6.29 -844,-830 na_ ne

Albite$ 225 0 40 087 -640, nc na ne

225 0 37 216 673, ne. - *

225 (] 3.9-91 226 713, ne * “

225 0 3.8-13.7 236 691, nc. * b

225 0 4196 246 717, ne - “

225 0 40 260 -7.38,nc. “ "

225 0 3.9 366 828, - “

225 0 36 808 .747 nec. - -

1 data from LAGACHE, 1965

8 p(COP=0 (w10°3.5)

2 daia from LAGACHE, 1976
3 data from RAFAL'SKIY and PRISYAGINA, 1991
4 data from RAFAL'SKIY ef ul., 1990

b hydrolysis time for rate cale.
€ in-situ pH at time ©
¢ log fmol m2s°1),

5 daua from HELLMANN etal., 1990

based on [SiLiNa] or {Na+K; adul., sanid.}

f calc. from slopes in HELGESON et al..1984
n.¢.= hot cateulated or listed |
n.a. = hot applicable

the chemical affinities were in the range from 120-122 kJ/
mol. The affinity value determined for Lagache’s data was
applied in Eqns. 4 and 5, for n* = 1, in order to calculate
the affinity correction to the measured rate. The uncorrected
log rate was calculated to be —8.83, with an affinity correction
the log rate was —8.78. Therefore, it appears that the chemical
affinity correction is minor, However, this conclusion would
have to be verified, especially when considering that the af-
finity correction is based not on experimental data, but rather
on Eqn. 5, whose exact mathematical form is still the subject
of debate (see NAGY and LASAGA, 1992). In addition, it
should be noted that a direct comparison with the experi-
mental results from BURCH et al. (1993 ) should only be done
for similar experimental conditions.

The EQ3/6 chemical affinity calculations did, however,
reveal perhaps a more important reason for the discrepancies
in the rates: the possible presence of several supersaturated
phases after just 2 days of hydrolysis (representative chemical

affinities of supersaturated phases are also listed in Table 5).
In several cases, Al concentrations were probably below the
analytical limit of detection and were, therefore, not listed
by Lagache, This was most probably due to the precipitation
of aluminum oxyhydroxides. For the thermodynamic analysis
of those runs, the EQ3/6 calculations were done using Al
concentrations that were calculated from the solubility of
boehmite. This assumption was reasonable, given that the
solutions were supersaturated with respect to boehmite in
those runs for which Al concentrations were given, and that
LAGACHE ( 1965 ) substantiated the presence of boehmite as
an alteration product.

The EQ3/6 results in Table 5 show that after two days of
albite hydrolysis at 100°C, the solutions became supersatu-
rated with respect to boehmite, pyrophyllite, diaspore, gibb-
site, and kaolinite. These phases represent possible sinks for
Si and Al. A similar set of phases became supersaturated at
higher temperatures. Kaolinite and muscovite, for example,
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are two phases which were reportedly identified by X-ray
diffraction. Paragonite, a phase predicted to be supersaturated
for conditions of 200°C and p(CQ,)} ~0 bar, could have
been a potential sink for Na, as well. Which secondary phases
actually may have precipitated after two days of hydrolysis
would have been dependent on the kinetics of precipitation,
and not just solely on the saturation indices. The probable
reasen why the retrieved rate at 100°C matches most closely
with this study may be the result of a lack of secondary pre-
cipitates, due to the slower kinetics of precipitation at 100
than at 200°C. At higher temperatures, secondary precipitates
most probably formed, as evidenced by the changing ratios
of Si/Na over time,

In conclusion, the 200°C retrieved rates from LAGACHE

(1965) and HELGESON et al. (1984) were generally consid-
erably lower than those determined in this study. The dis-
crepancy in the 200°C rates with those of this study does not
come as a surprise, given the fact that the Lagache experi-
ments were carried out in a static system and that several
secondary phases probably precipitated, thereby altering the
measured Si, and possibly also alkali release rates. These dif-
ferences prove true a remark made by LAGACHE ( 1965), “il
est évidemment trés difficile de comparer directement des
résultats obtenus par des techniques si diverses” (i.e., it is
very difficult to directly compare results from studies having
utilized such different techniques). Nonetheless, despite the
differences in experimental design, the retrieved rates at lower
temperatures were in relatively close agreement with the re-
sults from this study.

Data of RAFAL'SKIY et al. (1990) and RAFAL'SKIY and
PRISYAGINA (1991)

The second set of data is from the hydrolysis studies of
microcline-perthite (Nag2:Ko.75A11.015120002) and andesine
{AbggsAng3s) by RAFAL'SKIY et al, (1990) and RAFAL’SKIY
and PRISYAGINA (1991), respectively. As was the case with
the experiments of Lagache, the samples were hydrolyzed in
a static system. The hydrolysis reactions were carried out at
150° and 250°C in acid solutions (0.001 m HCI solutions),
with p(CO;) apparently set by equilibrium with the atmo-
sphere. For the retrieval of dissolution rates, a specific surface
area of 0.15 m? g ™! was used; this value being a reasonable
estimation in accord with B.E.T. results of the author for
feldspar grains in the range of 0.05-0.10 mm.

Using the same strategy as with the interpretation of the
Lagache data, rates were determined from 4/ dt relations,
based on the solution chemistry data for the initial stages of
the hydrolysis reactions. In-situ pH’s were calculated using
EQ3/6; the values calculated were in good agreement with
those calculated in the original studies. The extrapolated rates
and representative chemical aflinities have been tabulated in
Table 5. When Al concentration data were not available,
chemical affinities were calculated with Al in solution being
fixed by the solubility of boehmite, In both studies, elemental
release data were available for periods covering the first few
hours of hydrolysis. Apparently the hydrolysis reactions were
quite rapid since solutions with an initial pH = 3.0 became
neutral after only 1 hour. Due to the fact that the hydrolysis
reactions progeeded extremely fast, the aqueous hydrolysis

products rapidly became nonstoichiometric, due mostly to
the appearance of secondary phases. For this reason, it was
deemed that the most accurate rates could be calculated from
dC/dt curves representing the first 4-5 hours of the experi-
ments, Of course, it is recognized that this approach may not
have yielded truly accurate rates, since there was no way to
determine whether steady-state conditions had been fully
achieved before the onset of secondary precipitation reactions.

In regard to the hydrolysis of andesine and microcline,
whether based on the release of Si or on alkalis, the retrieved
rates are 1-1.5 orders of magnitude lower than the extrap-
olated values for albite in the present study at 150 and 250°C.
In general, the Si-based rates provided the most accurate rates,
especially at 150°C. Naturally, some of the discrepancies in
the rates are attributable to differences in composition.
Nonetheless, as with the LAGACHE (1965, 1976) experiments
described above, the rates of dissolution calculated from the
experiments of RAFAL’SKIY et al. (1990) and RAFAL’SKIY
and PRISYAGINA (1991) were primarily affected by secondary
phases. The precipitation of secondary aluminosilicate phases
was predicted from mineral stability diagrams in the original
studies and was also confirmed by EQ3/6 calculations in the
present study. In addition to the formation of secondary pre-
cipitates, RAFAL’SKIY and PRISYAGINA (1991) also pointed
out that the interpretation of their results must include the
reaction for the deanorthitization of andesine to form albite,
which can be written as follows:

Nao_55Ca0,35All_355i2,6503 +0.7Na* + 1.4H4Si04 -
1.35NaAlSi ;05 + 0.35Ca*" + 2.8H,0. (7)

This reaction consumes released Na, as well as Si. Of course,
the albite created is also, in turn, consumed by hydrolysis
reactions.

Data of HELLMANN et al. (1990)

The rates reported in HELLMANN et al, {1990) are directly
comparable with those of this study, since the hydrolysis ex-
periments were run under almost identical experimental
conditions. In this previous study, the albite samples were
all hydrolyzed at 225°C, the majority under acid conditions.
As can be seen in Fig. 4 and from the tabulated results in
Table 5, the mean rates at 225°C in the acid and basic regions
are very close to being equal to those of this study at 200°C.
However, the rates in the acid region at 225°C should be
approximately 0.5 log units higher than the mean rates at
200°C. Given that the uncertainties in the rates are on the
order 0.2-0.3 log units, this can only partially explain the
discrepancy in the rates. In general terms, the most probable
reason for the differences lies with the measurement of very
small surface areas associated with such large sample sizes.
It should also be noted that at pH 3.7, there is an unacceptably
large difference in the rates, since the rate at 225°C is actually
lower than that recorded in this study at 200°C. However,
the 225°C rate represents only one experimental run over a
time period of 3.9 hours, and is most probably not very ac-
cutate. In any case, the rates reported in the present study
are based on the means of several, individual rates (see Fig.
3b, with individual rates at 200°C); therefore, they should
be accorded more statistical significance.
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Data of FRANKLIN et al. (unpublished manuscript)

The chief goal of the experiments of FRANKLIN et al. (un-
publ. data) was the determination of the effects of carboxylic
acids on the rates of dissolution of albite and quartz under
diagenetic conditions. A few of their experiments were run
at 100°C at neutral pH using distilled water alone. Their
experimental system can be described as being a semi-static
flow system. Mineral grains were allowed to react with a
flowing solution over varying amounts of time; solution sam-
pling was done by taking aliquots of 5-10 ml of the reacted
pore fluid, during which the sampled volume was simulta-
neously replaced by fresh fluid from a syringe pump.

The albite-distilled water experiments were run at flow rates
of 8-10 mL/hr, the porosity was 46%, and the experiments
lasted from 3-5 hours, The extracted kinetic rates were based
on methods which accounted for the change in solute con-
centration as a function of reactor length and flow rate. Their
average retrieved log rate constant at 100°C was —10.2. This
value is approximately 0.7 log units slower than that from
this study. Their value falls within the lower 2¢ bound for
the neutral pH, 100°C rate constant from this study (see Fig.
4), The reasons for the difference can be attributed to either
experimental uncertainties (due mostly to low surface areas
in both this study and theirs), and/or to experimental design
and the subsequent interpretation of the data.

Exp ts and Depend of the Rate on pH

A large number of silicate minerals have reaction rates
which are a function of pH, such that a typical rate vs. pH
curve is U-shaped. The results of this study show the same
relationship, To take into account the influence of pH on
the rate, rate laws for hydrolysis reactions far from equilib-
rium, which are based on Eqn. 4, can be written for the three
pH regions. For each rate law, k, and # are unknowns and
can be determined by a linear regression of the log dissolution
rate as a function of pH. It is important o note that k. can
be considered to be a constant for any given temperature and
pH region,

In the acid pH range, the dissolution rate r can be expressed
in terms of a rate law which is a function of k.., the forward
rate constant, and the activity of H* raised to an exponent —x

r=ki(an)™. (8)
Taking the logarithm of both sides yields
log r = log k + n(pH). (9)
As is shown later on, at neutral pH there is no discernable
relationship between the rate and pH, and, therefore, the rate
law can be written as
r=ki{ag+, aon-)""° or r=k,. (10)
At basic pH, the rate law can be expressed in terms of the
activity of OH ™, such that
r=ky(aou-)". . (11)

Once again, taking the logarithm of both sides and recasting
pOH in terms of pH and pK..(—log of the hydrolysis constant
of water), results in the following expression

pHy
log r = (log k. — nfg) + n(pH). (12)

Note that expressing the rate in terms of don- necessitated a
sign change for » in Eqn. 11. In both the acid and basic
regions, # was determined by plotting log r vs. pH and de-
termining the slope. The slope # is always negative in the
acid region and positive in the basic region. It should be noted
that the absolute value of the exponent n does not necessarily
have the same value in the acid and basic pH regions. In
addition to the slope, the y intercept was used to determine
the rate constant %, for each temperature and pH region.
For Eqn. 12 above, values of K,, as a function of temperature

~ were obtained from MARSHALL and FRANCK (1981).

At all three temperatures ( 100°, 200°, and 300°C) in Figs.
3a,b, and c, the dissolution rate data display a U-shaped re-
lationship as a function of pH. In the acid region, the log
rate of dissolution increases linearly with decreasing pH. The
neutral region, where rates are pH-independent, spans pH
values from ~4-5 to ~7-9. The basic region is defined by
the region where the log rate increases linearly with increasing
pH. Due to the decrease in the hydrolysis constant of water,
K,,, with increasing temperature, the basic region is shified
to lower pH with increasing temperature. The data show that
the rate-dependence on pH at acid and basic pH is more or
less symmetric about the neutral pH region. There is a change
in the rate vs. pH relationship with temperature, as can be
noted in the stecpening of the slopes at higher temperatures.
Within the uncertainties of the data, the slopes remain sym-
metrical about the neutral pH region as the temperature in-
creases. At 100°C, the exponent |#| in the acid and basic
pH regions range equals 0.2 and 0.3, respectively. At 200°C,
|n| in both regions equals 0.4, and at 300°C, |n| = 0.6 for
both regions. Nonetheless, based on the uncertainties in the
slopes (Table 6), which range from 0.1 to 0.3, the changes
in the dependence of the rate on pH with temperature may
not be statistically significant.

Table 6: Rate constants, pH-dependence of rates, and

activation energies
Acidic  Rate consiant’ Exponent  Energy of
activation?
pHs s log k. Ingl Ea
100°C 85105 0.2:0.1 88.9%146
200°C 59103 0.4+ 0.1 “
300°C 4105 0.6x0.2 "
Neutral
S<pH<8.6 Nyt Mo
100°C 95403 =0 68845
200°C 77402 -0 “
300°C -6.21 0.1 -0 “
Basic
pHz 8.6 Do
100°C -8.3% 0.3* 85.2%
200°C <6307 0402 “
300°C -4.5:06 0603 -

Tiog mol w2 2 idfmol

inties (120, * uncert. not due o use of only
intermediate rate at pH=10.3 (100°C)
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Several studies on various feldspar phases have investigated
the dependence of dissolution rates on pH. The 25°C data
from CHOU and WOLLAST (1984, 1985), which are also
shown in Fig. 4, yield an exponent n of —~0.5 in the acid
region (pH =< 6) and 0.3 in the basic region (pH = 8). For
microcline at 25°C, SCHWEDA (1990) found that n = —0.5
and 0.7 at acid and basic pH, respectively. The same author
determined an exponent of —0.4 for sanidine in the acid
region. The 25°C rate data in the basic region in KNAUSS
and WOLERY (1986) yielded » = 0.5. Several feldspar studies
listed in LASAGA ( 1984) show exponents ranging from —0.5
to —1.0 in the acid range.

At clevated temperatures, the same spread in # can be

found. At 70°C, KNAUSS and WOLERY determined that n’

= ~1.0 at acid pH, whereas » = 0.5 in the basic region.
HELGESON et al. (1984), interpreting the data of LAGACHE
(1965, 1976), determined an exponent of —1.0 in the acid
region, based on the release of Na™ and K *, for the hydrolysis
of albite, adularia, and sanidine at 100° and 200°C. These
results are based, however, on a restricted pH range from 4.8
to 5.5 (for sanidine, see Fig, 9, HELGESON et al., 1984). In
addition, it is questionable whether all of the rates used in
the extrapolation of » were true limiting rates, as discussed
above in the analysis of the Lagache data.

The critical role played by the value of the exponent in
the calculation of forward rate constants cannot be overes-
timated. As an example, for the HELGESON et al. (1984) in-
terpretation of data from LAGACHE et al. (1965) for albite
dissolution at 200°C and p(CQ,) = 6 bars, the calculated
Jog forward rate constant in the pH-dependent region was
determined to be —2.65 mol m™2 s™!, which is based on a
pH dependence of # = —1. Their rate constant (—2.65) is
approximately 3.3 log units higher than the rate constant at
200°C determined in this study (—5.9) in the acid pH region.
However, if a value of n = ~0.5 is used (which is reasonable,
given that fractional values of n are more preponderant in
the literature), their log forward rate constant would decrease
by approximately 2.3 log units, to & value of approximately
—5.0, which is in much closer agreement to the value deter-
mined in this study. This example underlines the drastic effect
which a relatively smail change in the value of the exponent
can have on the value of the forward rate constant. This is
also the reason why it was deemed preferable to directly com-
pare the dissolution rates from this study with those in the
literature in Fig, 4, rather than comparing the extrapolated
rate constants.

Rate Constants

The values of » for the acid region (ay+)™ and the basic
region (don- ), were used to derive the forward rate constants
k., using Eqns. 9 and 12, respectively. In this study, as in
the majority. of silicate dissolution studies, # = 0 in the neutral
pH region, which leads to an important simplification: for a
given temperature, the dissolution rate r is equal to the for-
ward rate constant k... The rate constants k. and 2o uncer-
tainties are listed in Table 6 as a function of pH region and
temperature. Because of the symmetric nature of the rate-
PpH curves about the neutral region, the forward rate constants
at acid or basic pH are roughly equal to each other for any

given temperature. Nonetheless, even with symmetrical
curves, a slight difference in the acid and basic rate constants
is to be expected at higher temperatures, because the basic
pH region is shifted to lower pH with increasing temperature,
which is, of course, a function of the decrease in the hydrolysis
constant (K,,) of water.

Energy of Activation

Using the classical Arrhenius relationship,
ky = AeE/RT (13)

where A is a pre-exponential frequency factor, E, is the ac-
tivation energy, R is the gas constant, and 7 is the absolute
temperature, the activation energies were calculated for the
three pH regions, The calculated E, values (see Table 6) and
uncertainties are 88.9 + 14.6, 68.8 + 4.5, and 85.2 kJ/mol
in the acid, neutral, and basic pH regions, respectively. The
lack of an uncertainty in E, for the basic range follows from
the fact that no uncertainty was calculated in the slope n at
100°C (the slope was calculated using only the intermediate
rate value at 100°C and pH 10.3; the other two points at that
pH far exceeded +2¢). Figures 5a, b, and ¢ show the regressed
data for log & vs. reciprocal temperature from which the slopes
were calculated,

Several studies in the literature have yielded data that can
be compared with the above energies of activation. To avoid
confusion when comparing an energy of activation E, and
an enthalpy of activation AH*# (where ¥ denotes an activated
complex ), the following relationship is useful,

E, = RT + AH*, (14)

(note that both are frequently cited in the literature). The
difference in value between the two quantities is generally
minor, since E, > AH? by at most ~5-6 kI/mol for the
temperature range of interest. It should also be noted that
although this enthalpy of activation is commonly attributed
to an activated complex in the literature, it is more realistically
representative of an overall enthalpy of activation.

KNAUss and WOLERY (1986) determined the following
activation enthalpies for the dissolution of albite in the acid,
neutral, and basic pH regions: 119, 54, and 32 kJ/mol, re-
spectively, The 32 kJ/mol enthalpy of activation for the basic
pH range cannot be directly compared to this study without
recalculation- the value given is an artifact of a rate law written
in a form, where at basic pH, r is dependent on ay+, rather
than aou-. Nonetheless, their enthalpy of activation for dis-
solution in the neutral region is 15 kJ/mol lower than the
one in this study, whereas their value for the acid pH region
is almost 20 kI /mol higher. Agteement with the enthalpy of
activation for albite dissolution in the acid region given by
HELGESON et al. (1984) is surprisingly good, 86 vs. 90 kI/
mol from this study, Based on the slope of the pH-indepen-
dent curve in Fig, 23a of HELGESON et al. { 1984), the enthalpy
of activation in the neutral region is 36 kJ /mol. It is important
to note, however, that rate constants for several types of feld-
spars were used to calculate this activation enthalpy. Bearing
this in mind, their figure is significantly lower than the 54
kJ/mol value in KNAUSS and WOLERY (1986), as well as
the 69 kJ/mol energy of activation from this study. In the



608 R. Hellmann

acid pH range, the activation energy for albite of 71 kJ/mol
determined by ROSE {1991) is lower than all of the figures
given above for the same pH range.

At this point, one can conclude that the agreement in ac-
tivation energies is not very good either in the acid region
nor in the neutral region, while the lack of data makes a
comparison for the basic pH region too tenuous. It is difficult
to ascertain the reason for the disagreement in the activation
energy values, especially at neutral pH, since there is no po-
tential interference from the pH-dependency on the rate con-
stant. From an analysis of the data at neutral pH from this
study, as shown in Fig. 5b, the correlation coefficient of the
regressed data is fairly good, with 2 = 0.9840. There seems
to be no reason to suspect that the 100°C rate constant is
too high, since a lower rate constant would have increased
the slope of the regressed line even more, thereby yielding
an even higher activation energy in the neutral pH range. It
is also worth noting that some of the discrepancies in the
activation energies may be due to differing enthalpies of H™*
adsorption and desorption at active surface sites. It has been
suggested by CASEY and SPoOSITO (1992) that these enthalpies
of adsorption, which contribute to the energy of activation,
change as a function of temperature and pH. In any case,
the lack of overall agreement in these energies of activation
points to the need for more careful dissolution studies over
a wide temperature and pH range,

CONCLUSIONS

The overall goal of this research was an investigation of
the hydrolysis behavior of albite in solutions with pH con-
ditions that ranged from very acidic to very basic, and at
temperatures ranging from 100° to 300°C. From the mea-
sured dissolution rates, rate constants and activation energies
were calculated as a function of pH. The main results are
summarized below.

1) The rates of hydrolysis were measured at conditions
far from equilibrium, therefore, the rates are termed limiting
rates. This fact was confirmed by measuring the reactor output
concentrations of the released elements and calculating the
chemical affinity of albite. For the majority of the experi-
ments, the chemical affinity of albite was in the range of 80-
170 kJ/ mol. The lowest calculated value was approximately
70 kJ /mol; this is significantly higher than the theoretically
and experimentally determined critical values, below which
the chemical affinity influences the measured rate of hydro-
lysis.

2) The rates of hydrolysis show a strong dependence on
pH, such that for any given temperature, the extrapolated
rate constants in the neutral pH region are 1~2 log rate units
less than those in the acid or basic pH regions. The log rate
curves show a U-shaped symmetrical dependence cn pH,
since for any given temperature, the {absolute) values of the
siopes are approximately equal for both the acid and basic
pH regions. The dependence of the rate on pH under acid
and basic pH conditions, respectively, can be expressed as

r=ky(au+)™", (15)
r=ky(aon-)". (16)

i (o) 300 20.0 100 °C

e acld pH

logk (melm2s!)
.
h

-84
-9
410 .
B 2.
1T (K) x 1000
L)
-4 neutrel pH

logk (mol m2s')
4
)

-10 - .
15 2 2.
AT {K) x 1000

44 basic pH

logk {(molm?2s')
o

15 2 Y
11T (K) x 1060

F1G. 5. The rate constants of dissolution as a function of the re-
ciprocal absolute temperature for the acid (&), neutral (b), and basic
(c) pH regions. Based on the slopes of the regressed data, the calculated
activation energies for the three respective pH regions are 89, 69,
and 85 kJ/mol; the uncertainties vary with terperature and are given
in Table 6. Note that at neutral pH, 3 additional data were included
(samples run at 172-222°C).

For a given temperature the abselute value of the exponent
n, within the uncertainty of the calculations, has the same
value in both the acid and basic regions. This fact has possible
important implications with respect to the mechanisms of
dissolution. Thus, even though the aqueous reactant species
at acid pH (H30™") and basic pH (OH ™) are different, the
formation and breakdown of the surface activated complexes
may possibly follow similar paths. The degree of similarity
in mechanisms, however, would need to be verified by a de-
tailed analysis of the adsorption and desorption enthalpies
associated with hydrolysis.

3) Examination of the family of curves (see Fig. 3) rep-
resenting the dissolution rate vs. pH reveals that the slopes
increase as a function of temperature. This is mirrored in the
change of the absolute values of the exponent » {see Eqns.
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15 and 16) from 0.2 t0 0.6 as the temperature increases from
100° to 300°C. This change in # is reflected in the rate con-
stants, as well, Thus, for a change in temperature from 100°
to 300°C, the rate constants in the acid, neutral, and basic
regions increase by approximately 4.4, 3.3, and 3.8 orders of
magnitude, respectively. Therefore, the rates of reaction at
acid and basic pH increase more rapidly as a function of
temperature than do the rates at neutral pH. This phenom-
enon is confirmed by the values for the activation energy,
which were determined to be 89, 69, and 85 kJ/mol in the
acid, neutral, and basic pH ranges, respectively. The energy
of activation values, and their dependence on pH, must be
interpreted with care, however. The energy of activation is
not solely a function of the energy difference between the
reactants and the activated complex, but also may be a func-
tion of the energies of adsorption / desorption of aqueous spe-
cies at activated surface sites (see CASEY and SPOSITO, 1992),

4) In general terms, the energies of activation determined
from this study are one important piece of evidence sup-
porting a surface reaction mechanism of dissolution. Most
silicates and sparingly soluble oxides have energies of acti-
vation in this range, which are several tens of kJ /mol higher
than the energies of activation of very soluble minerals, where
dissolution is centrolled by diffusion at the solid/solution
interface (LASAGA, 1981a).

5) One of the most important results of this study is the
realization of the potential importance of experimental design
on the measured rates of dissolution (the interested reader
should also refer to a recent article discussing the extrapolation
of reaction rates from batch, mixed flow, and plug flow re-
actors by RIMSTIDT and NEWCOMB, 1993). A comparison
of the results of this study with published studies in the lit-
erature reveal that significant differences in rates can be at-
tributed to experimental design alone. Experiments with high
solid /solution ratios that are carried out in static reactors
often are difficult to interpret, due to the precipitation of
secondary phases and to changes in the rate that are due to
chemical affinity differences. Even when no apparent reasons
can be found for a discrepancy in rates, results of this study,
as well as those discussed in reference to quartz in Table Al
of the Appendix, seem to indicate that dissolution rates mea-
sured in flow systems can be up to an order of magnitude
higher than rates measured in static systems. Nonetheless,
flow experiments run under almost identical conditions do
not always yield perfectly reproducible rates, either. In ad-
dition, the uncertainty in rates also directly influences the
extrapolated values of #, which gives the dependence of rate
on pH. It is quite obvious that small changes in n lead to
drastic changes in values for the rate constant k. Therefore,
it is safe to say that the uncertainties in rates are still a big
stumbling block to more fully understanding geochemical
kinetics.
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APPENDIX

For a tubular flow reactor operating under steady-state conditions,
a material balance can be written on a differential volume element
for a dissolution reaction which releases species X,

mol Xy = molXin + mol Xuy rection- (Al}

In the case of liquid-solid reactions, it is convenient instead to consider
a differential element of area. The material balance, when written in
terms of molal flow rates (using the formalism in HiLL, [977) be-
comes:

{Fx + dFy}on = § Fxta + { FxdAx Yoy reactions (A2)

where Fy is the molal flow rate of species X (mol 5™, r, is the rate
of release of X (mol m™2s7'), and Ay is the surface area of the solid
(m?). This leads to the following expression,

dFy = rydAx. {Ad)

Due to a changing amount of solid available for reaction, the molal
flow rate at any point in time, Fy, can be expressed in terms of the
original molal flow rate, Fxo, and fy, the fractional amount of mineral
dissolved, such that

Fy = Fyo(l = fx). (Ad)
Combining Eqns. A3 and A4 resuits in
My _ dfy
Fyo  (-1x)’
Equation A5 can be integrated over the entire reactor to give
Ax f P _df

(A3)

Fro iy (=m0’

Since Fy can also be expressed as the product of the concentration
Cy and the flow rate 9y, one can write that Fy = Cy- dp; upon sub-
stitution of this product into Eqn. A4, Eqn. A6 can be rewritten in
the following manner,

(A8)

- f%ﬁ (A7)

g oy, ()’



pH dependence of the dissolution kinetics of albite 611

The solution to the above equation depends on the type of reactor.
Restricting ourselves to well-mixed (CSTR ) and tubular reactors; in
the former case, the overall rate of dissolution r (from ry/8y, where
3y is the formula stoichiometric coefficient for species X)) is the same
everywhere in the reactor, and, therefore, it can be treated as a constant
and taken outside of the integral. This allows for a straightforward
solution to Eqn. A7,

p = G = Cp)to (A8)
dxAx

On the other hand, in a tubular reactor, where reaction takes place

along the entire length of the reactor, the reaction rate r varies as a

function of position in the reactor {due to changing chemical affinity,

pH, etc.), In this case, r is not a constant, and the solution of Eqn.

A7 is not straightforward.

However, in some cases, the experimental design and operating
conditions ailow for the reaction rate r to be treated as a constant in
a tubular reactor. For this study, the tubular reactor was treated as
a well-mixed reactor due to the valid approximaticn that there was
no change (gradient) in the reaction rate as a function of reactor
length. This can be attributed to the following reasons:

1. small size of sample with respect to overall reactor length;

2. slow dissolution kinetics of mineral; and

3. high flow rates and turbulent flow around the sample (high

Reynolds number).
The three reasons above, when taken together, imply that when a
fluid packet passes over the mineral sample, the entire mineral surface
has the same intrinsic rate of reaction with the solution. This is quite
logical, given the fact that the contact time of an individual packet
of fluid with the mineral is extremely short. For this reason, there is
no significant development of a pH or concentration {chemical af-
finity) gradient around the sample. One must note, however, that
the lack of a concentration gradient doesn’t mean that the mineral
doesn’t react; what is implied is that the hydrodynamics of turbulent
flow (on a microscale) around a sufficiently small sample ensure that
the mineral surface, on average, is in contact with a solution of uni-
form pH and chemical affinity. For this reason, a tubular reactor
contzining a single sample of a sparingly soluble mineral satisfies the
conditions of a uniform reaction rate, and the well-mixed reactor
rate extrapolation { Eqn. A8) can be safely applied.

Obviously, the above would not be true if a tubular reactor were
packed with mineral grains. In such a case, the reaction rate of a
certain grain would be dependent on its axial position within the
reactor. This is due to the fact that the chemistry of the solution is
continuously changing as it flows downstream through the reactor.
Thus, at a certain location in the reactor, a given packet of fluid has
a solution chemistry determined by reactions with all of the grains
lying upstream and having already reacted with this given packet of
fluid. For this reason, the reaction rate should decrease as a function
of axial length. The extrapolation of an overall rate of reaction under
such conditions generally requires the use of reactor performance
equations that explicitly take into account the nonuniformity of the
reaction rate,

Table Al. Comparison of quartz dissolution rates at 300°C in deionized
water. The similarity in rates is used to justify the derived expression for
the mixed-flow reactor rate equation (see text for details),

reference material remarks log rate
and dimensions _on rate detn, _(melm2s1)

this study: single slab mass loss -6.63

(tubular reactor} 1.0x08x02  [Sily -6.66
{cm)

DOVE and grains

CRERAR, 1990 150-250 pm ¢ [Silag -6.27

{mixed-flow reactor) " -6.31

! -6.45

RIMSTIDT and graing [Silag -1.25

BARNES, 1980 125-1000 prn 8 (rogression)

{batch reactor)

The validity of the well-mixed reactor assumption was tested by
the determination of the rate of dissolution of quartz in deionized
water at 300°C. A quartz slab was hydrolyzed over a period of 17
days in the same tubular reactor used for the albite study, and the
dissolution kinetics were measured both in terms of mass loss and
the steady state aqueous concentration of released Si. The rates that
were obtained using the well-mixed reactor rate equation (Eqn. A8)
were within 0.1 to 0.4 log units (mol m™ s~') of the values reported
by DOVE and CRERAR ( 1990) for the kinetics of quartz dissolution
under the same conditions using a well-mixed flow reactor (see Table
Al for results). It is interesting to note that the results from this study
and those from DOVE and CRERAR (1990) are considerably higher
than the dissolution rates obtained using a static reactor in the study
of RIMSTIDT and BARNES { 1980 )—( the rates are compared in Table
Al). This difference in rates may be an example of how the exper-
imental design can influence the measured reaction rates, The dif-
ferences are most probably attributable to the higher chemical affinities
attainable in flow reactors. In addition, flow reactors are more ame-
nable to the measurement of reaction rates which are not limited by
the diffusion of reaction products away from the liquid-solid interface.

In conclusion, one must note that there is no single cutoff criterion
that can be used to describe the transition from one flow reactor type
to another. The application of well-mixed reactor rate theory works
well when a single crystal sample is hydrolyzed under conditions
utilizing a sufficiently high flow rate (no attempt is made to define a
flow rate limit}. On the other hand, a tubular reactor that is packed
with a crushed mineral sample over its entire length would probably
not be an ideal case for applying the well-mixed reactor assumption.
Nonetheless, each case requires verification, as was done in this case.
In general, the exact quantification of reactor behavior is dependent
on many variables and cannot be discussed in detail here; however,
reactor modeling is treated extensively in the chemical engineering
literature.



