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Abstract

Dissolution experiments of diopside and anthophyllite were conducted in continuously stirred flow-through reactors at
temperatures of 25° and 90°C at acid pH. Stoichiometric steady state was reached at ~ 2700 h (at 25°) or ~ 1000 h (90°C).
Specific surface area significantly increased after dissolution of diopside but not anthophyllite. Extensive etch pits were
observed on some of the reacted surfaces of diopside grains. The observed etch pits are preferentially developed along the
exsolution lamellae boundaries between diopside and pigeonite or hypersthene. The surface morphology observed on our
laboratory-leached samples is very similar to that observed on naturally weathered pyroxene grains by previous workers. No
etch pits were observed on the surface of anthophyllite. Presumably, dissolution of anthophyllite results in the disintegration
of fibrous anthophyllite without observable etching. Under the experimental conditions, dissolution rates of diopside and
anthophyllite are pH-dependent, and the pH-dependence increases with increasing temperature. For diopside, the reaction
order n with respect to H” increases from 0.19 + 0.06 at 25°C to 0.76 + 0.08 at 90°C, while for anthophyllite, the value of
n increases from 0.24 + 0.03 at 25°C to 0.63 3 0.04 at 90°C. This result indicates that when temperature increases, the rate
of increase in pH-dependence is faster for diopside than for anthophyllite. Activation energies (E,) have been estimated for
diopside and anthophyllite dissolution based on dissolution at the two temperatures. The values of pH-independent E, are
22.8 £ 1.6 and 19.4 + 0.9 kcal mol ' for diopside and anthophyllite, respectively. Both of the activation energies are well
above the E, of transport in solution (5 kcal mol '), and significantly smaller than the E, of breaking bonds in crystals.
© 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction Weathering of Ca, Mg-containing silicates is of par-
ticular importance because of the role of Ca and Mg
cycling in controlling the long-term atmospheric CO,
budget, and by implication, on the global climate.
Despite the importance of the weathering of these
minerals, relatively few studies have assessed the
m}m ding author. dissolution kinetics of these phases in the laboratory

' L. Robert Kimball and Associates, 615 West Highland Ave., and in the field [for a summary, see the recent review
P.0. Box 1000, Ebensburg, PA 15931, USA. by Brantley and Chen (1995)].

Because of instability under surface conditions,
weathering of pyroxenes and amphiboles provides a
major source of Mg, Fe and Ca in natural waters.
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Considerable discrepancies exist in the literature
concerning the dissolution kinetics of inosilicates,
and, particularly, the pH- and temperature-depen-
dence of their dissolution rates (Luce et al.,, 1972;
Schott et al., 1981; Rimstidt and Dove, 1986; Fer-
ruzzi, 1993; Knauss et al., 1993; Xie, 1994). Two of
the sources of these discrepancies may be differences
in types of chemical reactors used for dissolution
studies and differences in experimental duration. A
continuously stirred tank reactor (CSTR) has a major
advantage over a batch reactor in that a CSTR can
assess the dissolution kinetics under constant solu-
tion chemistry (Hill, 1977). However, the duration of
reaction with a CSTR must be long enough for the
system to reach the steady state condition, where the
rate of dissolution is constant. This usually means
that several thousand hours are needed in order to
get a single rate measurement for inosilicate dissolu-
tion under ambient temperatures [e.g., for horn-
blende, see the work of Zhang et al. (1993)]. Reac-
tion durations vary from worker to worker [e.g., for
wollastonite, < 20 h, see the work of Rimstidt and
Dove (1986); 500 h, see the work of Xie (1994)],
and it is reasonable to assume that the results ob-
tained for very short durations may not have reached
true steady state.

Another source of discrepancy is the choice of
normalization factor for the measured dissolution
flux. Several authors reported dissolution rates of
inosilicates normalized to the initial surface area as
measured by BET adsorption isotherm (Knauss et
al., 1993; Xie, 1994). This approach may differ from
normalization by final surface area since the specific
surface area often changes through dissolution. A
doubling in surface area may result in an error of 0.3
log units to the rate. In addition, some authors
reported the dissolution rates normalized to the mass
or assumed surface area estimated from the geometry
of the starting materials (Schott et al., 1981; Siegel
and Pfannkuch, 1984). The surface area of inosili-
cates measured by BET commonly differs from the
geometric surface area by factors of 3 to 13 (Luce et
al., 1972; Schott and Berner, 1983; Rimstidt and
Dove, 1986; Mast and Drever, 1987; Knauss et al.,
1993; Xie and Walther, 1994; Banfield et al., 1995).

However, a controversy exists as to whether the
initial or final BET surface area is appropriate to use.
Data reported by Murphy and Drever (1993) and

Drever et al. (1994) suggest that the initial BET area
is the appropriate number, whereas Stillings and
Brantley (1995) observed the opposite in their inves-
tigation of feldspar dissolution.

Another important but often unnoticed error oc-
curs when experiments are run close to neutral pH.
Evaluation of data reported in the literature shows
that many near-neutral solutions used in inosilicate
dissolution experiments were supersaturated with re-
spect to one or more secondary phases [e.g., diopside
dissolution by Schott et al. (1981); augite dissolution
by Siegel and Pfannkuch (1984); hornblende dissolu-
tion by Zhang et al. (1993)]. Supersaturation of
secondary phases may correlate with slow dissolu-
tion of the primary phase due to lowered chemical
affinity, precipitation of armoring phases, or difficult
data interpretation.

Some workers used buffer solutions in their ex-
periments in order to maintain constant pH and ionic
strength [e.g., for diopside dissolution by Schott et
al. (1981) and Knauss et al. (1993); for enstatite
dissolution by Schott et al. (1981)]. However, as
indicated by several workers, use of buffers may
have side effects on dissolution kinetics of silicate
minerals due to the formation of complexes which
may accelerate or inhibit the dissolution of the phase
of interest (Dove and Crerar, 1990).

The proton-promoted dissolution rate, r, at low
pH is usually expressed as:

r=k[H'] (1)
or
log r=1log k —npH (2)

where k is the apparent rate constant, n is the
apparent reaction order with respect to H*, and [H"]
refers to H™ activity. Both k and n are temperature-
dependent (Laidler, 1987; Brady and Walther, 1992;
Casey and Sposito, 1992). Because of the different
approaches used in obtaining dissolution rate data,
the reported pH-dependence of dissolution for pyrox-
enes and amphiboles varies from worker to worker.
For the pyroxene group, values of » as high as 0.7
(Schott et al., 1981; Schott and Bemer, 1985) or as
low as 0.2 (Knauss et al., 1993) have been reported
for diopside at room temperatures. Similar discrepan-
cies also exist for enstatite: the reported values of n
at room temperature range from 0 to 0.8 (Luce et al.,
1972; Schott et al., 1981; Schott and Berner, 1985;
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Ferruzzi, 1993). Dissolution data for the amphibole
group are rare in the literature; however, values
ranging from O [anthophyllite, see the work of Mast
and Drever (1987)] to 0.7 [hornblende, see the works
of Zhang et al. (1993) and Sverdrup (1990)] were
reported at room temperature.

The literature data also show great variation in
activation energy (E,) of inosilicate dissolution. For
example, values of E, ranging from 9 to 36 kcal
mol ' (Sanemasa and Kataura, 1973; Schott et al.,
1981; Schott and Petit, 1987; Knauss et al., 1993)
were reported for diopside dissolution. No E, data
are available in the literature for amphibole dissolu-
tion.

The surface protonation model (Schindler, 1981;
Stumm and Furrer, 1987; Blum and Lasaga, 1988,
1991; Brady and Walther, 1989) is the most com-
monly used model in describing the dissolution ki-
netics of oxides and silicates. According to this
model, the surface hydroxyl groups are protonated or
deprotonated with variation in pH. The pH, . is
defined for each mineral as the pH in which the
concentration of positively charged surface sites
equals the concentration of negatively charged sur-
face sites in the absence of specifically adsorbed
cations or anions. According to the surface protona-
tion model, the dissolution rate of the mineral is
dependent on the concentration of the protonated
surface sites at pH <pH, ... Results of proton ad-
sorption experiments show that proton adsorption
enthalpies are consistently exothermic and that the
PH,,,, decreases as temperature increases (Mac-
hesky, 1989; Brady and Walther, 1992). This obser-
vation led Brady and Walther (1992) to suggest that
as temperature increases, the absolute value of n will
increase.

According to Casey and Sposito (1992), at pH <
PH,, .- the E, for proton-promoted dissolution can
be separated into three terms: the activation enthalpy
of dissolution, the enthalpy of proton adsorption, and
the enthalpy that arises from long-range electrostatic
interactions among charged surface groups. They
proposed that the last term would introduce a signifi-
cant pH-dependence in the experimental E,. In other
words, their model, in agreement with that of Brady
and Walther (1992), predicts that as temperature
increases, dissolution rate will become more pH-de-
pendent (» will increase).

Literature data on the temperature effect of pH-
dependence of inosilicate dissolution do not agree.
For example, Schott et al. (1981) and Schott and
Bemner (1985) reported that for diopside dissolution
in acid solutions, the value of » increased from 0.7
to 0.75 when temperature increased from 20° to
50°C, whereas Knauss et al. (1993) reported a con-
stant value of 0.2 at temperatures from 25° to 90°C.
For double-chain silicates, no data are reported in the
literature.

The goal of this study was to determine the
dissolution kinetics of diopside and anthophyllite
under well constrained conditions. To overcome the
problems discussed earlier in this section, we ran the
dissolution experiments of inosilicates in dilute HCI
solutions using continuously stirred flow-through re-
actors. The flow rates were so selected that the
solutions were far from equilibrium with any of the
possible solid phases listed in the database of
SOLMINEQ (Kharaka et al., 1988). Also, we ran the
experiments over long timescales (thousands of
hours) to reach true steady states. The dissolution
rates were normalized using the final BET surface
area. Initial surface areas are also reported. Under
these conditions, reliable data can be obtained con-
cerning the pH- and temperature-dependence of the
dissolution rates.

This study is a part of our work on dissolution
kinetics of silicates with different structures. One of
our purposes is to compare the dissolution data of
pyroxenes and amphiboles with those of other sili-
cates.

2. Materials and methods
2.1. Starting materials

Diopside and anthophyllite were obtained from
Ward’s Natural Science. The diopside samples, inac-
curately named as enstatite in Ward’s catalog, were
from Kangan of Andhra-Pradish, India, while the
anthophyllite samples derived from Rakabedo Mines
of Udaipur, India. Bulk chemical analyses on cleaned
(see below) samples, based on the lithium metabo-
rate fusion method (Shapiro, 1975), are listed in
Table 1. The mineralogies of the cleaned bulk sam-
ples were confirmed by X-ray diffraction. The diop-
side samples were also examined using electron mi-
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Table 1
Mineral composition
Si0, MgO Ca0 Fe,04 Al, O, Na,O TiO, MnO P,Os
Bulk chemical analysis (lithium metaborate fusion)
Diopside 54.20 14.70 19.40 7.43 242 0.63 0.22 0.13 0.09
Anthophyllite 59.50 29.00 0.40 9.64 0.42 0.02 0.02 0.02 0.12
Electron microprobe analysis
Bulk diopside 50.47 12.82 21.70 7.46 4.36 1.15
50.07 12.90 21.23 7.26 4.56 1.23
Lamellae in diopside sample 49.94 20.97 1.74 24.68 2.59 0.02
49.58 20.86 1.42 2295 3.14 0.07
Values are expressed as wt.% of oxide.
Mineral compositions based on bulk chemical analysis are: diopside: Ca, Mg, (Fe,,Al, 51,04; anthophyllite:

Mg ;Fe, 4 Al Si; 30,,(0H),.

croprobe for possible exsolution. On a few samples,
we observed under back-scattered electron mi-
croscopy, lamellae of different composition. The
composition of the lamellae is characterized by rela-
tively low Ca and high Mg and Fe contents, similar
to pigeonite or hypersthene. Results of the micro-
probe analysis are also listed in Table 1. We also
observed occasional dolomite and rutile inclusions.
Rutile was always seen in the lamellae. The inclu-
sions were usually less than 10 g#m in dimension.

Diopside samples were hammer-crushed, dry-
ground using an agate mortar, and then sieved to
obtain the size fraction of 100-200 mesh (150-75
um). The powder sample was then ultrasonically
cleaned of ultrafines in spectroscopic grade acetone
and the supernatant was decanted. Ultrasonication
was repeated several times until the decanted solu-
tion was clear.

The procedure of treatment for anthophyllite was
different than that of diopside because of the fibrous
nature of this mineral. Anthophyllite samples were
first crushed using a hammer, and then put into a
blender containing pure methanol. After about 30
min of treatment, the samples were dried at room
temperatures and sieved to obtain the 35-400 mesh
size fraction (corresponding to 500 to 38 um). This
sample was then ultrasonically cleaned in pure ace-
tone. However, even after repeatedly cleaning the
samples, we were unable to get clear supernatants,
and we therefore used the samples after cleaning
more than a dozen times.

Both mineral samples were dried in an oven at
105°C and stored in a desiccator before experiments.

2.2. Apparatus

Dissolution experiments were performed using
continuously stirred flow-through reactors. Reactors
of polycarbonate and Teflon were used for experi-
ments at 25°C (Fig. 1A), and reactors made from
titanium were used at 90°C (Fig. 1B). The details of
the reactor design and flow system configurations
were similar to those for albite dissolution experi-
ments discussed in the work of Chen and Brantley
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Fig. 1. Schematic diagram showing continuously stirred flow-
through reactors. (A) Reactor made from polycarbonate, used for
experiments at 25°C. (B) Reactor made from titanium (parts show
in hachures), used for experiments at 90°C. The gasket was made
of Teflon, and the filter was made of PTFE.
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Table 2
Experimental conditions
RUN T (°C) pH Flow rate (mlh™") Mass of sample (g) Duration (h)
inlet outlet®
Diop25-1 25 1.0 1.23 0.35 + 0.003 2.00 3400
Diop25-2 25 2.0 2.05 0.35 + 0.003 2.00 3400
Diop25-3 25 3.0 3.16 0.50 +£0.01 2.00 3400
Diop25-4 25 35 3.55 0.52 £ 0.01 2.00 3400
Diop90-B %0 20 2.17 0.96 + 0.02 2.00 1830
Diop90-C 90 3.0 3.18 1.92 +£0.01 2.00 1830
Diop90-D 90 35 3.82 1.84 +0.03 2.00 1830
Anth25-1 25 1.0 1.24 0.36 + 0.01 1.00 3400
Anth25-2 25 2.0 2.04 0.35 + 0.004 1.00 3400
Anth25-3 25 3.0 3.12 0.48 £+ 0.01 1.00 3400
Anth25-4 25 35 3.58 0.54 +0.07 1.00 3400
Anth90-A 90 1.0 1.09 0.82 +£0.03 1.00 1380
Anth90-B 90 20 1.93 0.82 +0.11 1.00 1380
Anth90-C 90 3.0 2.99 1.91 £ 0.03 1.00 1380
Anth9)-D 90 35 3.55 1.96 £+ 0.01 1.00 1380

*Outlet pH at 90°C was corrected to 90°C by means of SOLMINEQ using the value measured at room temperature.

(1997). Reactors at 25°C were stirred by magnetic
stir bars, while reactors at 90°C were continuously
rotated back and forth.

2.3. Chemical analyses and surface area measure-
menis

The pH values of all solutions were measured
using an Orion 940 pH meter with an Orion Ross
combination pH electrode at room temperature. The
analytical uncertainty in pH measurement is +0.02.
Effluent solutions, continuously collected and acidi-
fied with 1:10 HCl, were analyzed for Si, Mg, Ca,
Fe, and Al with a PC3000 Leeman Labs ICP emis-
sion spectrometer and with a Spectronic 601 spectro-
photom-eter (heteropoly blue method, see the work
of Greenberg et al. (1985) for Si concentrations in
solutions collected during anthophyllite dissolution
at 25°C, and during diopside dissolution at pH 3.5
and 25°C, where concentrations were too low for
ICP).

Values of pH of the solutions at 90°C were calcu-
lated from the values measured at 25°C using the
computer code SOLMINEQ, Version 1988 (Kharaka
et al., 1988). This code uses mass balance and mass
action to calculate [H*]. The calculated 90°C pH
values are very close to those measured at room
temperature with a maximum difference of 0.02
units. Specific surface areas of samples before and

after experiments were measured using a three-point
BET method with Kr as the adsorbate on a Quanta-
sorb Sorption System QS-10 by Quantachrome.

2.4. Experimental conditions

Table 2 shows all the experimental conditions.
The dissolution experiments were conducted at tem-
peratures of 25° and 90°C and initial pH values from
1 to 3.5. All starting solutions were prepared with
pure HCl and no buffer solution in order to avoid
possible inhibition or promotion effects of foreign
species. The pH values range from 1.23 to 3.55 for
the effluent solutions. The flow rate differs from
experiment to experiment (Table 2). For experiments
at 90°C, the flow rates were 0.86 to 1.96 ml h™'. For
experiments run at 25°C, flow rates were doubled at
~ 2000 h in order to attempt to speed the rate of
attainment of steady state (faster flow rates cause
slightly lower pH values because of lower residence
times in the reactors). The flow rates listed in Table
2 were the final rates of the experiments.

2.5. Calculation of dissolution rates and Gibbs free
energy of reaction

The release rates of Si, Ca, Mg, Fe and Al for
diopside and anthophyllite dissolution were calcu-
lated using the following equation:

r,=QC, /(3,600,000 Sv;) (3)
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where r; is the release rate of element i (mol cm™*
s~') normalized for mineral stoichiometry, Q is the
volumetric flow rate (ml h™'), C, is the effluent
concentration of i (mol 17'), S is the final surface
area (cm?), and v, is the stoichiometric coefficient of
element i in the mineral formula. Rates were calcu-
lated from averages over the last few measurements
when dissolution was at steady state, i.e., concentra-
tions were nearly constant.

For both minerals, the Si concentration in solution
was measured accurately by ICP and spectrophotom-
etry methods throughout the dissolution experiments.
However, measurement of the other elements was
problematic, due to lower concentrations in some
cases. Hence, in the subsequent discussions, the re-
lease or dissolution rates are all based on Si concen-
trations unless otherwise specified.

The error of measurement in dissolution rates is
estimated based on errors in chemical analysis
(£5%), flow rate (£0.3-12%), and surface analysis
(£25%).

Gibbs free energy of reaction (AG) is defined in
the following equation:

AG = RTIn(Q/K,,) (4)

where R is the universal gas constant, 7 is tempera-
ture, Q represents the reaction activity quotient, and
K., stands for the equilibrium constant of the disso-
lution reaction at the temperature and pressure of
interest.

The computer code SOLMINEQ (Kharaka et al.,
1988) was used to calculate the AG values.
SOLMINEQ uses the iteration technique for the
mass balance calculation and an extended Debye—
Huckel equation for the activity coefficient model.

The thermodynamic data used to calculate the AG
value of diopside in SOLMINEQ are taken from the
works of Helgeson (1985) and Robie et al. (1978).
Data for anthophyllite dissolution are from the work
of Helgeson et al. (1978).

The AG values for both diopside and anthophyl-
lite were calculated assuming congruent dissolution
of the pure endmember of the corresponding phase:

Diopside:CaMgSi, 0, + 4H " + 2H,0 « Ca*'

+Mg2" + 2H, Si0! (5)
Anthophyllite:Mg,Si;O,,(OH), + 14H" + 8H,0
= 7Mg?™ + 8H,Si0! (6)

No attempt was made to estimate the AG for the
exact composition of our diopside and anthophyllite
samples (Table 1).

3. Results

Dissolution experiments were run for 3400 h at
25°C for both diopside and anthophyllite, but 1380 h
and 1830 h at 90°C for anthophyllite dissolution and
diopside dissolution, respectively.

The measured initial surface areas of diopside and
anthophyllite samples were 860 and 12,100 cm*® g™/,
respectively. Dissolution of diopside under all exper-
imental conditions resulted in increased specific sur-
face areas which range from 1300 to 2340 cm* g '
(Table 3). The largest increase (factor of 2.7) was
observed after dissolution at 90°C and pH 3.18 for
1830 h (Run Diop90-C). The change in specific
surface area for anthophyllite after experiments was
minimal: except for experiment Anth90-A (which
decreased from 12,100 to 7610 cm® g~ '), little
change in specific surface area was observed under
any conditions (Table 4). Tables 3 and 4 show the
results of our diopside and anthophyllite dissolution
experiments at 25° and 90°C and at various pH
conditions.

The concentrations and dissolution rates shown in
Tables 3 and 4 are steady state values calculated
when concentration and flow rate were constant. The
Si-based rates vary from 4.3 X 107 to 7.7 x 10"'*
mol cm™> s™' for diopside dissolution and from
49>107" t0 3.1 X 107" mol em™2 s~' for an-
thophyllite under the different conditions. The disso-
lution rates calculated based on Ca and Mg concen-
trations for diopside and that based on Mg and Fe for
anthophyllite are also listed in the tables.

The experimental results are also presented in
terms of the time evolution of the normalized release
rates of Si, Mg, Ca and Fe (if applicable) in Fig.
2a~d. Note that during the course of experiments for
diopside and anthophyllite dissolution at 25°C, we
doubled the flow rate. The change in flow rate is
reflected by the discontinuity at about 2000 h shown
in Fig. 2a and c.

Solubility calculations completed for experimental
solutions show that the solutions were undersaturated
with respect to any likely secondary phases. The AG
values for diopside dissolution calculated based on






