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The depletion and regeneration of dissolution-active sites at the mineral-water interface:
I. Fe, Al, and In sesquioxides
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Abstract—The responses ofa-Al2O3 and In2O3 dissolution rates to pH-jumps in flow-through reactors are
compared to previous results fora-Fe2O3 in order to test the following hypothesis: because the same
fundamental processes of ligand exchange and detachment of metal centers govern both steady state and
nonsteady state dissolution, both the steady state and nonsteady state dissolution rates of these sesquioxides
correlate with the water exchange rates of the corresponding aqueous ions. Our results show that steady state
dissolution rates at pH 1 fora-Fe2O3, a-Al2O3, and In2O3 correlate with the rates of water exchange.

Nonsteady state dissolution rates, in response to jumps to pH 1 from higher initial pH values at which the
oxides had been aged, also correlate with water exchange rates although in a complicated way. The amount
of solute dissolved during nonsteady state dissolution increases with increasing initial pH, and is consistent
with the depletion at low pH and regeneration at higher pH of a reservoir of surface sites active for dissolution
at pH 1. This suggests that the oxide surfaces must be sufficiently kinetically dynamic at circumneutral pH for
processes to occur that result in the creation of dissolution-active sites. The pH dependence of the amount of
solute released can be related to rates of active site production and dissolution, using the idea that
hydroxylation of the mineral surface with increasing solution pH has a labilizing effect on the rates of ligand
exchange at a surface metal center similar to the labilizing effect of hydrolysis on the rates of water exchange
for aquaions. Copyright © 2000 Elsevier Science Ltd

1. INTRODUCTION

Mineral dissolution has been the subject of extensive study
because of its importance in a variety of geochemical processes
ranging from global elemental cycling and climate control to
acid rain effects and biochemical strategies for nutrient acqui-
sition. Our understanding of the effects of pH, solution com-
position, and adsorbed species on dissolution rate is based
largely on steady state dissolution measurements. For example,
dissolution rates are often related to the concentration of pro-
tons or organic (or inorganic) ligands adsorbed to the mineral
surface (e.g., Stumm and Wieland, 1990). Such surface com-
plexation approaches to dissolution kinetics are based explicitly
on the assumption that the surface is in a steady state config-
uration; that is, the surface concentration of metal centers
participating in dissolution, and their collective overall reactiv-
ity toward dissolution, are time independent. Here, in contrast,
we utilize pH-jump-induced dissolution transients, caused by
temporally changing concentrations and reactivities of dissolu-
tion-active surface metal centers, to obtain information about
dissolution processes that cannot be obtained from steady state
experiments.

Initially elevated dissolution rates that decay to a steady state
are a virtually universal observation in mineral dissolution
experiments (Holt and King, 1955; Holdren and Berner, 1979;
Schott et al., 1981; Chou and Wollast, 1985; Carroll-Webb and

Walther, 1988; Knauss et al., 1993; Hellmann, 1995; Maurice
et al., 1995; Kraemer and Hering, 1997; Malmstro¨m and Ban-
wart, 1997). Occasionally dissolution ratesincreaseto a steady
state, e.g., quartz at pH. 10 (Knauss and Wolery, 1988). Such
initial transients show that the approach of dissolution rate to
steady state takes time, and have been attributed to artifacts of
sample preparation (Petrovic, 1981a;b; Schott et al., 1981), the
formation of altered layers on mineral surfaces (Casey and
Bunker, 1990; Hellmann, 1995), or transient adjustments of
surface topography or particle size distribution toward a steady
state configuration (Holdren and Berner, 1979; Dibble and
Tiller, 1981). Rate transients, however, are not limited to the
onset of dissolution, but have been reported in response to
cycles in pH (Chou and Wollast, 1984; Spokes and Jickells,
1996; Samson and Eggleston, 1998), increases in ligand con-
centration (Mast and Drever, 1987; Wieland and Stumm, 1992;
Kraemer and Hering, 1997), and changes in electrolyte com-
position (Sjöberg, 1989). Furthermore, such transients have
been shown to contain useful information about dissolution
mechanisms. For example, Holt and King (1955) related rapid
initial dissolution rates to the adsorption of silicic acid to quartz
surfaces, and Chou and Wollast (1984) used pH-jump-induced
albite dissolution transients to obtain information about the
formation, thickness, and composition of altered or leached
layers on the feldspar surface. Similarly, we follow these au-
thors in using nonsteady state phenomena as a window on
oxide dissolution mechanisms.

A previous study of nonsteady state hematite dissolution
(Samson and Eggleston, 1998) showed that following down-
ward pH-jumps to pH 1, a consistent, reproducible, and regen-
erable nonsteady state period of elevated dissolution rate occurs
and lasts for over 36 h. The results were consistent with the
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depletion at low pH and regeneration at higher pH of a reser-
voir of Fe surface sites active for dissolution at pH 1 in
response to cycles in pH. Such active sites can be thought of in
different ways. We interpreted the data with regard to long-
standing crystal growth and dissolution models (e.g., Burton-
Cabrera-Frank, BCF; Burton et al., 1951) that assume the
existence of “adsorbed nutrient”, e.g., Fe31 on hematite, that is
structurally distinct from metal centers in the solid surface
structure. We attributed the transients to the release of this
adsorbed Fe.

Here, we report results for nonsteady state dissolution of
corundum (a-Al2O3) and cubic indium sesquioxide (In2O3) in
response to pH-jumps, compare them to results for hematite
(a-Fe2O3), and use the data to test a simple hypothesis: because
the same fundamental processes of ligand exchange and de-
tachment of metal centers govern both steady state and non-
steady state dissolution, both the steady state and nonsteady
state dissolution rates of these trivalent metal sesquioxides
correlate with the water exchange rates of the corresponding
aqueous ions. The model originally developed for hematite
(Samson and Eggleston, 1998) is refined in order to describe
the wider range of nonsteady state behavior defined by the new
data. Finally, we reconsider the idea that the amount of solute
released in the transients is directly related to the adsorption of
nutrient to the oxide surface (e.g., FeIII to hematite, or Al to
corundum), and consider whether the amount of adsorbed nu-
trient involved in transient dissolution is, at the initial higher
pH, controlled by equilibrium or by steady state kinetics.

2. EXPERIMENTAL METHODS

We used the isostructural mineralsa-Al2O3 anda-Fe2O3 (corundum
structure, space groupR3c), but a third suitable analog (e.g., corundum
structure of a metal with a stable oxidation state and known water
exchange rate that differs significantly from those of Al31 and Fe31)
was not readily obtainable. In2O3, which has a cubic structure (space
group Ia3), but the same stoichiometry, was taken as the best alterna-
tive.

2.1. Mineral Powders

Hematite was prepared according to a hydrothermal gel-sol method
that yields hexagonal platelets 1–2mm in diameter (Sugimoto et al.,
1993). The hematite was suspended in deionized water, centrifuged
three times to select particles. 1 mm in diameter, and aged in pH 4.5
solutions (see Samson and Eggleston, 1998, for details). We detected
no goethite in XRD or SEM, and a TEM study of hematite made using
the same method found no goethite impurity (Shindo et al., 1993).

Corundum was obtained from Sigma-Aldrich as a powder (99% pure
and;100 mesh) and sieved to a 45–75mm size fraction. The powders
were aged in distilled and deionized water for at least one week during
which the suspension was centrifuged and decanted at least three times.

The indium oxide was obtained from Sigma-Aldrich as a powder
(99.999% pure) and used without further treatment. SEM (JEOL 35CF)
revealed a range of particle sizes from sub-micron aggregates of very
small particles to single particles up to 10mm.

Crystal structures were confirmed by powder XRD (Scintag XDS
2000, Cu anode). The specific surface areas fora-Fe2O3, a-Al2O3, and
In2O3, as measured with a Quantachrome multipoint N2 BET instru-
ment, were 4.8, 7.5, and 5.4 m2 g21, respectively.

2.2. Analytical Techniques

Total dissolved Fe concentrations were measured by flame atomic
absorption, or by the Ferrozine colorimetric method (Stookey, 1970),
where greater sensitivity at low concentrations was necessary (# 25

ppb). Colorimetric analysis for Fe21 confirmed its absence in the
effluent, indicating no significant reductive dissolution had taken place.

Total dissolved Al and In concentrations were determined by ICP-
AES or graphite furnace atomic absorption spectroscopy, and ICP-MS,
respectively.

2.3. Experimental Conditions

The experiments with In2O3 were conducted with the same apparatus
used earlier witha-Fe2O3 (Samson and Eggleston, 1998): a polycar-
bonate, water-jacketed, continuous-flow overhead-stirred (;2100 rpm)
tank reactor (CSTR). CO2 was not excluded, and experiments were
conducted at 25°C. Cell volume was approximately 95 ml with an
In2O3 concentration of 7.9 g L21.

Alumina experiments were conducted with a magnetically-stirred, 75
ml, polycarbonate CSTR (Micro Filtration Systems), modified by add-
ing ports for a pH electrode and acid and base input. To avoid
backpressure flow into the electrode, a reservoir of 4M KCl was
attached to the electrode and suspended 50 cm above the reactor.
Experiments were conducted at ambient laboratory temperature
(226 3°C). Thea-Al2O3 concentration was 25 g L21

The reactors were pH-statted using HNO3 (TraceMetal grade, Fisher
Scientific) and NaOH (reagent special grade, A.C.S., Spectrum) with
software, burettes, and voltmeters from McIntosh Analytical Systems
and Ag/AgCl combination electrodes calibrated at pH 2.0, 4.0, and 7.0.
Flow rates of;1 ml min21 for In2O3 anda-Fe2O3 and;0.5 ml min21

for a-Al2O3 were maintained with peristaltic pumps. The mean resi-
dence time of solution within the reactor,V q21, whereV [L] is the
reactor volume andq [L h21] is the flow rate, was approximately 1.6 h
for In2O3 anda-Fe2O3 and 2.4 h fora-Al2O3, giving mixing times (5
residence times; see section 2.4) of approximately 8 h and 12 h,
respectively. Effluent was filtered through 0.2mm cellulose acetate
membranes mounted in the base of each CSTR and collected contin-
uously with fraction collectors in acid-washed polypropylene test tubes,
15 min per tube for In2O3 and a-Fe2O3, and 30 min per tube for
a-Al2O3.

All solutions were prepared with high purity, 18.2 MV-cm water
with total organic carbon# 10 ppb (Milli-Q Plus, Millipore). It is
important to emphasize that the pH in the reactor and the pH in the
input reservoir were changed nearly simultaneously. Specifically, the
pump was attached to a new inlet solution reservoir pre-adjusted to the
new pH and, at the same time, the pH change in the reactor was made
by pipette with concentrated acid (16 N HNO3) or base (8 N NaOH) in
order to accomplish the change as quickly as possible with a minimum
increase in volume. Thus, the pH-jump was not limited by the reactor
residence time (Eqn. 1), but was effected within seconds (downward
pH-jumps) to several minutes (upward pH-jumps).

In two hematite experiments, a series of pH-jumps were imposed in
the following sequence of pH: 4.5, 1, 2, 1 for one experiment and 4.5,
1, 3, 1, 2.5, 1, 6, 1 for the other (Samson and Eggleston, 1998). The
In2O3 experiments consisted of two pH-jumps from pH 4: one to pH 1,
and the other to pH 2. Twoa-Al2O3 experiments utilized the following
sequence of pH: 2, l, 5.5, 1 for one experiment and 6.5, 1, 4, 1, 3, 1 for
the other.

2.4. Reactor Equations

The response of a well-mixed, continuous-flow reactor to an instan-
taneous increase in input concentration from zero to[M] in, i.e., a step
function increase, is an exponential increase in output concentration as
a function of volume and flow rate (Perlmutter, 1965):

@M#out 5 @M# in~1 2 e2t/t! (1)

where[M] out [mol L21] is the dissolved concentration of the metal of
interest,M, in the effluent,[M] in [mol L21] is the dissolved metal
concentration in the influent, timet [h] 5 0 at the time of the step
function change in input concentration, andt [h] is a time constant
defining the rate of accumulation ofM within the reactor;t 5 V q21,
the mean residence time of solution within the reactor. Equation 1
assumes constant reactor volume, equal rates of inflow and outflow,
and conservative behavior ofM (i.e., nonreactive; within the reactor,M
is neither produced nor consumed). Att 5 5t, the predicted output
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concentration exceeds 99% of the input concentration. Thus, att $ 5t,
the new input solution will have displaced the original reactor volume,
and the input and output concentrations will be equal, i.e.,[M] out 5
[M] in.

An experiment was conducted to determine the degree to which our
reactor used in thea-Fe2O3 and In2O3 experiments approximates an
ideal well-mixed reactor. The CSTR initially contained an Fe-free 0.1
N HNO3 solution and no solid. A 0.1 N HNO3 input solution containing
2 ppm Fe was fed into the reactor and the Fe output concentration as a
function of time was nearly perfectly exponential (Fig. 1) as predicted
by Eqn. 1. The suspensions in the dissolution experiments are very
dilute (the mineral powders are;0.15–0.62% by volume), and we
therefore assume they are equally well-mixed.

An instantaneous increase in the dissolution rate of a mineral in a
CSTR from zero to some constant rate (Fig. 2a) is mathematically
equivalent to a step function increase in input concentration (both cases
comprise a certain number of moles ofM input per unit time along with
a given volume of input solution per unit time), and the reactor outlet
concentration will behave in the same manner (i.e., increase exponen-
tially; Fig. 2b) as described by Eqn. 1.

The interpretation of output that deviates from Eqn. 1 requires an
equation for reactor output that separates chemical kinetics from the
reactor response. We begin with a nonsteady state material balance
equation:

VSd@M#out

dt D 5 q@M# in 2 q@M#out 1 VRd (2)

whered[M] out/dt [mol L21 h21] is the rate of accumulation ofM within
the reactor, andRd [mol L21 h21] is the mineral dissolution rate. The
accumulation of dissolved metal within the reactor [mol h21] is equal
to input minus output plus the contribution from dissolution. The initial
and boundary conditions are thatq[M] in 5 0 (i.e., there is no detectable
Fe, Al, or In in our input solutions),Rd > 0 at t , 0, and att . 0, Rd

is constant.

Sd@M#out

dt D 5 Rd 2 S q

VD @M#out (3)

Solving the differential equation:

@M#out 5 tRd ~1 2 e2t/t! (4)

At infinite time, normalized to surface area, this is the familiar equation
for steady state dissolution within a flow-through reactor when[M] in is
zero:

Ratediss5 Sq@M#out

VA D (5)

whereRatediss [mol m22 h21] is the dissolution rate, andA [m2 L21] is
the mineral surface area per unit of solution volume.

For nonsteady state (NSS) dissolution described by a first-order
reaction, we replace the constant dissolution rate in Eqn. 3,Rd, with a
time-dependent dissolution rate,RNSS:

RNSS 5 RNSSoe
2k1t (6)

Sd@M#out

dt D 5 RNSSoe
2k1t 2 S q

VD @M#out (7)

whereRNSSis in units of mol L21 h21, RNSSois RNSSat t 5 0, andk1

[h21] is a decay constant defining an exponential decay in dissolution
rate. Solving the differential equation:

@M#out 5 tNSSRNSSoe
2k1t~1 2 e2t/tNSS! (8)

where the time constant,tNSS, is now a function of not only volume and

Fig. 1. Outlet Fe concentrations (O) following a change in inlet
solution Fe31 concentration from 0 to 2 ppm att 5 0. The x-axis is in
units of normalized time,t t21, wheret equals the mean residence time
of solution within the reactor (V q21). The solid line illustrates the
theoretical response predicted by Eqn. 1.

Fig. 2. Outlet concentrations for a mineral in a CSTR in response to
an instantaneous increase in dissolution rate att 5 0 from zero to
Rate5 Rateoexp(2kt): (a,b) constant rate (steady state), (c,d) slowly
declining rate, (e,f) rapidly declining rate, and (g,h) pulse input. The
values ofk for which dissolution will be perceived as a pulse input are
determined by the reactor residence time and the sampling interval.
Units of rate and concentration are omitted.
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flow rate, but also of the dissolution reaction rate constant:tNSS 5
V/(q2Vk1).

Figure 2 illustrates the response in outlet concentration correspond-
ing to an instantaneous change in dissolution rate from zero to four
types of dissolution rate: steady state (i.e., a constant rate), slowly and
rapidly declining rates, and a pulse input (i.e., “instantaneous” disso-
lution). Fitting the complete range of our data for the different solids
required the consideration of all four cases.

3. RESULTS

The steady state dissolution rates at pH 1 for the three
sesquioxides correlate with the water exchange rates for the
hexaaqua ions (Fig. 3). With respect to nonsteady state disso-
lution following downward pH-jumps to pH 1, there are con-
sistent, reproducible, pH-dependent transients for all three ses-
quioxides (Fig. 4) as discussed individually below.

The results of downward pH-jump experiments with hema-
tite (Fig. 4a) are described elsewhere (Samson and Eggleston,
1998). Briefly, following a pH-jump from higher pH to pH 1,
the approach to a new steady state dissolution rate takes 36 h or
more. The resulting transients are pH-dependent, reproducible,
and regenerable.

Here, we present results of hematite upward pH-jumps from
pH 1 to pH’s 2, 2.5, and 3 (Fig. 5). The fact that Fe is lost from
solution more quickly than the reactor time constant would
predict indicates rapid sorption or precipitation rather than
dilution and washout. The rate of sorption of Fe from solution
increases with increasing final pH from pH 2 to pH 3 as
indicated in Figure 5 by the time required for Fe concentrations
to fall to a new steady state.

Theoretical outlet concentrations that would follow a step
function increase in dissolution rate, in response to a downward
pH-jump to pH 1, are indicated in Figure 4. Integrating the area
between the actual outlet concentrations and the theoretical
outlet concentrations gives the amount of Fe (or Al or In)
released that can be attributed to nonsteady state chemical

kinetics (Fig. 6a). We define this quantity as “excess” Fe, i.e.,
excess in the sense that it exceeds the steady state reactor outlet
concentration at pH 1.

Transient responses resulting from downward pH-jumps to
pH 1 with corundum (Fig. 4b) are shorter than for hematite.
With the exception of the pH-jump from pH 6.5 to pH 1, they
do not extend much beyond the reactor mixing interval (;5t).
Also, except for the pH 2 to pH 1 jump, they start from an
initial peak and decay toward a steady state rather than, like
hematite, increase to a peak and decline. The amount of excess
Al released increases with increasing initial pH, but rather than
the gradual increase with increasing pH exhibited by hematite,
there is a striking increase in the amount released between
initial pH 5.5 and initial pH 6.5 (Fig. 6b).

The downward pH-jumps with In2O3 (Fig. 6c) produce tran-
sient responses similar to those of hematite, but which resemble
thea-Al2O3 transients in duration. Rather than pH-jumps to pH
1 from varying initial pH’s, there were two pH-jumps from the
same initial pH: one from pH 4 to pH 1 and one from pH 4 to
pH 2. The steady state dissolution rate is an order of magnitude
greater at pH 1 than at pH 2, and the total amount of In released
in the interval 0–5t is also an order of magnitude greater in the
jump to pH 1 than in the jump to pH 2.

4. DISCUSSION

Our hypothesis that steady state dissolution rates correlate
with the rates of water exchange for the corresponding aqueous
ions is supported by the data (Fig. 3). We have also shown that
pH-jumps to pH 1 from higher pH consistently produce tran-
sients that are initial-pH-dependent, reproducible, and regener-
able (Fig. 4).

Because the hematite and corundum powders were cycled
between pH 1 and higher pH, the elevated dissolution rates that
occur in response to downward pH-jumps might be interpreted
as resulting from the dissolution of precipitated (hydr)oxide
phases. Metal may precipitate or adsorb from solution during
an upward pH-jump from pH 1 (e.g., see Fig. 5) and subse-
quently re-dissolve upon a return to pH 1. However, using
hematite as an example, the amount of Fe in excess of steady
state released in 30t following each pH-jump to pH 1 is a factor
of 5 to 26 times greater than that which was available for
precipitation or adsorption at the preceding higher pH (Table
1), and therefore this source of Fe alone cannot account for the
large amount of Fe released in each transient.

Alternatively, Al2O3 surfaces have been observed to trans-
form into hydroxide phases when aged in water, e.g.,g-Al2O3

to bayerite following one to four months of aging (Laiti et al.,
1998), anda-Al2O3 to gibbsite (Liu et al., 1998) or a mixture
of gibbsite and bayerite (Lee and Condrate, 1995), both poly-
morphs of Al(OH)3. The corundum pH-jump from pH 6.5 to
pH 1 was preceded by aging of the sample for one week in
water, and therefore we cannot rule out a more rapidly soluble
surface hydroxide phase as the source of the excess Al released
following this downward pH-jump.

In any case, the key result is that the solute released follow-
ing downward jumps to pH 1 must be derived from the solid
itself. If a surface hydroxide phase forms, this transformation
probably involves ligand exchange. Likewise, the creation of
dissolution-active sites by the step-wise depolymerization of

Fig. 3. Steady state dissolution rates in acid solutions for simple
divalent oxides (pH 1; Casey, 1991) and nearly-isostructural divalent
orthosilicates (pH 2; Casey and Westrich, 1992) and trivalent sesqui-
oxides (pH 1; this study), vs. rate coefficients for the exchange of water
molecules between the bulk solution and the inner coordination sphere
of the corresponding aqueous cations. Slopes for the oxides, orthosili-
cates, and sesquioxides are 1.3, 1.2, and 0.4, respectively.
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lattice metal centers into more labile surface configurations, or
by partial dissolution of the solid followed by adsorption of the
solute, must also proceed via a ligand exchange process. There-
fore, the oxide surfaces must be sufficiently kinetically dy-

namic at circumneutral pH that processes occur that result in
the creation of sites active for dissolution at pH 1.

Previously, we attributed pH-jump-induced dissolution tran-
sients for hematite to the release of adsorbed Fe (Samson and

Fig. 4. Results of pH-jump experiments. Time zero represents the time of the pH-jump and pre-jump concentrations were
negligible in all cases. Each data series represents the outlet concentrations, normalized to BET surface area, following a
jump to pH 1 or 2, as indicated, from the initial pH indicated. Dotted lines illustrate the theoretical response to a step
function increase in dissolution rate from zero to a constant steady state rate. (a)a-Fe2O3, (b) a-Al2O3, and (c) In2O3.
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Eggleston, 1998). If the amount of excess metal dissolved in a
transient can be described by equilibrium adsorption of nutrient
to its oxide, these amounts should be consistent with expected
adsorption behavior. The amount of excess Fe released does
depend on initial pH in a way similar to the pH-dependence of
Fe31 adsorption to other oxides. A plot of excess Fe released
vs. initial pH (Fig. 6a) indicates a trend of increasing amounts
of excess Fe released with increasing initial pH, and exhibits a
break in slope between initial pH’s 2.5 and 3. This break in
slope is near the first hydrolysis constant for aqueous Fe31, and
is consistent with the value for pH50 for Fe31 on a-Al2O3 and
a-SiO2 (pH50, the pH at which 50% of the total amount of a
solute cation is adsorbed, for Fe31, on a-Al2O3 anda-SiO2, is
between pH 2 and pH 4; Parks, 1990). Consistent with these
observations, a Mossbauer study of Fe31 adsorption on hema-
tite (Ambe and Ambe, 1990) reported pH60, i.e., 60% adsorp-
tion of Fe31, at pH 2.5, and our own data show that adsorption
of Fe from solution in upward pH-jumps with hematite in-
creases with increasing final pH from pH 2 to pH 3 (Fig. 5). As
with hematite, the amount of excess Al released depends on pH
in a way similar to the pH-dependence of adsorption of aqueous
Al31. The break in slope near initial pH 5.5 is consistent with

the observed value for pH50 (approximately pH 5 for Al31

adsorption on amorphous SiO2; Parks, 1990) and is near the
first hydrolysis constant for aqueous Al31. These observations
raise questions that we explore below about the nature and
kinetics of processes that generate dissolution-active sites.

4.1. Water Exchange Rates and Dissolution

The length of metal-oxygen bonds in a mineral lattice and
the coordination number of the metal center are often similar to
those of the hydrated ions in aqueous solution (Casey and
Ludwig, 1995). Therefore, as pointed out by Schindler (Casey,
1991), as many as thirty years ago it was suggested that the
rates of surface ligand-exchange reactions such as hydration
and dissolution might scale in the same manner as the rates of
ligand exchange in aqueous solutions (Feitknecht and Hodler,

Fig. 5. In response toa-Fe2O3 upward pH-jumps att 5 0 from pH
1 to (a) pH 2, (b) pH 2.5, and (c) pH 3, the rate of disappearance of Fe
from solution increases with increasing final pH. Upward pH-jumps to
pH . 3 were not analyzed as Fe concentrations at higher pH are below
our analytical detection limits. Solid lines illustrate the theoretical
response to a step function decrease in dissolution rate att 5 0.

Fig. 6. (a) Excess Fe released in the interval 0–10t, and (b) excess
Al released in the interval 0–5t, plotted as a function of initial pH. For
the a-Al2O3 pH 4 to pH 1 pH-jump, the value shown is extrapolated
from data for the interval 0–3.1t. Dotted lines indicate the pH’s of the
first hydrolysis constants for aqueous (a) Fe31 (2.19; Baes and Mesmer,
1976) and (b) Al31 (5.00; Nordstrom and May, 1996).

Table 1. Fe available for adsorption at the time of an upward
pH-jump from pH 1 to the pH specified, excess Fe released in 30t, and
the ratio of excess Fe released to Fe available for adsorption.

pH

Fe
Available

[nmol m22]
Excess Fe

(nmol m22]

Excess Fe
released/Fe
available

2 66 347 5.26
2.5 41 387 9.44
3 59 833 14.1
4.5 N/Aa 948 N/Aa

6 43 1106 25.7

a N/A: Not applicable, 1st pH-jump in the experiment.
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1969). Such a relation was not directly shown until more
recently (Casey, 1991; Casey and Westrich, 1992; Ludwig et
al., 1995; Ludwig et al., 1996). Casey (1991) showed that
steady state dissolution rates at pH 1 and pH 2 of a series of
simple divalent oxides scale with the water exchange rates for
the corresponding aqueous ions (Fig. 3). Casey and Westrich
(1992) found a similar correlation for steady state dissolution
rates at pH 2 of a series of orthosilicates (Fig. 3), and Westrich
et al. (1993) subsequently found that dissolution rates at pH 2
of mixed-cation orthosilicates scale in the same manner as the
stoichiometrically-weighted average water exchange rates of
the corresponding aqueous cations. The steady state dissolution
rates at pH 1 for hematite, corundum, and In2O3 (Fig. 3)
correlate with the water exchange rates for the hexaaqua ions,
but, unlike the divalent oxides and orthosilicates, the slope is
clearly far from one, so it cannot be said that the ratesscale
with the water exchange rates.

We discuss the kinetics of water exchange below, but it is not
our intent to review the mechanisms of water exchange or the
details of coordination chemistry. There is a large body of
literature on both the kinetics and mechanisms of water ex-
change at an aquaion (see Lincoln and Merbach, 1995, for a
recent review) and a discussion of this subject as it relates to
mineral dissolution may be found in Casey and Ludwig (1995).

To this point, our references to water exchange rates have
been confined to the rates of exchange of water molecules
between bulk water and the inner coordination sphere of afully
hydratedion, e.g., Fe(H2O)6

31:

Fe(H2O)6
31 1 H2O* 7 Fe(H2O)5(H2O*)31 1 H2O (9)

(Margerum et al., 1978). The water exchange rate of an aque-
ous ion, however, may be enhanced (or inhibited) when one or
more coordinated water molecules are replaced by other coor-
dinated species including the hydroxide ion (Margerum et al.,
1978; Lincoln and Merbach, 1995). In general, the deprotona-
tion of one of the water molecules in the inner coordination
sphere increases the rate of exchange of the remaining water
molecules (Margerum et al., 1978). The first deprotonation of
Fe(H2O)6

31 increases the exchange rate of the remaining water
molecules by a factor of 750 (Table 2). The labilizing effect of
aluminum hydrolysis is even greater: the water exchange rate
of Al(H2O)5(OH)21 is more than 4 orders of magnitude greater
than that of Al(H2O)6

31 (Table 2).
Although water exchange rates following further hydrolysis,

e.g., for the M(H2O)4(OH)2
1 species, are not known (and the

upper limit for determination of exchange rate coefficients by
NMR techniques is about 108 s21; Margerum et al., 1978),
support for the premise that sequential deprotonations should
further increase the rate of water exchange is found in the
observation that the replacement of water molecules by mono-
dentate ligands other than the hydroxide ion can have a pro-
gressive labilizing effect on the rate of exchange of the remain-
ing water molecules. Successive substitutions of NH3 for water
molecules in the inner hydration sphere of nickel (II) result in
progressive increases in the rate of exchange of the remaining
water molecules (Table 2). Similarly, the substitution of F- ions
into the inner coordination sphere of Al(H2O)6

31 increases the
rate of water exchange by a factor of;102 with each substi-
tuting fluoride ion in the monofluoro and difluoro complexes

(Table 2). Assuming a progressive effect, Phillips et al. (1997)
extrapolated rates for the substitution of three, four, and five
fluoride ions.

4.2. Surface Ligand Exchange Rates and Active Site
Production

If hydroxylation of the oxide surface has a labilizing effect
on the ligand exchange rates of metal centers at the mineral
surface that is similar to that of hydrolysis for aqueous species,
increasing hydroxylation of the surface at circumneutral pH
should result in higher ligand exchange rates and, we suggest,
more rapid generation of dissolution-active sites, e.g., by de-
polymerization, than at lower pH where ligand exchange rates
are lower. In other words, by analogy with the aqueous ions,
qualitatively, the surface metal centers should be more reactive
in a ligand exchange sense at neutral pH than at low pH.

Here, we use this idea to examine whether the dependence of
the amount of excess solute released in the transients on initial
pH can be related to hydrolysis-enhanced rates of ligand ex-
change, and to explore how the relationship between site gen-
eration and site dissolution changes in response to pH-jumps.
We use a simplified dissolution reaction to illustrate quantita-
tively the idea of an interplay between site generation and site
dissolution, and to establish the functional form of an equation
describing the transition in dissolution rates in response to a
pH-jump from circumneutral pH to acidic pH. Although we
have related the amount of excess solute dissolved in pH-jump-
induced transients to adsorption, we have not shown that ad-
sorption equilibrium has been reached. This section shows
how, in the absence of adsorption equilibrium, the pH-depen-
dence of the excess solute can be related to rates of active site
production and dissolution. In order to simplify the illustration,
back reactions, which increase the complexity of the equations
but do not change their functional form, are not presented here.

Consider dissolution as a simplified reaction sequence cor-
responding to a progression from inactive site (A) to active site

Table 2. Rate coefficients for the exchange of water molecules from
the bulk solution into the inner coordination sphere of hexacoordinated
aqueous complexes.

Complex kH2O (s21) Ref.

Fe(H2O)6
31 (aq) 1.63 102 a

Fe(H2O)5(OH)21 (aq) 1.23 105 a

Al(H2O)6
31 (aq) 1.3 b

Al(H2O)5(OH)21 (aq) 3.13 104 c

AlF(H2O)5
21 (aq) 1.01–1.193 102 d

AlF2(H2O)4
1 (aq) 1.963 104 d

In(H2O)6
31 (aq) 1.03 107 e

Ni(H2O)6
21 (aq) 2.83 104 f

Ni(H2O)5(NH3)
21 (aq) 2.53 105 g

Ni(H2O)4(NH3)2
21 (aq) 6.13 105 g

Ni(H2O)3(NH3)3
21 (aq) 2.53 106 g

Ni(H2O)(NH3)5
21 (aq) 4.33 106 f

a (Grant and Jordan, 1981).
b (Hugi-Cleary et al., 1985).
c (Nordin et al., 1998).
d (Phillips et al., 1997).
e (Kowall et al., 1998); the value for In31 is a lower limit.
f (Jones et al., 1970).
g (Desai et al., 1970).
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(B) to dissolved species (C), not unlike the concept of a
precursor to the activated species (Wieland et al., 1988). We
suggest that at circumneutral pH, surface ligand exchange rates
are higher than at low pH, and therefore the reaction A3 B is
fast, but because the concentration of adsorbed protons is
limited, the reaction B3 C is slow, resulting in a build-up of
active sites, B:

AO¡

kAB~6!

BO¡

kBC~6!

C (10)

wherekAB(6) andkBC(6) are the net rate constants, e.g., at pH 6,
of the forward reactions A3 B and B3 C, respectively. The
rate of change in the concentration of active sites, B, is:

d@B#6

dt
5 kAB~6!@A# 2 kBC~6!@B#6 (11)

where[A] is the concentration of inactive sites, assumed to be
present in excess at all pH’s and therefore constant, and[B] 6 is
the concentration, at pH 6, of B. At steady state,d[B]6/dt 5 0,
and:

@B#6 5
kAB~6!@A#

kBC~6!
(12)

If kAB(6) is large andkBC(6) is small, the steady state concen-
tration of B will be large.

An identical approach for pH 1 yields a term for the steady
state concentration of active sites at pH 1:

@B#1 5
kAB~1!@A#

kBC~1!
(13)

At low pH, we suggest that ligand exchange rates of surface
metal centers are slower, and therefore the reaction A3 B,
inactive site to active site, is slow, but because the concentra-
tion of adsorbed protons is high, the reaction B3 C, active site
to dissolved species, is fast, resulting in a small steady state
concentration of active sites, B. Again, we assume inactive sites
are present in excess and therefore[A] is constant; ifkAB(1) is
small andkBC(1) is large, the steady state concentration of B
will be small.

In response to a pH-jump from higher pH, e.g., pH 6, to pH
1, there will be an initially elevated, but declining, rate of
dissolution while the reservoir of active sites, B, is depleted
faster than it can be replenished. A new steady state dissolution
rate will be reached when the surface site distribution (i.e., the
reservoir of active sites, B) is that which is characteristic of
steady state at pH 1.

Neglecting the dissolution of any dissolution-active sites
which may be generatedduring the transient, the concentration
of dissolution-active sites dissolved during the transient is the
difference between the steady state concentrations at the initial
and final pH’s, i.e.,[B] 6 2 [B] 1. Assuming a first-order reac-
tion, the nonsteady state dissolution rate for these sites,d[C]/dt,
is:

d@C#

dt
5 kBC~1!@B# (14)

where[B] as a function of time is:

@B#~t! 5 ~@B#6 2 @B#1!oe
2kBC~1!t (15)

@B#~t! 5 FkAB~6!@A#

kBC~6!
2

kAB~1!@A#

kBC~1!
Ge2kBC~1!t (16)

An overall equation encompassing both nonsteady state and
steady state dissolution includes the rate of dissolution of the
excess dissolution-active sites (Eqn.’s 14 and 16) plus the
steady state dissolution rate at pH 1:

Ratediss5 kBC~1!F @A#SkAB~6!

kBC~6!
2

kAB~1!

kBC~1!
DGe2kBC~1!t 1 kBC~1!@B#

(17)

The exponential term in Eqn. 17 is a function of conditions at
both the initial and final pH’s, and is represented in our model
(section 4.3 below) by exponential terms for the excess disso-
lution-active sites. Therefore, the concentration of excess dis-
solution-active sites should be related to initial pH conditions.
In our model, as in Eqn. 17, the constant term is the steady state
dissolution rate at pH 1.

The term in brackets in Eqn. 17 represents the total concen-
tration of excess dissolution-active surface sites att 5 0,
[MEX]o. The total amount of excess released in the transients
following downward pH-jumps to pH 1 increases with increas-
ing initial pH; to explain these results, the term in brackets must
also increase with increasing pH. The termskAB(1) andkBC(1)

will be the same for each of the transients for a given solid for
all pH-jumps to pH 1, therefore[MEX]o can increase only if the
ratio kAB(6)/kBC(6) increases with increasing pH. Thus, if equi-
librium is not reached during higher pH aging, increasing
[MEX]o must reflect increased values forkAB(6)/kBC(6).

4.3. Model Development

Our original model (Samson and Eggleston, 1998), like Eqn.
17, included only one term for the excess dissolution-active
sites and a constant term for steady state dissolution at pH 1. It
provided a moderately good fit to the hematite data, but could
not fit the corundum data (see Fig. 7).

A minimum of four site types were needed to fit the full
range of our data for all three phases: the steady state concen-
tration of sites active for dissolution at pH 1, which are con-
stantly regenerated during dissolution, and three forms of ex-
cess dissolution-active sites, which are consumed in a pH-jump
from higher pH to pH 1. This does not mean that all site types
were needed in all cases, or that there are only four structural
types of sites. These are kinetic, not structural, groupings.
Conceptually, this simply recognizes that following a down-
ward jump in pH, the more labile of the sites active for
dissolution dissolve more quickly, residually enriching the sur-
face in less labile sites, and leading to a temporarily decreasing
effective rate coefficient. The four site types represent concep-
tual groupings of sites with similar rate coefficients and corre-
spond to the four examples in Fig. 2.

The range of extractable rate coefficients is constrained by
the reactor residence time and the sampling interval. If the most
labile sites dissolve at a rate that is faster than the time reso-
lution of our experimental approach, the dissolution of those
sites will be indistinguishable from a pulse input (Fig. 2g,h) and
will be perceived as being almost “instantaneous.” The remain-
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ing excess dissolution-active sites are consumed at rates ac-
cording to their relative reactivity, one type dissolving rather
quickly (Figs. 2e,f) and the other more slowly (Fig. 2c,d).

The overall dissolution rate is assumed to be the sum of the
parallel dissolution reactions (assumed to be first-order) taking
place at the four types of dissolution-active surface sites:

Ratediss5 kSS1@ . MSS1# 1 kPI@ . MPI# 1 kEXF@ . MEXF#

1 kEXS@ . MEXS# (18)

where [.MSS1] [mol m22] is the constant concentration of
surface sites active for dissolution at steady state at pH 1,

[.MPI], [ .MEXF] , and [.MEXS] [mol m22] are the concen-
trations of the excess dissolution-active sites (pulse input, fast-
dissolving excess, and slowly dissolving excess, respectively),
andkSS1, kPI, kEXF, andkEXS [h21] are the corresponding rate
coefficients.

For steady state dissolution in a CSTR in terms of surface
concentrations, we rewrite Eqn. 4:

@M#out 5 tARateSS1~1 2 e2t/t! (19)

whereRateSS1 5 kSS1[.MSS1] and is in units of mol m22 h21.
We substitute the single term,RateSS1, as it is not possible to
extract discrete unique values forkSS1 and [.MSS1].

The rate of disappearance of the excess dissolution-active
sites is:

2 d@ . MEX#

dt
5 kEX @ . MEX#oe

2kEXt (20)

where [.MEX] [mol m22] represents the concentration at time
t, [.MEX]o [mol m22] is the initial concentration att 5 0, and
kEX [h21] is the rate constant for the consumption of the
postulated excess sites. We assume that the rate of disappear-
ance of the excess sites is equal to their dissolution rate, i.e.,
they are being consumed only by the dissolution process.
Consequently, Eqn. 6 and Eqn. 20 are equivalent expressions
and:

R9NSSoe
2k1t 5 kEX@ . MEX#oe

2kEXt (21)

where R’NSSo5 RNSSo/A, the dissolution rate normalized to
surface area. Therefore, Eqn. 9 for nonsteady state dissolution
in a CSTR, expressed in terms of surface area, is:

@M#out 5 tEXAkEX@ . MEX#oe
2kEXt~1 2 e2t/tEX! (22)

wheretEX 5 V/(q2VkEX).
Equation 22 can be simplified for the sites whose dissolution

is perceived as a pulse input. We begin by expanding and
rearranging the equation:

@M#out 5 tPI AkPI@@ . MPI#oe
2kPIt 2 @ . MPI#oeS

2qt
V D#

(23)

The magnitude ofkPI is large relative to volume(V) and flow
rate (q), so

tPI >
1

2 kPI
(24)

At t . 0, e2kPIt 5 0, and Eqn. 24 reduces to:

@M#out 5 A@ . MPI#oe
2t/t (25)

The total outlet concentration,[M] TOT [mol L21], is the sum of
the outlet concentrations for the four dissolution reactions
(Eqns. 19, 22, and 25):

@M#TOT 5 tARateSS1~1 2 e2t/t! 1 A@ . MPI#e
2t/t 1 tEXFAkEXF

@ . MEXF#oe
2kEXFt~1 2 e2t/tEXF! 1 tEXSAkEXS@ . MEXS#oe

2kEXSt

~1 2 e2t/tEXS! (26)

Fig. 7. Representative model fits including curves illustrating the
individual parameters comprising the total modeled outlet concentra-
tion: steady state (SS), pulse input (PI), fast-dissolving excess (EXF),
and slow-dissolving excess (EXS). Also illustrated for comparison are
model fits with our original model (dotted lines). (a)a-Fe2O3 pH-jump
from pH 4.5 to pH 1; (b)a-Al2O3 pH-jump from pH 6.5 to pH 1; and
(c) In2O3 pH-jump from pH 4 to pH 1.
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wheretEX(F or S)5 V/(q2VkEX(F or S)). At infinite time, Eqn. 26
reduces to:

@M#TOT 5 tARateSS1 (27)

This model differs in two respects from our earlier model
(Samson and Eggleston, 1998): the time constant for the excess
dissolution-active sites,tEX(F or S), includes the dissolution rate
constant,kEX(F or S), and there are a total of three types of excess
dissolution-active sites rather than one. The inclusion of the
pulse input parameter allows for the possibility that rate coef-
ficients may be larger than can be resolved given our reactor
residence times and sampling intervals, while the use of two
parameters for the extractable rate coefficients, rather than one,
simply recognizes that the range of rate coefficients for the
various excess sites may be sufficiently large that it cannot be
adequately represented by only one rate coefficient. Again, we
emphasize that these arekinetic groupings; we are not suggest-
ing that there are only four structural types of dissolution-active
sites.

4.4. Model Fits

Representative model fits are illustrated in Figure 7, and
fitted values for the model parameters are shown in Table 3.
While this more complex model would be expected to provide
a better fit than our earlier model (Samson and Eggleston,
1998) simply by providing more fitting parameters, we point
out that fitting for most of the pH-jumps required the use of
only two of the three available types of excess dissolution-
active sites as indicated by zeros in Table 3. Furthermore,
several of these parameters can be independently constrained.
The steady state dissolution rate,RateSS1, is fixed by the flow
rate and outlet concentration at steady state; the concentration
perceived as a pulse input,[.MPI] , is constrained by the first
outlet concentration following the pH-jump; and, because the
relaxation times for hematite extend well beyond the reactor
mixing interval of 5t, the values forkEXS and [.MEXS]o for
hematite may be independently verified as described below.

Following the reactor mixing interval of;5t, the outlet
concentration directly reflects the dissolution rate. Furthermore,
solute derived from sites whose dissolution is perceived as a
pulse input,[.MPI] , will have been washed out of the reactor
(see Fig. 2h), and the outlet concentration attributable to steady
state dissolution at pH 1 will have reached a constant value (see
Fig. 2b). Therefore, by subtracting the steady state outlet con-
centration from the observed outlet concentrations, we can

determine the amount of solute derived from the dissolution of
[.MEXF] and [.MEXS] sites. Assuming that the hematite dis-
solution rate in the interval 5t to 15t is dominated by dissolu-
tion of the slowly dissolving sites, we can obtain independent
values for the parameterskEXS and [.FeEXS]o to compare to
those obtained from nonlinear least-squares fitting. The values
for kEXS and [.FeEXS]o are the slope and y-intercept, respec-
tively, of a plot of the natural log of the excess Fe concentration
(the measured outlet concentration minus the steady state con-
centration) vs. time. The average slope of the linear regressions
for all data sets was 0.07 (Table 4). With the value forkEXS

fixed at 0.07 h21, the value forkEXF was obtained by optimiz-
ing the nonlinear least-squares fit for all data sets. Each of the
values for[.FeEXS]o obtained by fitting was within 10% of
that obtained from the y-intercept of the linear regression
(Table 4). The largest contribution to excess Fe dissolution is
from the[.FeEXS]o term, and a plot of the fitted values for this
parameter vs. initial pH (Fig. 8) resembles the observed pattern
of actual excess Fe release (Fig. 6a), bolstering our confidence
in the multi-site model.

The data fora-Al2O3 were modeled with a fixed value of
0.06 h21 for kEXS. The observed pattern of outlet concentration
for each of the transients, except the one following the pH 2 to
pH 1 jump, is that of a pulse input (Fig. 2h). This means the
initial rate coefficient immediately following the pH-jump,kPI,
is larger than can be resolved (see section 4.3), and, given the
reactor residence time (;2.4 h) and sampling interval (0.5 h),
it must be$7 h21. The largest contribution to the excess Al
dissolution rate is from the[.AlPI] term (Table 3).

The data for In2O3 for the pH 4 to pH 1 pH-jump were
modeled with a value of 0.22 h21 for kEXS. As with hematite,
the largest contribution to excess dissolution is from the slowly

Table 3. Model parameters (units of RateSS1are in terms of moles of Fe, Al or In). A value of zero indicates use of the parameter was not required
in order to fit the data.

Mineral a-Fe2O3 a-Al2O3 In2 O3

Initial pH 2 2.5 3 4.5 6 2 3 4 5.5 6.5 4 to 1 4 to 2

KEXF [h21] 0 0.78 0.78 0.78 0.78 1.78 0 0 0 0 3.38 4.36
KEXS [h21] 0.07 0.07 0.07 0.07 0.07 0.06 0.06 0 0.06 0.06 0.22 0.46
[MPI]o [nmol m22] 43 0 0 0 0 12 29 81 169 953 1217 0
[MEXF]o [nmol m22] 0 100 96 249 316 13 0 0 0 0 2424 449
[MEXS]o [nmol m22] 217 363 717 772 804 65 34 0 12 475 3249 668
RateSS1 [nmol m22 h21] 20 26 28 31 25 6 5 6 5 4 2886 216
Total excess [nmol m22] 260 463 813 1021 1120 90 63 81 181 1428 6890 1117

Table 4.a-Fe2O3 model parameter comparison. The values forkEXS

and [.FeEXS]o, Linear Regression, are from linear regressions of the
data (see section 4.4 for details). The values for [.FeEXS]o, Fitting, are
from nonlinear least-squares fitting withkEXS and kEXF fixed at 0.07
h21 and 0.78 h21, respectively.

Initial pH kEXS (h21)

[.FeEXS]o (nmol m22)

Linear Regression Fitting

2 0.08 218 217
2.5 0.08 329 363
3 0.06 752 717
4.5 0.07 730 772
6 0.07 846 804
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dissolving excess sites, the[.InEXS]o term, but the relatively
high steady state dissolution rate dominates the overall disso-
lution rate (Table 3).

In summary, the rate coefficient for the slowly declining
dissolution rate approaching a new steady state, i.e., the “tail”
of the transient, increases with the water exchange rate (Fig.
9a). A comparison of rate coefficients for the more rapid initial
dissolution is, of necessity, more qualitative than quantitative
because some rate coefficients are larger than can be resolved.
Despite the uncertainties, however, it appears that the trend in
the rapid initial dissolution rates resembles the trend in the
hydrolysis constants of the aqueous ions (Fig. 9b), reflecting
the influence of conditions at the initial pH on dissolution rates
immediately following the pH-jump as predicted by Eqn. 17.

We have made a case for ligand exchange rates of surface
metal centers that are faster in the circumneutral pH region than
at low pH, and our experimental observations strongly suggest
that dissolution-active sites are generated most rapidly at cir-
cumneutral pH, whereas overall oxide dissolution rates de-
crease as one goes from the acid to circumneutral pH region. A

resolution of this apparent contradiction was suggested by the
discussion in section 4.2 in which the creation of dissolution-
active sites and detachment are considered to be consecutive
reactions with the net rate of dissolution controlled by the
slowest step. In the illustration, proton adsorption kinetics are
rate-limiting at circumneutral pH and surface ligand exchange
rates are rate-limiting at low pH. We now use this idea to
examine the steady state dissolution rates observed at low pH.

4.5. The Interplay of Ligand Exchange Rates and Surface
Protonation

A surface complexation rate law for steady state proton-
promoted dissolution, in the absence of specifically adsorbing
ligands, can be expressed as:

RateH 5 kH ~CH!n (28)

where the dissolution rate,RateH, is in units of mol m22 h21,
kH [h21] is a rate constant for proton-promoted dissolution,
(CH) [mol m22] is the concentration of adsorbed protons in
excess relative to the point of zero proton charge, andn is an
empirical rate order (Furrer and Stumm, 1986).CH, and thus
dissolution rate, increases with decreasing solution pH, and the
model predicts that once a point of maximum proton adsorption
is reached, the steady state dissolution rate will become inde-
pendent of pH. Observations of dissolution rates that appear to
be constant below a given pH have been interpreted as evidence
of saturation of the oxide surface with adsorbed protons (Furrer
and Stumm, 1986; Wieland et al., 1988). Casey et al. (1993)
found the dissolution rates ofa-Al2O3 at pH 1 and pH 2 to be
nearly identical (l0213.1–10212.7 and 10212.8 mol m22 s21,
respectively). Carroll-Webb and Walther (1988) also observed
nearly constant dissolution rates for corundum at pH# 3
(;l0212.7mol m22 s21), similar to the pH-independence of the
dissolution rates ofd-Al2O3 below pH 3.5 observed by Furrer
and Stumm (1986). If this plateau in the dissolution rates of
Al2O3 at low pH is due to saturation of the surface with
adsorbed protons, one might expect the dissolution behavior of
hematite to resemble that of corundum since the two phases are
isostructural, have similar points of zero charge (pHpzc is 8.9
for corundum and 8.5 for hematite; Sahai and Sverjensky,
1997), and their proton adsorption isotherms are nearly the
same when plotted as a function ofDpH (DpH 5 pHpzc 2 pH;
Wieland et al., 1988). However, the hematite steady state
dissolution rate is an order of magnitude greater at pH 1 than at
pH 2 (10211.4–10211 and 10212.3 mol m22 s21, respectively;
this study). We suggest that the difference in the dissolution
rate behavior for corundum and hematite at low pH is due to the
difference in their ligand exchange rates.

The weighted average rate coefficient,kH2O,avg, for water
exchange for the aqueous ions M31 and MOH21 is:

kH2O,avg 5
kH2O,M31@M31# 1 kH2O,MOH21@MOH21#

@M31# 1 @MOH21# (29)

At pH 2, kH2O,avgvalues for FeIII and Al are 4.73 104 s21 and
3.2 3 101 s21, respectively. The water exchange rate for
InOH(H2O)5

21 is not known, but the lower limit ofkH2O,M31 for
In31 is 1.03 107 s21 (Kowall et al., 1998), and, like hematite,
the steady state dissolution rate of In2O3 is nearly an order of

Fig. 8. a-Fe2O3 fitted model parameters[.FeEXF]o and [.FeEXS]o

plotted as a function of initial pH.

Fig. 9. Rate coefficients fora-Fe2O3, a-Al2O3, and In2O3 nonsteady
state dissolution. The element symbol (e.g., Fe) corresponds to both the
mineral (e.g.,a-Fe2O3) and the hydrated ion (e.g., Fe(H2O)6

31). (a)
kEXS vs. water exchange rate coefficients for the fully hydrated ions;
and (b)kEXF or kPI vs. the first hydrolysis constants for the aqueous
ions. With respect to (b), the values for Fe and In are the fitted values
for kEXF (see Table 3);kPI for Al is not known and the value shown is
a lower limit (see section 4.2). The value for In is also a lower limit
since the pH 4 to pH 1 pH-jump includes rate coefficientkPI in addition
to kEXF.
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magnitude greater at pH 1 than at pH 2 (1029.4and 10210.5mol
m22 s21, respectively; this study), in close agreement with the
earlier findings of Casey et al. (1993) (1029.5 and 10210.25mol
m22 s21, respectively). Using aqueous water exchange rates as
a proxy for surface ligand exchange rates, the comparatively
slow ligand exchange rate for Al suggests that surface ligand
exchange may be the rate-limiting step for corundum dissolu-
tion below pH 3. In contrast, because the steady state dissolu-
tion rates for both hematite and In2O3 increase by approxi-
mately one order of magnitude with an order of magnitude
increase in the H1 ion activity from pH 2 to pH 1, proton
adsorption kinetics appear to be rate limiting for these solids at
pH $ 1. The fact that these increases in dissolution rate with
decreasing pH occur in a pH region where one might expect the
surface to be saturated with adsorbed protons suggests that
solution pH may affect dissolution rate even after a condition of
maximum proton adsorption has been achieved.

5. CONCLUSIONS AND SUMMARY

1. The steady state dissolution rates ofa-Fe2O3, a-Al2O3, and
In2O3 at pH 1 correlate with the water exchange rates of the
corresponding aqueous ions. The range in the dissolution
rates for the three phases, however, is considerably less than
the 7 orders of magnitude difference in the water exchange
rates for the aqueous ions, suggesting that factors other than
the inherent properties of the metal may limit the extent to
which dissolution rates vary for isostructural (or nearly
isostructural) minerals.

2. The very rapid dissolution rates immediately following a
downward pH-jump to pH 1 do not correlate with the water
exchange rates. They, however, do correlate with the first
hydrolysis constants for the aqueous ions, reflecting the
influence of conditions at the initial pH on dissolution rates
immediately following the pH-jump. The amount of solute
dissolved increases with increasing initial pH consistent
with either:

● an equilibrium concentration of adsorbed nutrient as a
function of initial pH; or

● the idea that hydroxylation of the mineral surface with
increasing solution pH has a labilizing effect on the rates
of ligand exchange at a surface metal center similar to the
labilizing effect of hydrolysis on the rates of water ex-
change for aquaions.

The next paper in this series (Samson and Eggleston, 2000)
explores the rate at which dissolution-active sites are cre-
ated, allowing us to address the question of whether or not
equilibrium with regard to nutrient adsorption was closely
approached at the initial pH’s studied here.

3. The rates for nonsteady state dissolution ofa-Fe2O3,
a-Al2O3, and In2O3 in response to downward pH-jumps to
pH 1, approaching a new steady state, correlate weakly with
the water exchange rates of the corresponding aqueous ions.
This suggests that, following an initial period of very rapid
dissolution, the rate of approach to a new steady state is a
function of the rate at which the reservoir of active sites is
replenished at pH 1, i.e., the rate of ligand exchange at pH
1.

4. The pH-independence of Al2O3 dissolution rates at pH# 3

may be an indication that surface ligand exchange is the
rate-limiting step in alumina dissolution at low pH.

5. The pH-dependence ofa-Fe2O3 and In2O3 dissolution rates
at pH 1 and pH 2 suggests that rates of proton adsorption
continue to be relevant at low pH, even when the mineral
surface may be saturated with adsorbed protons, and may be
the rate-limiting step in the dissolution of metals with rela-
tively high ligand exchange rates.

The wide range of potential coordinative environments for
metal centers at a mineral surface suggests that the range of
ligand exchange rates for surface metals will likely be much
greater than those of aqueous monomers. Nonetheless, the
parallels between trends in ligand exchange rates for aqueous
species and the observed patterns in the depletion and regen-
eration of dissolution-active sites at the mineral-water interface
are intriguing, and suggest that trends in ligand exchange rates
for aqueous species may be useful as an indication of the
relative reactivity, in a ligand exchange sense, of lattice metal
centers. If the relationships between ligand exchange and pro-
ton adsorption that we have suggested can be shown to be
consistent with the nonsteady state dissolution behavior of
other nearly isostructural oxides and silicates, not only will they
be important for understanding nonsteady state kinetics, but
they can provide insights into the processes that control steady
state dissolution rates.
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APPENDIX: LIST OF SYMBOLS

.: denotes bonds to the mineral surface
A [m2 L21]: mineral surface area per unit of reactor

volume
(CH) [mol m22]: concentration of adsorbed protons in ex-

cess relative to the point of zero proton
charge (Eqn. 28)

d[M] out/dt [mol L21 h21]: rate of accumulation of the dissolved
metal of interest,M, within the reactor

k [h21] : dissolution rate constant (steady state
dissolution) or coefficient (nonsteady
state dissolution); subscripts denote
specific site types

kEX: all excess dissolution-active sites
kEXF: fast-dissolving excess sites
kEXS: slow-dissolving excess sites
kH: proton-promoted dissolution (Eqn. 28)
kPI: excess sites whose dissolution is per-

ceived as a pulse input
kSS1: the constant concentration of surface

sites active for dissolution at steady
state at pH 1

k1 [h21]: decay constant defining an exponential
decay in dissolution rate

kH2O
[s21]: rate of exchange of water molecules be-

tween bulk water and the inner coor-
dination sphere of a hydrated complex,
e.g., Fe(H2O)6

31

kH2O,avg [s21]: apparent water exchange rate coefficient;
the weighted average of the water ex-
change rates of a hydrated cation and
its hydrolysis products

M: solute of interest, e.g., Fe, Al, or In
[M] in, [M] out [mol L21]: dissolved concentration ofM in the reac-

tor influent and effluent, respectively
[M] TOT [mol L21]: total dissolved concentration ofM in the

reactor effluent as defined by Eqn. 26
[.MEX] [mol m22]: total concentration, at timet, of all ex-

cess dissolution-active surface sites
which are consumed in a pH-jump
from higher pH to pH 1; subscripts
denote specific site types; the initial
concentration att 5 0 is denoted as
follows: [.MEX]o

[.MEXF] : fast-dissolving excess sites
[.MEXS] : slow-dissolving excess sites
[.MPI] : sites whose dissolution is perceived as a

pulse input
[.MSS1] [mol m22]: constant concentration of surface sites ac-

tive for dissolution at steady state at pH 1

n: an empirical rate order, ideally corre-
sponding to the number of protonation
steps prior to detachment of the metal
center (Eqn. 28)

pH50: the pH at which 50% of the total amount
of a solute cation is adsorbed

pHpzc: the pH of zero proton charge
pKa1: negative log of the equilibrium constant

for the first hydrolysis reaction for an
aqueous cation

q [L h21]: flow rate
Rd [mol L21 h21]: mineral dissolution rate; a constant (Eqn. 2)
RNSS[mol L21 h21]: time-dependent dissolution rate for non-

steady state dissolution; first-order re-
action

RNSSo[mol L21 h21]: RNSSat t 5 0
R9NSSo[mol m22 h21]: RNSSonormalized to BET surface area;

equalsRNSSo/A
Ratediss [mol m22 h21]: dissolution rate normalized to BET sur-

face area
RateH [mol m22 h21]: proton-promoted dissolution rate (Eqn. 28)
RateSS1[mol m22 h21]: steady state dissolution rate at pH 1 nor-

malized to BET surface area; equal to
kSS1[.MSS1]

t [h]: time
t [h]: time constant defining the rate of accu-

mulation of the metal of interest
within a CSTR in response to a step
function change in input concentration
(e.g., a change in inlet concentration or
mineral dissolution rate) from one
constant rate of input to a new con-
stant rate of input; equal to the mean
residence time of solution within the
reactor,V q21

tNSS[h]: time constant defining the rate of accu-
mulation of the metal of interest
within a CSTR in response to an in-
crease in mineral dissolution rate from
zero to a nonsteady state rate; equal to
V/(q2Vk1); subscripts denotet for
specific site types

tEX [h]: total excess dissolution-active sites;
V/(q2VkEX)

tEXF [h]: fast-dissolving excess sites;V/(q2VkEXF)
tEXS [h]: slow-dissolving excess sites;V/(q2VkEXS)
tPI [h]: excess sites whose dissolution is per-

ceived as a pulse input;V/(q2VkPI)
V [L]: reactor volume
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