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Abstract

The steady state dissolution rate of San Carlos olivine [Mg; g,Feq 15 SiO4] in dilute aqueous solutions was measured at 90, 120, and
150 °C and pH ranging from 2 to 12.5. Dissolution experiments were performed in a stirred flow-through reactor, under either a nitrogen
or carbon dioxide atmosphere at pressures between 15 and 180 bar. Low pH values were achieved either by adding HCI to the solution or
by pressurising the reactor with CO,, whereas high pH values were achieved by adding LiOH. Dissolution was stoichiometric for almost
all experiments except for a brief start-up period. At all three temperatures, the dissolution rate decreases with increasing pH at acidic to
neutral conditions with a slope of close to 0.5; by regressing all data for 2 < pH < 8.5 and 90 °C < T'< 150 °C together, the following
correlation for the dissolution rate in CO,-free solutions is obtained:
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with 4 =0.0854 (+0.67 to —0.076), the activation energy E,=52.9+6.9kImol ' K™, n=0.46+0.03 (R*=0.98) and r in
[mol cm~2s™'], based on a 95% confidence interval. Data were fitted to a shrinking particle model, being based on the assumption of
surface controlled dissolution throughout the whole experiment, with dissolution extent varying from less than 1% up to complete dis-
solution, depending on the experimental conditions. In the presence of CO, and at low pH, dissolution rates exhibited the same behav-
iour as a function of pH, however at pH > 5 the rate decreased much more rapidly with pH than in the presence of N,. The presence of
citric acid, an organic ligand, increased dissolution rates in respect to the baseline HCI solution significantly.

© 2006 Elsevier Inc. All rights reserved.

1. Introduction CO,. In addition, magnesium silicate dissolution and
hydrolysis equilibria play a fundamental role in defining

The dissolution and reactivity of silicate minerals on the
Earth’s surface have proceeded throughout geological time
in response to and in concert with changes in atmospheric
chemistry and geophysical phenomena as manifested by
global tectonics. The interaction of natural waters with sil-
icate minerals plays an important role in the global carbon
cycle and, in particular, the release of magnesium and cal-
cium during silicate mineral dissolution comprises an im-
portant aspect of the global sequestration of atmospheric
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important aspects of the chemistry of seafloor hydrother-
mal systems and the alteration of oceanic crust. However,
the kinetics of all the relevant heterogeneous mineral equi-
libria are essentially unknown under hydrothermal
conditions.

The aim of this study is to provide kinetic data for the
dissolution of olivine at elevated temperature and under
high CO, pressure and to study effects of solution compo-
sition. The dissolution of olivine, and that of other silicates
like serpentine, is one of the main rate-limiting steps of
mineral carbonation, a novel technology which strives to
store anthropogenically generated CO, in solid Mg- and
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Ca-carbonates. It involves the dissolution of Mg- and Ca-
rich silicates in aqueous solutions, at high temperatures
and under high CO, pressure, followed by the precipitation
of carbonates. The idea of mineral carbonation was first
developed by Lackner et al. (1995) and is part of a portfolio
of different carbon dioxide capture and storage (CCS) tech-
nologies, intended to reduce human-induced carbon diox-
ide emissions into the atmosphere (IPCC, 2005).

Dissolution kinetics for olivine and serpentine, the two
main source minerals for mineral carbonation, have been
studied for several decades; especially, olivine has attract-
ed noticeable interest, mainly due to its structural simplic-
ity and high reactivity (Wogelius and Walther, 1991;
Chen and Brantley, 2000; Pokrovsky and Schott, 2000;
Rosso and Rimstidt, 2000; Oelkers, 2001). However, al-
most all studies were conducted at temperatures between
25 and 65°C and at ambient pressure (see overview by
Rosso and Rimstidt, 2000), whereas the optimal reaction
temperatures for the process of mineral carbonation have
been found to be between 150 and 200 °C and at CO,
pressures of up to 250 bar (O’Connor et al., 2004). In
addition, the presence of CO,, a major factor in the car-
bonation results reported so far, has only been looked at
in a few cases (Pokrovsky and Schott, 2000). Other fac-
tors, like the effect of ligands have only been studied at
ambient temperature (Grandstaff, 1986; Wogelius and
Walther, 1991).

It has been recognised in the literature that dissolution
rates of silicates are typically reproducible to within
40.25 log units within one laboratory and to within two or-
ders of magnitude among different laboratories, which
illustrates the difficulties one faces in comparing reported
dissolution rates (Kump et al., 2000). These differences
stem both from the varying properties of natural minerals
and from experimental difficulties, e.g., very low aqueous
concentrations.

In the following, we report dissolution rates of olivine at
90, 120, and 150 °C, the effect of CO, and citric acid, and
discuss these results in comparison with previous studies.

2. Dissolution of olivine
2.1. General dissolution kinetics

The dissolution rate of olivine exhibits a marked depen-
dence on the solution pH, as it has been noted with other
silicate minerals. This dependence represents a trend that
is independent of the absolute value of the dissolution rate,
and is based upon a quite large dataset. At acid to neutral
conditions and ambient temperature, the exponent, n, in
the relationship » oc aj,; has been found in many dissolu-
tion studies to be close to 0.5 over the range of pH 2-6,
with r being the dissolution rate and ay+ the hydrogen
ion activity. At basic conditions, the trend is less clear
and only few results have been published; however, they
indicate that the dissolution rate is no longer a function
of pH above pH 7-8. An overview of previous studies of

olivine dissolution is given in Table 1, listing the conditions
under which experiments were carried out and the reported
values for the dissolution rate, pH dependence, and activa-
tion energy.

Two different reaction mechanisms have been proposed
by Pokrovsky and Schott (2000), a first one governing the
dissolution at pH lower than 7, being pH dependent, and a
second one becoming dominant at pH higher than 8 and
exhibiting no pH dependence. The first mechanism involves
the adsorption of one H' ion onto two elemental cells of
olivine, resulting in the cited pH dependence. This is
accompanied by the extraction of Mg>" ions and the for-
mation of a very thin Mg-depleted layer on the surface.
The second mechanism is based upon the formation of
MgOH, " surface groups, which form after the extraction
of SiO,, whose concentration determines the dissolution
rate, and whose formation and detachment is independent
of pH, thus explaining the independence of the dissolution
rate of pH. A thin Si-depleted surface layer is formed un-
der these conditions (Pokrovsky and Schott, 2000). There
is no clear agreement about whether the pH dependence
changes with increasing temperatures, with two studies
reporting no change with temperature, and two others
finding values for n between 0.33 and 0.7 at higher temper-
atures (see Table 1).

Another quantity, the activation energy, is less well esti-
mated, with reported values varying between 25 and
125 kJ/mol. This range can be narrowed, however, as a
more detailed discussion will show later.

Under the assumption that the pH dependence is inde-
pendent of temperature, the following correlation can be
used to describe dissolution rates:

r = Adj. exp <Rf;a> (1)
with r being the dissolution rate [mol cm 2 s~ '], 4 a pre-ex-
ponential factor [molcm™?s™'], E, the activation energy
[kJ mol '], T'the temperature [K], R = 8.3145 kJ mol ' K™
the gas constant, ay+ the hydrogen ion activity [—], and n the
reaction order with respect to H'.

If one wants to account for a change in pH depen-
dence with temperature—for which non-consistent re-
sults have been reported—it is either necessary to find
a correlation for n with temperature, or to calculate a
pH-dependent activation energy, leading to the follow-
ing expression:

—E:

r-Bexp(RT> (2)
where B is a pH-dependent pre-exponential factor
[mol cm~2s~'], and E’ the pH-dependent activation ener-
gy. E; for pH 0 is equal to the standard pH-independent
activation energy. This approach has only been implement-
ed by Chen and Brantley (2000), combining their own re-
sults with those of other groups.

Dissolution rates are usually expressed in moles per unit
area per unit time, with the effective surface area being




Table 1

Olivine dissolution results

Wogelius and

Van Herk

Pokrovsky and Rosso and
Schott (2000)

25°C
1-12

0.5

Oelkers
(2001)

Grandstaff  Jonckbloedt

Blum and Chen and

Awad et al. (2000)*

Walther (1992)

25-65°C
2-12.4
0.54

et al. (1989)

40-70 °C
1-3

Rimstidt (2000)

25-45°C

1.8-3.8

0.5

(1998)°

Lasaga (1988) Brantley (2000) (1986)b

25°C

25-65°C

2

60-90 °C
—0.7-2

0.33

1-49 °C

2.9-5

65°C
2-5

23-90 °C
1,2

Temperature

pH

2-5,9, 11

0.56

1.1 (25°C)

0.7

0.48/0.40

pH dependence (pH < 6)

(50/70-90 °C)

79.5 (£10)

(HCI/H,SO0.)"

55/67

42.6 (+0.8)

63.8 (£17)

38.1 (£1.7)  66.5 (£2)

126 (at pH 0)°

71.5 (+12) (bulk)?

Activation energy [kJ mol ']

7.6x 10713

1.2x 1071

1.3x1072 23x1071?

3.9x 107"

1.9x10°75

1.1x 1072

1.3x107 "

Dissolution rate (25 °C, pH 2)

[mol cm 2 s
BET area over geom. area

5.7 (Ny) 39 (Ny) 6.2 (Kr)

3.1 (Kr)

3.1 (Kr)

52 (N3)

1.9 (Kr)

# Measuring the shrinking of small olivine cubes; rates are relative to geometric surface area not BET surface area.

b Reporting a much higher BET surface, which, if correct, would indicate bigger internal surfaces, with diffusion limitations possibly causing a different dissolution behaviour.

¢ Rates relative to geometric surface of spherical particles.
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9 114.5, 69.9 and 72.9 [kJ mol~'] along three different perpendicular axis.

© 113/104/92/83 [kJ mol~'] at pH 1/2/3/4, derived by combining their results with those from Blum and Lasaga, 1988; Wogelius and Walther, 1992.

! Correcting the omission of the factor In(10) in their calculations.

& Using Eq. (1) with fitted parameters; extrapolated values in italics.

determined by krypton or nitrogen gas adsorption, using
the BET method. Already at this stage, differences are
introduced since for example using nitrogen usually results
in larger surface areas than using krypton (Brantley and
Mellott, 2000). Furthermore, small impurities with much
higher specific surfaces, such as talc, can introduce
significant errors (Brantley and Mellott, 2000). The
convention is to express all rates relative to the initial
surface area, assuming that for slow dissolution rates the
effective surface does not change significantly over the
course of the experiment. To compare the measured sur-
face areas reported by the different groups, it is necessary
to normalise the area with respect to the particle size
distribution of the measured samples. The following ratio
can be defined:

g, = b ()
with ag, being the BET surface area [em? g7, p the density
of olivine [g cm ], and dy; the geometric mean of the par-
ticle diameter calculated from the lower and upper limit of
the particle size range [cm]. The ratio ga quantifies the dif-
ference between the BET area and the geometric surface of
a sphere of the same particle size. Such difference is due to
surface roughness, to deviations from the spherical shape
and to the physics of the BET surface measurement. Even
for a population of particles from the same sieve fraction
and with similar surface characteristics, g5 may differ due
to differences in the particle size distribution, because of
the presence of fines. Calculating this value for a large
number of reported BET surface area measurements in
the literature, it can be seen that in the majority of cases
a value between 2 and 6 is found. The much higher values
found by Van Herk et al. (1989) and Grandstaff (1986)
indicate either measurement errors or the use of olivine
with noticeably higher (internal) surfaces, e.g. in the form
of cracks, imperfect removal of fines, or the presence of
impurities of other minerals.

Using Eq. (1) with the fitted parameters from five earlier
studies, the dissolution rate of olivine at 25 °C and pH 2 is
found to vary between 8 x 10~'3 and 2.3 x 10~'? mol oliv-
ine cm 2 s~!, with three of the five values being between
1.1x 107" and 1.3x 1072 mol cm 2s~! (see Table 1 for
references). Awad et al. (2000), using the completely differ-
ent experimental approach of measuring the size of small
dissolving olivine cubes instead of measuring the release
of ions into the solution, reported a noticeably higher value
of 1.3x 10" molem ?s™!. Since the BET surface area
was not determined by them, this number refers to the geo-
metric surface area of their cubic particles instead. At high-
er pH values, the spread among the reported rates is getting
slightly larger but the relative order among the different
studies is maintained. Considering also extrapolated values
from Rosso and Rimstidt (2000), the reported values at pH
6 and 25°C vary Dbetween 5x107"°  and
2.3%x 10" molem 25!, with an unweighted average of

1.2x 107 mol em™2s7".



4406 M. Hdnchen et al. 70 (2006) 4403—4416

At 45 °C and pH 2, the values from two studies (Ros-
so and Rimstidt, 2000; Oelkers, 2001), having almost
identical rates at 25°C, differ by a factor of two. At
65°C and pH =2, another study (Chen and Brantley,
2000) reported a dissolution rate five times higher than
those of Oelkers (2001), which already represented a
higher end value at 45°C. Experimental results at up
to 90 °C are available from two studies using different
experimental approaches than the previously mentioned
studies (Awad et al., 2000; Jonckbloedt, 1998). Although
their dissolution rate values cannot directly be compared
to other findings since the BET surface area can only be
estimated in these cases, the activation energies, obtained
at elevated temperatures, can, however, be compared and
do not differ significantly from those measured at lower
temperature.

In extrapolating these data to 150 °C and above, the
choice of activation energy is crucial. Excluding values
found by combining the results of different studies (Chen
and Brantley, 2000), those using proxy data (Brady et al.,
1999), as well as those derived from very small data sets
and partly incongruent dissolution (Wogelius and Walther,
1992) and correcting an error in those found by Van Herk
et al. (1989), the two lowest values found are 38 and 43 kJ/
mol, with the latter being based on the large data set of
Rosso and Rimstidt (2000). Four other groups report fig-
ures between 55 and 72 kJ/mol with standard deviations
between 2 and 17 kJ/mol. Awad et al. (2000) measured dif-
ferent activation energies and dissolution rates along differ-
ent crystallographic axes, concluding that the bulk
activation energy should increase with temperature as dis-
solution along one axis becomes dominant. Extrapolating
the dissolution rates along the three different axis separate-
ly by using the respective activation energies and dissolu-
tion rates would roughly double the estimated bulk
dissolution rate at 150 °C with respect to the conventional
approach of scaling the dissolution rate with a constant
activation energy. This comparison uses for the latter ap-
proach the bulk activation energy calculated by Awad
et al. (2000), which is already the highest activation energy
reported.

2.2. Effect of ligands

Numerous studies have demonstrated the significant
influence of (organic) ligands on dissolution rates of sili-
cates (e.g., Furrer and Stumm, 1986). Wogelius and Wal-
ther (1991) showed a marked increase in the dissolution
rate of olivine in solutions containing potassium hydrogen
phthalate (KHP)-HCI buffer as well as solutions contain-
ing ascorbic acid over the range of pH 2-6 compared to
HCI solutions, with the effect increasing with pH, thus
resulting in a much reduced pH dependence. Following
Furrer and Stumm (1986), they argue that the formation
of surface complexes, upon the adsorption of organic com-
pounds, creates the precursors, which then detach from the
mineral surface. They further theorise that a negatively

charged ligand adsorbs on a hydrated Mg surface site
MgOH,*. The levelling-off of the effect of different ligands
(KHP, ascorbate) towards lower pH values was conjec-
tured to come from the saturation of the surface sites or
the ligands with protons. The dependence on the ligand
concentration was found to be very similar to the hydrogen
ion dependence, with an exponent of 0.6.

Grandstaff (1986) measured dissolution rates of olivine
in a number of different ligands. The enhancement effect
on the dissolution rate varied among the different com-
pounds as follows: EDTA = citrate > oxalate > tannic
acid > succinate > phthalate > acetate = KCI. This corre-
sponds to the order of strength of the cation-organic com-
plex. For EDTA the dissolution rate increased by a factor
of 100 at 0.01 M compared to a factor of 10 for phthalate
and 1.1 for acetate, all at the same concentration. For the
three ligands, EDTA, phthalate and fulvic acid the reaction
order was found to be close to 0.5. Measuring at two differ-
ent pH values, 4.5 and 3.5, they also found the effect to de-
crease markedly with decreasing pH.

Similar effects were also found for the dissolution of ser-
pentine in the presence of ligands, underlining the general
nature of cation-ligand interaction (Park et al., 2003).

3. Experimental set-up and methods

Natural San Carlos gem-quality olivine crystals having
an average size of ~0.5cm were handpicked, crushed,
and sieved into different size fractions. The size fraction be-
tween 90 and 180 um was cleaned ultrasonically using eth-
anol to remove adhering fines and dried overnight at 60 °C.
The specific surface was measured by nitrogen adsorption
using the BET method. The resulting value of
797 + 55cm? g~ !, corresponds to a ratio ga of 5.5 (see
Eq. (3)). The average composition as measured by electron
microprobe analysis was found to be Mg, g, Fej 155104
(Mo = 146.4 g mol™'). The dissolution experiments were
performed in a stirred 300 ml titanium (grade 2) flow-
through reactor fed by an HPLC pump (see Fig. 1). Agita-
tion was supplied by a blade stirrer suspended from the top
of the reactor and driven by a magnetic coupling. In the
experiments under a CO, atmosphere, a stirrer entraining
the gas into the solution was employed to facilitate gas—li-
quid equilibrium. To ensure that mass transport limitations
did not influence the dissolution rate, the effect of the stir-
ring rate was studied at a high dissolution rate, i.e., at the
lowest pH value, and the stirrer rate for all experiments was
set at a value above which no influence of the stirring rate
could be detected under those conditions. The reactor was
operated with a liquid volume of between 160 and 180 ml,
the remaining volume containing the gas atmosphere. The
vessel was held under a nitrogen (grade 5.0, i.e., 99.999%
pure) or a carbon dioxide (grade 4.5, i.e., 99.995% pure)
atmosphere, with the feed solution being purged of oxygen
and other atmospheric components with the same nitrogen.
The CO, was fed from a high-pressure buffer tank, the N,
directly from a gas cylinder, both via front pressure regula-



Olivine dissolution kinetics at 90-150 °C 4407

Front pressure
regulator

Feed vessel

9,

Heat

Metering Online Mg
pump Il analysis
exchanger |
chroma - :
tography sampling

CO, buffer tank

Stirred titanium |

Back pressure
Offline analysis:

e regulator
autoclave \ - Si: Molybdate blue
- pH
- Temperature
T . =200°C
P 200b X D] | controlled oil
max ar [— bath

Fig. 1. Scheme of the experimental set-up used for the experiments.

tors. The feed, consisting of distilled water with the pH set
by adding HCI or LiOH, was introduced at a constant rate
varying between 2 and 10 ml/min. A second HPLC pump
was used to withdraw liquid at exactly the same flow rate
to maintain a constant liquid level in the reactor. Before
passing through the second pump, the outlet stream was
cooled down to ambient temperature in a heat exchanger.
A Dbackpressure regulator was used to depressurize the
effluent to ambient pressure. Samples were taken with a
fraction collector at regular intervals; the magnesium con-
centration in the outlet solution was measured in-line by
means of an ion chromatograph (CS12A column, Dionex)
and the silica concentration was measured spectrophoto-
metrically using the Molybdate Blue method (Grasshoff
and Anderson, 1999, p. 192). For all experiments under a
nitrogen atmosphere, the pH was measured with a pH-
probe off-line at ambient temperature. To estimate the
pH at the experimental temperature, the simulation pack-
age EQ3/6 Wolery (1992) was utilized. A database employ-
ing an extended Debye—Hiickel equation for the estimation
of the aqueous activity coefficients was used with it. The
fugacity of CO,, needed as an input parameter for EQ3/
6, was calculated with the correlation presented by Wolf
et al. (2004). Based on the measured pH and measured
magnesium and silica concentration, the actual pH was cal-
culated. Experiments were carried out at 90, 120, and
150 °C, and at pH values between 2 and 12.5.

In the experiments under a N, atmosphere, pressure was
50 bar at 90 °C and 20 bar at 120 and 150 °C. For the
experiments carried out under a CO, atmosphere, no pH
measurements were carried out and the pH was estimated
based on temperature, CO, pressure and cation concentra-
tions. The pH was varied by changing the CO, pressure be-
tween 15 and 180 bar, and by adding LiOH for the

experiments at higher pH; otherwise distilled H,O only
was used.

4. Modelling and analysis of the experimental measurements

Due to the time needed for filling and heating up the
reactor, the temperature was not constant during the first
25 min of each experiment, approximately. No data were
collected during this start-up period. The first sample was
taken directly after the unit was switched to continuous
mode, which marked time zero of the experiment, and
the measured concentration, ¢, o = c¢m(f = 0), of this sam-
ple was taken as initial condition.

For practical purposes, all experimental concentrations
are reported in olivine equivalents, taken as average of
the measured magnesium and silica concentrations, ¢m Mg
and ¢, 5 [mol 1711, assuming dissolution close to stoichi-
ometric conditions:

Cm = 0«5<Cm,5i + Cff’g;)- 4)

In the results shown in Figs. 2-5, the aqueous concentra-
tions in olivine equivalents of both the experimental values
and the model results (explained below), as calculated
using Eq. (4), are plotted over time. Fig. 5 illustrates this
procedure.

For modelling purposes, a perfectly stoichiometric dis-
solution can be assumed and ¢ [mol 17!}, the metal ion con-
centration in olivine equivalents, can be defined as follows:

c
CZCSiZT]\ggZ. (5)

As shown in the literature (Oelkers, 2001), the dissolution
rate of olivine in highly undersaturated solutions does
not depend on the concentrations of the ions released by
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Fig. 2. Slow dissolution at 90 °C: concentration of metal ions, averaged according to Eq. (4), over time for high pH (12.2) experiment, solid line represents

modelled concentration.
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Fig. 3. Fast dissolution at 120 °C: concentration of metal ions, averaged according to Eq. (4), over time for low pH (2) experiment, solid line represents
modelled concentration, dashed and dotted lines represent modelled concentrations using dissolution rates reduced or increased by 15% in respect to solid

line.

the dissolving mineral but is proportional to the surface
area. With saturation indices below —2, this situation cer-
tainly applies to our experiments; the saturation index S7
is the (decimal) logarithm of the ratio of the activity prod-
uct over Kgp:

[[a
SI = log-
ogK

(6)
sp

with a; being the activity of the aqueous ions [-], v the
stoichiometric coefficient [-] and K, the solubility product
[-]

Low temperature dissolution experiments of sparingly
soluble material are usually assessed by expressing the dis-
solution rate with respect to the initial BET surface area.
This, however, becomes impractical when during the

course of the experiment more than a few percent of solid
material are dissolved. Under these conditions, the total
available surface area, Ay, is reduced as the particles de-
crease in size.

Deriving the dissolution rate per unit surface area from
measured concentration values and using the BET surface
as reference, therefore, requires a model that describes how
two quantities that change significantly during the course
of an experiment vary, i.e., the metal ion concentration ¢
and the total available surface. To that effect, the two fol-
lowing mass balances, one over the metal ions in the liquid
phase and one over the metal ions in the solid phase, i.c.,
the mineral, have to be considered:

de

V— =

— R
& QOc +

(7)
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Fig. 4. Dissolution at 90 °C in the presence of citric acid: concentration of metal ions, averaged according to Eq. (4), over time, citric acid concentration
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Fig. 5. Dissolution at 120 °C in the presence of CO;: concentration of metal ions over time, * averaged data according to Eq. (4); +, Mg concentration in
olivine equivalents (cf. Eq. (5)), o, Si concentration, p(CO,) = 100 bar, solid line represents modelled concentration.

an _
dr

®)

with ¥ [1] being the liquid volume in the reactor, Q [1s™']
the flow rate of the stream leaving the reactor, R [mol oliv-
ine s~'] the absolute dissolution rate, m [mol olivine] the
amount of the solid in the reactor.

Eqgs. (7) and (8) are to be solved by a constitutive equa-
tion providing an expression for the absolute dissolution
rate R in terms of the unknowns ¢ and m. Such constitutive
equation is defined based on the assumptions that charac-
terise the dissolution model adopted in this work.

The first assumption is that the specific dissolution rate r
[mol cm 2 s~ '] given by

R = I/A‘Ol (9)

is constant throughout the whole experiment, with A4
[cm?] being the total available surface area.

As a second assumption, a general approach to relate
the total surface area of dissolving particles to their volume
or their mass is used. It assumes that A, is proportional to
mP (Jonckbloedt, 1998). For mono-sized convex particles
with constant shape factors p = %, for particle size distribu-
tions p > 0.67, its actual value depending on the shape of
the distribution. Therefore, R can be expressed as

R = rkm” (10)

with & [cm? mol ] being a proportionality factor. As a last
step, the initial total available surface area is set equal to
the area determined by the BET area measurement:

— — P
Alot,i = Asp iy = kmi

(11)
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k= asp‘imil_p (12)

with agp, i [cm? mol '], and the initial amount, n;. This ap-
proach ensures consistency with literature data being based
on the initial BET surface area.

Initial values for the integration of this model are ¢, o,

as defined earlier, and the amount of solid at time zero, m,:
Vem,o- (13)

me = mj; —

The particle dissolution model shows how the specific sur-
face varies during the dissolution. This is defined by Aot/
which using Egs. (9) and (10) can be written as:

Atot — k

m  mlr’

(14)

Since p < 1 (see below), the specific surface, as described by
our model, increases with time as m decreases, i.e. as disso-
lution proceeds. If this specific surface is interpreted as the
BET surface of the dissolving particles, then this observa-
tion indicates that our model is consistent with the experi-
mental evidence that BET surface increases during
dissolution (Chen and Brantley, 2000; Gautier et al., 2001).

Numerical integration of these equations yields ¢ = ¢(¢),
m = m(t), where c¢(¢) can be compared with the experimen-
tal evolution of the concentration plotted in Figs. 2-5. Inte-
gration depends on p and r; choosing different values leads
to different concentration profiles. Since p only accounts
for the shrinking of particles, it is therefore only a function
of the particle size distribution. Hence, with all olivine
coming from the same batch, p can be considered as con-
stant for all experiments. A value of p =0.85 provided
the best fit for the ensemble of all experiments and was
therefore used. The specific dissolution rate, r, is of course
the quantity we want to obtain, hence it changes from
experiment to experiment. In Fig. 3, the modelled concen-
tration for three different dissolution rates is shown. By
choosing the dissolution rate whose corresponding concen-
tration profile is the closest fit to the experimental data, the
actual value of r for each experiment is determined.

Two examples of dissolution under a nitrogen atmo-
sphere without additives are presented, a slow dissolution
experiment at 90 °C and high pH (Fig. 2) and a fast disso-
lution experiment at 120 °C and low pH (Fig. 3). In the
case of fast dissolution, the concentration increases initial-
ly, as the influx of ions from dissolution into the liquid
phase in the reactor surpasses its removal by the outgoing
liquid stream. After reaching a peak, the concentration
falls again as the particles decrease in size, and as a conse-
quence their surface area as well, and the absolute dissolu-
tion decreases. With the particles dissolving almost
completely towards the end, the concentration in the reac-
tor approaches asymptotically zero.

Two further examples, in the presence of citric acid
(Fig. 4) and under a CO, atmosphere (Fig. 5), follow the
same pattern, albeit with slower dissolution rates, and for
the experiment with CO, with a much longer start-up phase
due to a lower flow rate through the reactor. This shows

that the presence of CO, and citric acid does not alter
the underlying principle of surface controlled dissolution.

This notwithstanding, a simplified approach could be
taken for high pH experiments where dissolution rates
are too slow to lead to any noticeable change in the surface
area over the course of the experiment. After a start-up
period, a steady state is reached under these conditions,
where a simple mass balance of the liquid phase in the reac-
tor, in other words the steady state solution of Eq. (7),
yields an explicit equation for the dissolution rate, as it
has been applied for low-temperature experiments in the
literature:

C
e,

aspm’

(15)

The time needed to reach the steady state is determined by
the average residence time of the aqueous solution in the
reactor, i.e., the ratio between the reactor volume and the
flow rate, lasting between one and 6 h in our experiments
depending on the respective flow rate through the reactor.
The achievement of a steady state after a little more than
one hour can clearly be seen in Fig. 2.

5. Results and discussion
5.1. Experiments without CO,

The reaction rates, measured and regressed as described
above, are reported in Table 2 and shown in Fig. 6 as func-
tion of the pH at experimental conditions for 90, 120, and
150 °C together with data reported in the literature at 25 °C
(Pokrovsky and Schott, 2000). In addition to the dissolu-
tion rate obtained as described in the previous section,
the table lists the operating parameters temperature, flow
rate and amount of olivine and the aqueous concentration
in olivine equivalents (i.e., Aq. conc. in Tables 2—4). This
latter is calculated by taking an average of the magnesium
and silica values for each sample as described by Eq. (4)
and calculating the average over the whole experiment
duration. The pH at high temperature is calculated using
this average concentration. Furthermore, the experiment
duration, the amount dissolved and the Mg/Si ratio are
shown. The same values and additionally the CO, pressure
and the lithium or citric acid concentrations are shown in
Tables 3 and 4.

The dependence of the dissolution rate on pH follows a
trend found already at lower temperature. Up to about pH
8, the logarithm of the rate can be regressed linearly. For
pH values higher than that, the dissolution rate only shows
a very weak dependence on pH, confirming the trend found
at lower temperature. Regressing all data up to pH 8.5
together, yields the correlation listed below:

= Ad", ex —Ea
r = Ady+ p RT
with 4 = 0.0854 (+0.67 to —0.076), the activation energy
E,=5294+69kImol ' K™, n=0.46 £ 0.03 (R*=0.98)
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Table 2
Operating conditions and experimental results of experiments under nitrogen atmosphere (see text for explanation of values)
T[°C] pHat pH at —logr r[molem™2s™!] Aq.conc. Flowrate Amount Fraction Duration [h] Mg/Si Exp. No.
25°C  high temp. [uM] [mlmin~'] olivine [mg] dissolved [—] ratio [—]
90 2.01 2.01 9.658 2.20E-10 169.8 10 283.0 0.706 11.8 1.89 R12
90 2.02 2.03 9.658 2.20E—10 166.7 10 286.0 0.697 11.5 1.89 R11
90 3.02 3.02 10.06  8.70E—11 88.2 10 256.4 0.321 10 1.85 R15
90 3.66 3.66 10.102  7.90E—11 59.1 10 200.0 0.356 12.5 1.86 R17
90 4.58 4.59 10.767 1.71E—11 20.0 10 258.9 0.088 12.5 1.83 R14
90 5.25 5.33 11.225 595E—12 8.5 10 305.6 0.030 11.8 1.65 R18
90 5.67 6.19 11.79 1.62E—12 15.8 10 2016.7 0.008 11 1.72 R22
90 6.45 7.62 12.133  7.36E—13 7.1 10 1990.0 0.003 9.8 1.97 R21
90 6.64 7.84 12.03 9.33E—13 8.4 10 1990.0 0.006 15 2.21 R20
90 10.18 11.94 12.983 1.04E—13 5.5 2 2008.0 0.001 14 1.92 R24
90 10.37  12.21 12.662 2.18E—13 2.1 10 2016.0 0.001 6.8 1.39 R23
120 2.02 2.01 8.987 1.03E—-09 101.2 10 54.0 0.999 10 1.70 R28
120 2.00 2.02 8.951 1.12E-09 61.7 10 59.0 0.999 9.5 1.59 R27
120 2.01 2.02 8.886 1.30E—09 130.8 10 58.8 0.998 7 1.82 R34
120 4.17 4.24 10.036 9.20E—11 60.4 10 149.0 0.116 3 1.74 R37
120 5.14 5.13 10.398 4.00E—11 76.1 5 203.2 0.089 5 1.83 R36
120 5.37 6.31 10914 1.22E-11 239 10 400.5 0.023 4 1.80 R29
120 5.48 6.49 10.884 1.31E—11 233 10 400.9 0.023 4 1.85 R30
120 7.59 8.33 11.796  1.60E—12 13.2 5 1001.7 0.007 10 2.10 R32
120 8.69 9.44 11.678 2.10E—12 15.3 5 798.6 0.014 15.6 2.20 R33
120 10.59  12.54 12.5 3.16E—13 1.8 4 741.7 0.001 5 0.76 R39
150 2.02 2.03 8.425 3.76E—09 135.9 10 99.8 1.000 9.2 1.74 R41
150 2.92 293 8.783 1.65E—09 60.2 10 31.6 1.000 6.7 1.90 R50
150 3.79 3.82 9.542 2.87E-10 62.9 10 60.1 0.619 7.2 1.82 R58
150 4.53 4.76 9.77 1.70E—10 72.1 10 102.6 0.267 4.1 1.83 R40
150 5.13 5.64 10.201  6.30E—11 28.6 10 100.9 0.106 4 1.89 R43
150 5.17 5.72 10.187 6.50E—11 28.3 10 100.2 0.184 7 1.88 R42
150 6.32 6.75 10.939 1.15E-11 5.6 10 99.8 0.039 8 2.53 R44
150 6.90 7.34 10.824 1.50E—11 17.4 4 100.1 0.052 7.9 2.50 R45
-8 I and r in [molecm 2s '], based on a 95% confidence
. interval.
2 The value for the coefficient n, describing the pH depen-
<\ dence, is within the range of those reported in the literature
210 \ . \\'\ at lower temperature, and close to its theoretical value of
\ Q n=0.5. Regressing the data for each temperature individ-
k\ ually results in slightly varying coefficients, namely
\ D \ n=0.45, 0.45, and 0.48 at 90, 120, and 150 °C, respective-
< - . . A ly. As in most earlier studies, n does not appear to change
812 ¢ significantly with temperature. Moreover, extrapolations
:\.\ o based on the theoretical value of n = 0.5 and the average
* . dissolution rate found at pH 2 and 25 °C scaled with the
upper end of the range for the activation energy of 70 kJ/
14 . f’\ - mol to a temperature of 90 °C give a rate of 1.9x 10~ '°
¢ X\.'. . at pH 2 and 1.9 x 10~ "> mol cm 2 s~! at pH 6. The corre-
S LA » '{" K sponding values derived from our data, 2.7 X 1071 and
Y 4.0x 107" mol cm 25, are in a remarkably good agree-
> ment with these predictions.
2 4 6 8 10 12 The activation energy for the regression of all data is
pH E, =529 kI mol~!. Considering only the data at 90 and

Fig. 6. Dissolution rate of olivine,  [mol cm2s™'], vs. pH @ at 25°C
taken from Pokrovsky and Schott (2000), 4 our data at 90 °C, A at 120 °C
and M at 150 °C (Si-Mg average), lines depict correlations for the four
temperatures.

120 °C together, an activation energy of
E, = 60.2 kJ mol~! is found, and using only results at 120
and 150 °C an activation energy of E, =43.9 kJmol '
All values are within the range of those reported previously
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Table 3
Operating conditions and experimental results of experiments under CO, atmosphere (see Section 5.1 for explanation of values)

T[°C] p(CO,) «¢Li) pH —logr r[mol em 2 7] Aq. conc. Flow rate  Amount Fraction Duration Mg/Si Exp. No.

[bar] [mM] [uM] [mlmin~'] olivine [mg] dissolved [—] [h] ratio [—]

90 180 0 3.18  9.824 1.50E-10 53.01 2 15.5 0.382 4.5 1.72 R53

90 140 0 325  9.839 1.40E-10 84.42 2 31.2 0.444 7.9 2.05 R52

90 100 0 327 9.796 1.60E-10 94.99 2 40.0 0.423 7.7 1.39 R51
120 140 0 334 9.149 7.10E-10 61.88 2 6.6 0.660 3.1 2.01 R55
120 180 0 329  9.071 8.50E-10 55.06 2 6.1 0.958 6.6 1.61 R56
120 100 0 339 9.260 5.50E-10 48.63 2 6.4 0.810 6.3 1.76 R54
120 100 0 3.66  9.409 3.90E-10 303.33 5 100.2 0.502 3.5 1.84 R62
120 15 0 3.84  9.538 2.90E-10 41.92 5 27.7 0.548 5.7 1.97 R64
120 100 40 420  9.658 2.20E-10 40.24 2 13.3 0.516 7.4 1.84 R60
120 15 53 5.03 10.222 6.00E—11 36.83 5 68.8 0.223 6.8 2.63 R66
120 15 260 5.69 10.699 2.00E—11 45.02 5 187.0 0.094 11.7 1.90 R68
120 15 591 6.03 11.824 1.50E—12 0.16 5 8.2 0.009 6 n.a. R61
120 15 600 6.03 11959 1.10E-12 2.15 4 2154 0.002 3 n.a. R65
150 100 0 334 8939 1.15E—09 28.84 2 35 0.993 7 1.66 R57
150 140 0 339 9.000 1.00E—09 42.13 2 4.7 0.970 6.3 1.90 R59
Table 4

Operating conditions and experimental results of experiments with citric acid under nitrogen atmosphere (see Section 5.1 for explanation of values)

-2 -1

T[°C] pHat —logr r[molem “s '] Citricac. Aq.conc. Flowrate Amount Fraction Duration [h] Mg/Si ratio [-] Exp. No.
25°C conc. [M] [mlmin~!] olivine [mg] dissolved [—]

90 3.42 9.959 1.10E-10 1.0E-3 10 99.6 0.161 35 R46

90 4.53 10.194 6.40E—11 1.0E-4 10 97.5 0.132 5 R48

(see Section 2.1). The decrease in the activation energy at
higher temperature could be due to inhibiting effects like
the formation of iron oxide layers on the surface of the
olivine particles, whose extent might increase with increas-
ing temperature. Almost all solutions were supersaturated
in respect to several Fe compounds, precipitation of Fe-
containing solids cannot be excluded. Measurement of iron
concentrations in the effluent, carried out for several 90 °C
experiments, exhibited stoichiometric values, thus indicat-

ing no significant precipitation of iron in the reactor at this
temperature despite the solutions being supersaturated. At
all temperatures, no iron-oxide layer formation on the
recovered olivine could be detected visually.

Dissolution was stoichiometric throughout almost all
experiments, within experimental uncertainty, except for
a start-up period observed in the experiments under neutral
to alkaline conditions and two experiments at high pH. In
these cases, an initial preferential release of silica was

I I I I I I I
x X XX %
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X X X *
X X X " N
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= X
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210+ —— Theoretical Mg/Si ratio -
* X Experimental Mg/Si ratio (R24)
pH=11.9
T =90°C
X
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2 4 6 8 10 12 14
time [h]

Fig. 7. Magnesium-silica ratio for an experiment at alkaline conditions (pH 11.9, 90 °C) showing an initial preferential release of silica. The horizontal
solid line represents the theoretical ratio assuming perfectly stoichiometric dissolution.
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recorded (see Fig. 7), in accordance with earlier literature
data (Pokrovsky and Schott, 2000). The duration of this
start-up phase can be correlated to the dissolution rate it-
self, in that approximately 0.05% of the solid mass dis-
solves at neutral to alkaline pH before the Mg/Si ratio
approaches stoichiometry. For experiments in the acidic re-
gion more than 0.05% of the solid had been dissolved al-
ready when the first sample was taken after the start-up
time of about 25 min, as mentioned in Section 4, making
it impossible to verify the validity of this value in this re-
gion. For the two experiments at pH > 12, stoichiometric
dissolution was not achieved with the Mg/Si ratio only ris-
ing up to 0.8 and 1.4, respectively. In those two experi-
ments only, solutions were supersaturated with respect to
brucite, precipitation of which could explain the low Mg/
Si ratio. It should be noted that these experiments were
not included in the correlation for the dissolution rate, as
they are well above pH 8.5 (see above).

5.2. Experiments in the presence of CO,

In all experiments carried out under a CO, atmosphere,
ion concentrations were well below the solubility limit of
MgCOj; with saturation indices below —2, thus precluding
the possibility of MgCO; precipitation. All results are
reported in Table 3. For two experiments, the overall con-
centrations were so low that the Si concentration was be-
low the determination limit, and therefore, no Mg/Si
ratio could be calculated. In the first set of experiments
with low Mg-concentrations and no additional alkalinity
(Fig. 8), the dissolution rate increases moderately with
CO, pressure as the pH decreases correspondingly. In the
second set, at both 15 and 100 bar of CO, pressure, the dis-
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Fig. 8. Dissolution rate of olivine, r [mol cm ™2 s '], vs. p(CO,) at 120 °C:

A experiments with low Mg-concentrations and no additional alkalinity,
A experiments with addition of LiOH or increased Mg-concentration.

ooff

-9.5 < 7'y

-10.0 %

log(r)

-10.5

-11.0 N

-11.5

-12.0 &

pH

Fig. 9. Dissolution rate of olivine, r [mol cm™2 s7'], vs. pH at 120 °C,
dashed line is our correlation without CO,, * experiments without CO,, A
and A experiments with CO,.

solution rate decreases as the alkalinity, and consequently
the pH, is increased by the addition of LiOH or by higher
Mg-concentrations. It can be readily observed (Fig. 9) that
in the presence of CO, and at low pH, dissolution rates
exhibited a very similar behaviour as a function of pH as
in the experiments without CO,. However at pH > 5 the
rate significantly deviates from its behaviour relative to
pH and decreases much more strongly with increasing
pH than for CO,-free solutions. Moreover, the dissolution
rate at pH < 5 in the presence of CO, is approximately
twice as large as under a nitrogen atmosphere. It should
be noted that the three experiments at 90 °C and the two
experiments at 150 °C carried out under a CO, atmosphere
also show higher dissolution rates than the values obtained
using the correlation for the experiments under a nitrogen
atmosphere.

The drop in the dissolution rates at pH > 5 can be ex-
plained by a mechanism suggested by Pokrovsky and
Schott (2000) (see Section 2.1). Their proposed mechanism
for the dissolution at alkaline conditions involved the for-
mation of > MgOH,* surface groups, whose concentration
determined the dissolution rate, and whose formation and
detachment was independent of pH, thus explaining the
independence of the dissolution rate of pH. In the presence
of CO;~ ions, whose concentration increases with increas-
ing pH, these groups could react and form > MgCO,~ sur-
face groups, thereby inhibiting the dissolution process. The
same inhibition mechanism had already been proposed by
Wogelius and Walther (1991).

Olivine dissolution results by Pokrovsky and Schott
(2000) at low pH and low CO, pressure (i.e., at low
CO,>" ion concentration, meo > < 1077, show dissolution
rates that do not differ from those from the correlation
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found for CO,-free solutions. Dissolution was stoichiome-
tric for these cases. Results of Wogelius and Walther (1991)
at elevated pH and low CO, pressure, having a CO;>~ ion
concentration of more than 10~%, show a decrease of the
dissolution rate in the presence of CO,. Experiments under
similar conditions by Pokrovsky and Schott (2000) and
Golubev et al., 2005 show no decrease with respect to the
correlations found by the same authors in CO,-free solu-
tions. In all three studies, dissolution became increasingly
non-stoichiometric with increasing pH, exhibiting an excess
of silica.

At low pH (pH < 5) and low CO,*  concentration
(mcop- < 1077), our results agree with literature results in
that the presence of CO, does not negatively affect the dis-
solution rate, but rather favours it. At higher pH (pH > 5)
and higher CO,>~ concentration (mco - > 1077), compari-
sons with earlier results are difficult since, as mentioned,
there is no agreement with respect to the effect of CO,
and most reported experiments only exhibited non-stoichi-
ometric dissolution.

The negative deviation of the dissolution rate from its
trend in CO,-free solutions in our results occurs already
at a pH between 5 and 6 indicates that at high CO, pressure
and therefore increased CO;*>~ ion concentration (com-
pared to low pressure experiments) this inhibition effect
can already become significant under conditions where
the surface of the olivine is depleted in magnesium and
the dissolution mechanism is not relying on the formation
of > MgOH,* surface groups.

5.3. Effect of citric acid

As it was described in Section 2.2, organic ligands can
enhance dissolution significantly. From the literature, citric
acid was found to be one of the most effective compounds.
Our experiments with citric acid, conducted at 90 °C,
showed that for two out of three experiments (one not
shown here) stoichiometric dissolution and could be fitted
to a shrinking particle model (see Fig. 4).

In our configuration pH and citric acid concentration
were not set independently since citric acid was used to
generate acidity. The two experiments reported in Table
4 and shown in Fig. 10 as function of pH were conduct-
ed at citric acid concentrations of 10> M and 10* M
for pH 3.4 and pH 4.5, respectively. The pH values
reported here are those measured at ambient temperature
since the simulation package EQ3/6 cannot be used for
solutions containing citric acid. Correspondingly, the cor-
relation drawn in Fig. 10 was calculated based on the pH
measured at ambient conditions. Our results seem to con-
firm earlier findings (Wogelius and Walther, 1991), with
the enhancement effect being more pronounced at higher
pH.

6. Experimental and computational uncertainties
Estimating the overall uncertainty from the residuals

between our correlation and the measured data yields
an error of +0.020 log units for log r. The overall uncer-
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Fig. 10. Dissolution rate of olivine, r [mol cm™> s~!] vs. pH, solid line correlation at 90 °C with HCI, @ experiments at 90 °C with citric acid, pH set by
citric acid, citric acid concentration 107> M and 10~* M for pH 3.4 and 4.5 experiments, respectively (Si-Mg average).
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tainty of the dissolution rate stems from errors in four
measured quantities, i.e., the aqueous concentrations,
the liquid flow rates, the surface area and the mass of
the solid. The uncertainties in the measured concentration
values can be estimated by calculating the standard devi-
ation of the Mg/Si ratio over all experiments except those
where the deviation of the ratio is due to non-random
causes, i.e., those at pH > 12. This assumes that the ob-
served deviation of the Mg/Si ratio is only due to uncer-
tainties in the Mg and Si concentration measurements.
The standard deviation for the averaged concentration
(i.e. Eq. (4)) is thus found to be 12.5%. Uncertainties in
the liquid flow rates are less than 1%. The uncertainty
for our BET surface area measurement is, as reported in
Section 3, less than 7%. The mass of olivine was deter-
mined with an uncertainty of less than 1%. Combining
these results gives rises to a combined error for the disso-
lution rate, r, of about 15%. The calculation of the pH is
based on measured concentrations as well as measured
p(CO,), measured temperature and measured pH. Howev-
er, with the calculation being highly non-linear, the error
in the calculated pH varies considerably with pH. It rang-
es from less than 0.01 pH units at pH 2 to about 0.2 pH
units close to neutral, and slightly higher at highly alka-
line conditions, due to the uncertainty of the concentra-
tion of CO, present as impurity in the nitrogen used.

7. Conclusions

Our results show that the characterization of the disso-
lution rate of olivine at low temperature can be extended
to higher temperature, including its behavior as a function
of pH, and is also valid in cases of almost complete disso-
lution of the particles. A shrinking particle model, being
based on the assumption of surface controlled dissolution,
was able to describe dissolution in all experiments, namely
those without and with CO, and those with citric acid. It
should be noted that as p was determined empirically, it
might mask additional secondary effects influencing the
development of the effective available surface area. The fact
that a single value can be applied to a wide variety of oper-
ating conditions shows that these secondary effects can
only have a small influence on the actual effective available
surface area. In the presence of CO,, and at pH < 5 (at
120 °C), dissolution rates are two times larger than those
without CO, at the same pH. Citric acid, as other ligands
previously studied in the literature, exhibits also a dissolu-
tion enhancement effect. These results form a solid basis for
the design and analysis of the aqueous mineral carbonation
process. Particularly those in the presence of CO, indicate
that aqueous carbonation requires a very delicate balanc-
ing between conditions favouring dissolution and those
favouring precipitation based on a precise control of pH.
Combining our results with those of thorough studies of
magnesite precipitation could bring important new insights
into our understanding of the entire mineral carbonation
process.
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