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Abstract: The replacement of celestine (5rSOy) by strontianite (SrCO3) has extensively been studied
over the past few decades. It also represents an ideal reaction to in situ study the kinetic and
fundamental mechanistic details of mineral replacement reactions in aqueous solutions via fluid-
cell Raman spectroscopy. This technique allows us to study the reaction process in real time by
continuously analysing the solution or by imaging the solid-liquid interface where the reaction takes
place and while the replacement process is ongoing. Two sets of experiments were conducted, the
first of which was carried out with celestine powder and an equimolar Na,COj3 solution in a heated
fluid cell between 30 and 60 °C. The progress of the reaction was followed by Raman spectroscopic
in situ measurements of the solution. Another experiment was performed with a polished cuboid cut
from a single celestine crystal and a 1 M Nay,CO3 solution in a fluid cell at room temperature (21 °C).
In this experiment, the reaction was studied in situ, spatially resolved, and in real time. The results of
both types of experiments revealed that the replacement occurs via a coupled dissolution—precipitation
mechanism and that the evolution of the solution composition cannot fully be explained by a single rate
law derived from a shrinking core model. By applying the model-independent time-to-a-given-fraction
method, three kinetic regimes could be identified and the associated activation energies quantified.
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1. Introduction

Pseudomorphism is a wide-spread phenomenon in nature and involves the complete
or partial replacement of one mineral by another or by the same mineral but with a different
composition whereby the crystal shape of the parent mineral remains unchanged (e.g., [1]).
The parent and the product phase can have the same or a different crystal structure. The
partial replacement of one solid by another in aqueous solutions is also called alteration
or corrosion, and there is still no general consensus about the replacement or alteration
mechanism(s), e.g., [2-4]. The equilibration of minerals in the presence of an aqueous
fluid phase has been described in terms of a number of potential mechanisms, particularly
via diffusion-controlled solid-state ion exchanges between the solid and fluid phase or
by interface-coupled dissolution—precipitation (ICDP) where equilibration is approached
by the spatial and temporal coupling between the dissolution of the parent solid and the
precipitation of a new solid along a moving reaction interface.

The replacement of celestine (Clt, SrSO4) by strontianite (Str, SrCO3), which both have
the same orthorhombic crystal structure, in sodium carbonate-bearing aqueous solutions
is observed in nature [1] but is also an important technical route to obtain strontium
carbonate from the reaction of celestine with a Na,COj3 solution. Strontium carbonate is
used, for instance, as an inexpensive colorant in fireworks, for strontium ferrite magnets,
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for luminous paints, alloys, for electrolytes, medical uses like bone health products, and for
the production of glass for colour television tubes (e.g., [5,6]). The replacement reaction in
a carbonate-bearing solution can be represented by

Srsof!t +CO2-  — SO%

3,aq 4,aq + Srcogtr 1 (1)

The first experimental studies on this solid—aqueous solution reaction were already
conducted in 1943 with natural celestine and Na,CO3 solutions by Kobe and Deiglmeier [7],
followed by Busey and Pollard [8] and Booth and Pollard in 1948 [9]. However, none of
these early studies investigated the thermodynamics, mechanisms, and kinetics of the
reaction. It was not until 1989 when Iwai and Toguri [10] performed isothermal time-series
experiments that is was found that the reaction kinetics could be divided into two kinetic
regimes. These were mathematically described by a shrinking core model that was first in-
vented by Wen in 1968 [11]. The first regime was attributed to a surface reaction-controlled
process that was followed by a diffusion-controlled second regime, which yielded different
activation energies of 71.5 and 64.1 k] /mol, respectively. It was also shown that the con-
centration of sodium carbonate and the stirring speed of the solution had no direct impact
on the reaction rate. The particle size, on the other hand, influences the reaction [12,13].
Based on the shrinking core model, Castillejos et al. [12] determined an activation energy
of 70.05 k] /mol, assuming a diffusion-controlled replacement process, which compares
well with those determined by Iwai and Toguri [10]. On the other hand, Zoraga and
Kahruman [14] reported an activation energy of 41.9 k] /mol from experiments performed
between 20 and 50 °C. Moreover, the results from hydrothermal experiments conducted
at higher temperatures between 150 and 250 °C principally confirmed the shrinking core
model with the diffusion of aqueous CO3%~ ions through a porous strontianite product
layer becoming rate-limiting with increasing reaction times [15,16]. However, this study
yielded a much lower activation energy of 21.6 k] /mol. It follows from the review of the
literature that there is not yet a reliable quantitative understanding of the kinetics of the
replacement process.

Here, we report the results of two different, novel in situ experimental studies on the
mechanism and kinetics of the replacement reaction, both of which were designed and
performed separately, but the results are worth discussing in a single contribution, because
they complement each other. One set of experiments was carried out with celestine powder
and an equimolar Na;COs solution in a heated home-made fluid cell between 30 and 60 °C
for durations of up to 136 h to study the kinetics of the reaction. The progress of the reaction
was followed by Raman spectroscopic in situ measurements of the solution (Figure 1a).
The idea was to determine the kinetics of the reaction at a much higher time resolution
than the typical time steps of hours used in conventional ex situ experiments, where a
new sample-solution mixture must be heated and quenched for each time step before the
solution and/or solid products can be analysed.

Another experiment was carried out at room temperature (21 °C) also in a home-made
fluid cell with a 1M NayCOj solution and a polished cuboid cut from a single crystal
of celestine. In this experiment, the reaction was studied in situ and spatially resolved
by continuously mapping an area of 100 x 45 pum? to study the mechanistic details of
the reaction as it proceeded (Figure 1b). The replacement of celestine by strontianite
in aqueous solutions is an ideal reaction to in situ study the kinetic and fundamental
mechanistic details of mineral replacement reactions in aqueous solutions via fluid-cell
Raman spectroscopy [17]. This is because fluid-cell Raman spectroscopy allows us to study
the replacement reaction in real time by continuously analysing the solution or, more
sophisticatedly, by imaging the solid-liquid interface where the reaction takes place and
while the replacement process is running. Using home-made heated fluid cells, our group
has applied, for the first time, fluid-cell Raman spectroscopy to in situ study the corrosion
of silica glasses in aqueous solutions with a spatial resolution of a few micrometres [17-20].
These experiments have given new, intriguing, and partly paradigm-breaking mechanistic
insights in the glass corrosion process. Here, the replacement of celestine via the strontianite
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reaction was chosen for an in situ Raman spectroscopic study because (1) both the parent
and product phase are crystalline and transparent to visible light and have a simple crystal
chemistry, (2) both oxo-anion species in the crystal as well as in the solution have relatively
high Raman scattering cross sections, and (3) the reaction is already activated at room
temperature. The celestine-strontianite replacement reaction is considered here as a model
system to in situ study the mechanistic and kinetic details of mineral replacement processes
via fluid-cell Raman spectroscopy, but it is also interesting in its own right due to the
industrial importance of the reaction.

(a) (b)

|:| Sodium carbonate solution A B
. Laser beam
|:| Stainless steel ‘

™ 001
D Teflon [001]

I:D Sapphire glass / Borosilicate glass

. Objective @

. Thermocouple = )
S

I:I Celestine powder/crystal

N

S

I

T T Heating wire

Figure 1. Schematic representation of the fluid cells used in both experimental approaches. (a) The
fluid cell used for the powder and (b) for the single crystal experiment. The latter is shown from
different perspectives (A—-C). The red box in (C) indicates the imaging plane, including the initial
interface between the celestine crystal and the solution. Not to scale.

2. Materials and Methods
2.1. Materials

Transparent, slightly blueish celestine crystals from Morocco were used for both types
of experiments. The average chemical composition of the celestine crystals was determined
via electron microprobe analysis using a JEOL 8200 Superprobe (JEOL Ltd., Akishima,
Tokyo, Japan) at the Institute of Geosciences of the University of Bonn, Germany, equipped
with a secondary and backscattered electron detector. A total of 200 spot analyses from
polished sections, using a natural albite (Amelia), synthetic BaF,, strontianite (NMNH
10065, Smithsonian Institution, Washington, DC, USA), and FeS, (CAMECA, Gennevilliers
Cedex, France) as standards for Na, Ba, St, and S, respectively, yielded an average compo-
sition of (Srg.973Bag.025Nag.002)SO4. For the experiments, the crystals were washed with
Milli-Q® (Merck KGaA, Darmstadt, Germany) water in an ultrasonic bath and dried for
several hours at 60 °C in an oven. The crystals were then crushed, sieved to grain sizes
between 0.063 and 0.125 mm, and washed again with Milli-Q® water. The specific surface
area of the powder was determined via the Quantachrome GmbH (Anton Paar GmbH,
Graz, Austria) using multi-point, krypton-based BET analysis, which yielded a value of
0.063 & 0.001 m?/g.

For the single crystal experiment, a 2.5 x 2.5 x 8.0 mm? sized cuboid was cut from one
larger crystal so that the longest edge of the cuboid was oriented parallel to the crystal’s crys-
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tallographic c axis (Figure 1b). For all experiments, a 1 M Nay,COs3 solution was prepared
from Milli-Q® water and 99.999% ultra-pure NapCOj3 (Sigma-Aldrich, St. Louis, MO, USA).

2.2. Experimental Setups
2.2.1. Powder Experiments

All powder experiments were conducted with a heated fluid cell made of Teflon® and
stainless steel (Figure 1a). The cell was filled with 1.8195 4 0.0003 mL of the prepared 1M
NayCOj solution and an equimolar amount of the celestine powder, resulting in a specific
surface-to-volume ratio of 1.1577 & 0.0011 m~!. The fluid cell was then immediately sealed
with a 1 mm thick sapphire glass and placed on the automated x-y-z table of the Raman
spectrometer. Experimental temperatures ranged from 30 to 60 °C in 5 °C steps, and run
times varied between 65 and 97 h. Temperature measurements were accurate within £1 °C.
After the termination of the experiment and cooling to room temperature, the reacted
celestine powder and the solution were removed from the reactor, and the product phase
was washed with Milli-Q® water, dried, and an aliquot was then mounted in epoxy resin
and polished for Raman spectroscopic and backscattered electron (BSE) imaging via an
electron microprobe.

2.2.2. Single Crystal Experiment

The single crystal experiment was carried out with the polished celestine cuboid and
0.3964 £ 0.0002 mL of the 1 M Na,CO3 solution in a simply designed fluid cell (Figure 1b).
The geometrical surface-to-solution ratio was ~0.011 m~!. After filling the fluid cell with
the solution, it was immediately sealed with a 170 £ 5 um thin borosilicate glass plate
(SCHOTT D263M) (SCHOTT AG, Mainz, Germany) and placed on the x-y-z table of the
Raman microscope. Since the fluid cell cannot be heated, the experiment ran at room
temperature, monitored to be 21.0 & 0.5 °C (air-conditioned laboratory), for about 10 days
and thus lasted significantly longer than the powder experiments.

2.3. Modelling of the pH Evolution during the Replacement Reaction

Since the replacement reaction has been shown to strongly depend on the solution pH
(e.g., [12]), the pH values were modelled for different one-molar mixtures of sulphate and
carbonate solutions using PHREEQC interactive version 3 [21]. Modelling was performed at
all eight temperatures used in the experiments, and the specific ion interaction theory (SIT)
database was chosen as this gives better results for highly saline solutions. A continuous
exchange between the celestine and strontianite was modelled, and the calculated pH
values were plotted as a function of the conversion fraction in Figure 2. In general, the
lower the temperature, the higher the pH. However, the pH remained well above 10 at
all experimental temperatures until a conversion fraction of 0.9 was reached and overall
decreased by about 1 log unit (Figure 2).

For pH values above 10, bicarbonate, HCO3 7, is far less abundant than the carbonate
ion. Its Raman cross section is also significantly lower than that of the carbonate ion.
It is thus not surprising that the most intense v(CO-H) band near 1016 cm~! at room
temperature [22] was not observed in any of the Raman spectra taken in this work. There-
fore, bicarbonate was not considered in the data analysis, but a minor influence on the
determination of the reaction rates cannot be ruled out.

2.4. Raman Spectroscopy

All Raman analyses presented in this contribution were conducted with the Horiba
LabRam HR 800 Raman spectrometer (HORIBA, Ltd., Kyoto, Japan) that is attached to
an Olympus BX 41 microscope (Evident Corporation, Tokyo, Japan.) with a Marzhauser
motorized x-y-z stage. The Raman spectra were excited by a power-adjustable, 2 Watt
Nd:YAG solid-state laser (532.09 nm). For all experiments, the laser output was set to 1 W,
from which about 350 mW reached the surface of the fluid-cell window. The scattered light
was recorded with an electron multiplier, charge-coupled device (EM-CCD) detector after
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passing through a 500 pm confocal hole and a 100 pm spectrometer entrance slit and being
dispersed by a spectrometer grating with 600 grooves/mm. A Ne lamp was positioned
near the fluid cell and an intense Ne line, that should appear at 1707.06 cm ! in the Raman
spectrum for the 532.09 nm laser [23], was used to correct any spectrometer shift during the
long-time experiments [24]. With these settings, the spectral resolution was about 3.5 cm™!
for the frequency range of interest as given by the full width at half maximum values of the
recorded Ne lines.
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95F | — 35°C — 55°C
— 40°C — 60°C
9.0 . 1 . ] . ] . ] .
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Figure 2. Modelled pH as a function of conversion fraction of celestine to strontianite for all eight
experimental temperatures. Modelling was performed with the geochemical program PHREEQC
using the SIT database [21].

2.4.1. Individual Analytical Settings for the Powder Experiments

For the powder experiments, Raman spectra were taken with a 50x long working
distance objective (NA = 0.5) and with the laser beam focussed 0.3 mm below the lower
surface of the sapphire glass window into the solution. The confocal hole was fully opened
(1 mm) as a high spatial resolution was not required. The first Raman map was recorded
between 5 and 32 min after the cell had been filled with the solution and the desired
temperature had been reached. The total acquisition time was 840 s, and the time steps
were 900 s, i.e., significantly shorter than those for the single crystal experiment. The
measurements were started once the desired temperature in the cell was reached. The
maximum temperature of 60 °C, for instance, was reached in 5 min.

2.4.2. Individual Analytical Settings for the Single Crystal Experiment

For the single crystal experiment, a 100 x 45 um? sized area at a nominal depth
of 180 um below the glass window surface was selected and mapped with a 100x long
working distance objective (numerical aperture NA = 0.8) and a step size of 2 and 3 pm
in the x and y directions, respectively. The total counting time per spectrum (pixel) was
5s, which resulted in a total exposure time of ~2 h per image, including the point-to-point
drive time.

In contrast to the powder experiment, in which only the bulk solution was analysed,
knowledge of the spatial resolution is essential to correctly interpret the time-dependent
hyperspectral Raman images from the single crystal experiment. The diffraction-limited
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theoretical lateral and axial resolution at a polished surface is given as 1.22A/NA and
4N/ (NA)Z. With A = 532 nm and an objective with a NA of 0.8, the lateral and axial
resolution close to the surface is in the order of 0.8 and 3.3 pum, respectively. However,
the Raman effect has to be excited (and the scattered photons have to be collected) from
regions that are located several tens to a hundred micrometres below the surface of the
glass window after crossing multiple interfaces. Here, the axial resolution is estimated to
be ten to a hundred times worse than the theoretical resolution given above mainly due to
the refraction of the laser beam at the interfaces [25-27]. Thus far, a theoretical treatment
for estimating the spatial resolution in multi-layered structures does not exist. We therefore
empirically determined the lateral and axial resolution at the depth of Raman imaging from
x-z profile measurements on a celestine cuboid in contact with MilliQ) water in the fluid cell
shown in Figure 1b. With a confocal hole size of 500 um at an absolute depth of 306 um
below the surface of the glass window, the Raman signals were primarily collected from
an approximately cylindrical volume with a diameter and height of about 4 and 32 um,
respectively. More details are given in Appendix A.

2.4.3. Data Evaluation

A Raman spectrum evaluation and a least-squares spectrum fitting were performed
with the Horiba Scientific LabSpec6 software (HORIBA, Ltd., Kyoto, Japan), whereas the
data analysis program OriginPro9 (OriginLab Corporation, Northampton, MA, USA) was
used for all other data evaluations. As the first step, each spectrum was corrected for any
spectrometer shift by fitting the Ne line at 1707.06 cm ! with a Gauss function and shifting
the spectrum by the difference between the observed and known frequency. The Raman
spectra were then analysed in the frequency range between 900 and 1200 cm ™!, covering
the energy range of the four fully symmetric stretching (v;) modes of aqueous and solid
S0,4%~ and CO3%~ groups at about 980, 1000, 1066, and 1072 cm 1 [28,29]. As expected,
Raman spectra from the powder experiments show only the v1(COj3) and v 1(SO4) bands
of the aqueous phase near 980 and 1066 cm ™!, respectively (Figure 3a). The situation
is different for the single crystal experiment. Here, due to the limitations of the spatial
resolution, areas close to the celestine-strontianite—solution interfaces show all four bands
(Figure 3b).

The integrated intensities, A, of the vi bands were determined via a least-squares
fitting of Gauss-Lorentz functions along with a linear background to the experimental
band profiles. In the case of the single crystal experiment, the spatial distribution of the
individual phases at each time step was visualised as false-colour hyperspectral Raman
images from the integrated intensities of the v; bands.

To convert the Raman intensity ratio between the v{(COj3) and v1(SO4) band

of the aqueous phase, Agc}c = A[v1(SO Zq)] /A[v1(CO gq)], into the molar ratio,

R = [SOZq} / [Cqu} , we prepared solutions from Na;CO3 and NaySO4 with known
molar ratios, recorded a Raman spectrum at room temperature, and determined Ag,c from
the Raman spectrum. In Figure 4, we have plotted the known molar R*] ratio against Agc}c
and fitted a calibration line to the data. The R?1 of the solutions was then obtained by
multiplying the measured intensity ratio with the slope of the calibration line, i.e., with
0.4668 £ 0.0029. From the molar ratio, we also calculated the molar conversion fraction of
celestine to strontianite, f, from

f=R¥/(R*™ +1) (2)

As a relative measure of celestine conversion or strontianite formation in the single
crystal experiment, we determined the ratio of the integrated intensities of the v(COs3)

band of strontianite and celestine, Ag‘}léd = A[v1(CO gtr>} /A[v1(SO Elt) ], from the aver-

age spectrum of each time step (n = 816 single spectra per map). To be more quantitative,
we estimated the relative Raman band cross section between the v; band of the CO3 and
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504 groups in strontianite and celestine, respectively, at room temperature from Raman
measurements of randomly oriented celestine grains were partly been replaced by strontian-
ite. From pure single-phase spectra, we obtained an average value of 0.47 & 0.05 (Figure 2).
This value was then used to convert the intensity ratio into an apparent molar ratio between

strontianite and celestine, R® = Ag?l(ijd 0.47u, with u = 1.177 being the conversion factor

for converting volume in mole fractions assuming densities of 3.975 and 3.760 g/cm? for
celestine and strontianite, respectively. Note that (1) the size of the selected celestine area
from the Raman images was chosen arbitrarily, so that the determined absolute fraction
of strontianite is not comparable to the fraction determined from the solution data, and
(2) the ratios R*1 and R® were defined to be positively correlated with the progress of the
replacement reaction.

(@ ) vys03)

v,(CO57)

Intensity (a.u.)

N | L Ir- 1 | L ;IV /. 1 n. | 1
950 975 1000 1025 1050 1075 1100 1125

V1(CO§“)

Intensity (a.u.)

950 9756 1000 1026 1050 1075 1100 1125

Raman shift (cm™)

Figure 3. Representative Raman spectra from (a) solutions with a different molar [CO527]1/[S042]
ratios used for calibration (red: 10 mol.% CO32~ and 90 mol.% SOz%~ — purple: 90 mol.% CO32~ and
10 mol.% SO4%~) and (b) the strontianite layer formed during the single crystal experiment, showing all
four v1 bands along with the least-squares fit of Gauss-Lorentz functions to the four bands and two very
weak and broad signals near 1094 cm~! and 1112 cm™!. The fitted Gauss-Lorentz functions and the
linear background are shifted for clarity, whereas the sum spectrum is shown directly below the data.
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Figure 4. The molar ratio, R%9, of synthetic solutions as a function of the measured Raman intensity
ratio, Ag(}c. The red line represents a linear fit to the data that was anchored at the origin and is
shown along with its 95% confidence bands.

3. Results
3.1. Powder Experiments
3.1.1. Ex Situ Textural Observations

Previous ex situ experiments with individual celestine crystals or aggregates in Teflon-
lined autoclaves showed that the morphology of the crystals does not change during
displacement by strontianite [8-10], but that the originally transparent, bluish celestine
crystals become opaque and white (Figure 5a). Since strontianite crystals are transparent
to translucent, the white colour must stem from light scattering along pores in the new
strontianite, the sizes of which must be in the range of the wavelength of visible light.
Moreover, it is also remarkable that the morphology of the original celestine crystal is very
well retained, an observation that is a typical feature of pseudomorphs.

To investigate the textural relationship between the strontianite product and celestine
parent phase, we analysed the celestine powders recovered at the end of the experiments
using backscattered electron (BSE) and Raman imaging. Figure 5b—d show representative
BSE images of the product powder from the 35, 45, and 55 °C experiments. In Figure 5e,
a Raman image of a single grain, containing an unreacted celestine core surrounded by
a strontianite rim with a gap between both phases, is shown. Such a characteristic gap
between the celestine core and the strontianite rim is also observable in many other grains
(yellow arrow in Figure 5c). It is noteworthy that a relic of such a gap can still be observed
in those grains that are fully replaced by strontianite (blue arrow in Figure 5b,d).

3.1.2. Kinetic Analysis

Figure 6 summarizes the results from a kinetic analysis of the powder data. Figure 6a
shows the progression of the conversion f as a function of time (and of the square root of
time in the inset) for all seven powder experiments and the single crystal experiment at 21 °C.
Although the surface-to-volume ratios of the powder and single crystal experiments are
different, so they are not strictly comparable, we have plotted the solution data of the single
crystal and the powder experiments together, as they nevertheless show similar kinetics and
follow systematics trends. Already at the first glance, it is discernible that the isothermal trends
cannot be described by a single rate law over the entire time and temperature range. This is
also well discernible in the plot of f against the square root of time (inset in Figure 6a). At
21 and 30 °C, a sudden increase in f can be observed after a reaction time of about 6.4 and 14 h,
respectively, clearly marking a change in the reaction kinetics.
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Figure 5. (a) Optical image of a celestine crystal aggregate after it has been completely replaced by
strontianite in a sodium carbonate solution at 90 °C for 16 days (unpublished results from preliminary
experiments). Note the white colour and the retained crystal morphology. (b-d) Backscattered
electron images from reacted celestine grains from (b) the 35 °C, (c) the 45 °C, and (d) the 55 °C
powder experiments. (e) A colour-coded hyperspectral Raman image from the grain in the centre
of the image shown in (c). Strontianite is shown in red and celestine in blue. Note the formation of
a gap between celestine and the strontianite layer (yellow arrows), a relic of which is still visible in
those grains that were fully replaced by strontianite (blue arrows).

Previous ex situ experimental results from powder experiments were analysed within
the framework of an unreacted shrinking core model for spherical and mono-sized parti-
cles [11]. This model considers that the replacement of celestine by strontianite is isovol-
umetric and the transport of reactants and products through the growing strontianite is
rate limiting. For the special case where stoichiometric amounts of celestine and Na,COs3
reacted, as in this study, Castillejos and co-workers [12] derived the following rate law
where kp, is a parabolic rate constant and ¢ is the reaction time:

kpt=In(l—f) =3(1—(1—-H'"3 3)

In Figure 6b, we have plotted In(1 — f) — 3(1 — (1 —f)’l/3 as a function of time. If
the data fulfil the requirements of the model, the data should define a linear trend with an
intercept through the origin. However, this is evidently not the case for all temperatures
except for 60 °C, where the data can be well described by a linear function over the entire
duration of the experiment (r*> = 0.99783). For the other temperatures, the data are visibly
curved, showing that they do not fully comply with the rate law of Equation (3). We
nevertheless have fit the data with a linear function to obtain the parabolic rate constants
kp that should yield at least an estimate of the activation energy for the diffusion-controlled
regime of the replacement process. For this, we plot the data in an Arrhenius diagram,
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i.e., the logarithms of the rate constants as a function of the reciprocal temperature, T,
where they define a linear trend with a slope that corresponds to an activation energy of
22.8 + 1.2 k] /mol (Figure 7a).
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Figure 6. Plots of (a) conversion rate, f, (b) In(1 — f) — 3(1 — (1 — f) /3, (¢) 1 — (1 — f)/3, and
d1-2/3f -1 —f Y2/3 as a function of time (and square root of time in the inset of (a)) for all
powder experiments and in (a) additionally for the solution data of the single crystal experiment
performed at 21 °C.

We further applied the kinetic analysis of Iwai and Toguri [10], who also considered an
unreacted shrinking core model, but individually distinguished two rate-limiting regimes
for the replacement reaction. In the initial regime, i.e., until 20% conversion (f < 0.2), the
reaction was found to be surface-controlled, whereas at a higher degree of conversion
(f > 0.2), their data could be well described by a rate law that is based on the diffusion-
control of reactants and products through the strontianite layer. In the initial surface-
controlled regime, the rate equation is

1—(1—fY3=kst (4)

with ks as the rate constant for the surface-controlled initial regime, whereas the rate law
for the diffusion-controlled kinetic regime, kg, is given as

1-2/3f —(1 - =kqt ®)

Here, kq includes the effective diffusion coefficient of reactants and products through
the growing strontianite layer. In Figure 6¢,d we have plotted 1 — (1 — f)'/3and 1 — 2/3f —
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(1 — f)*/3, respectively, as a function of time. The data with f < 0.2 and T > 35 ° can indeed
be well fitted by a linear function when plotted as1 — (1 — f )1/3 versus time (Figure 6¢). At
30 °C, however, data with f < 0.2 rather define three linear trends with kinks at 6.4 + 0.1
and 131.1 & 0.2 h. We therefore fitted the data with a piecewise linear function to obtain
the rate constants kg1, ks, and kg3 from the three linear sections. The first linear section
with rate constant kg; did not intersect the origin, because in the first 4 h, the reaction was
faster, i.e., at 30 °C the first kinetic step was not (fully) linear with 1 — (1 — f)l/ 3. The
initial rate was therefore estimated by fitting a line through the origin and the first two
data points. Interestingly, the logarithm of the slope (rate constant k) of this line plot in the
Arrhenius diagram on the linear trend was defined by all other data, which corresponded
to an activation energy of 52.5 £ 1.5 k] /mol. The three rate constants k1, kg, and kg3 of the
30 °C experiment, however, clearly plotted significantly away from this trend (Figure 7a).
The slope of a linear function between the 35 °C and 30 °C (ks;) data point corresponded
to a high apparent activation energy of about 210 k] /mol. Note that the data with f > 0.2
clearly did not define a linear trend when plotted as 1 — 2/3f — (1 — f)*/% over time.

Since none of the rate laws describes the data well, we also applied the time-to-a-
given-fraction method, which is independent of the assumption of a rate law and allows
us to study the activation energy as a function of the reaction progress (e.g., [2,3]), here
given as R?4. For this, we determined the time needed to reach a given R*1 value, tgaq, at
each temperature by linearly extrapolating between data points. The logarithm of fgaq was
then plotted against 1/T to obtain an empirical activation energy, E, for the replacement
reaction for each tgaq value from the slope of an Arrhenius-type relationship between
—In(tgaq) and 1/T (Figure 7b), which is given as

Exa 1

— h’l(tRaq) = 11’1([1) — ? : T (6)
where R is the gas constant and a is the pre-exponential factor. Again, the data from
the 30 °C experiment plotted away from the linear trend defined by the other data in the
Arrhenius diagram. We thus fitted a piecewise linear function with two linear sections to the
data. From the two slopes, we calculated the activation energies (Figure 7b). Note that we
also included three tgaq values from the single crystal experiment at 21 °C in this diagram.
It is noteworthy that they were plotted close to the linear predictions resulting from the
least-squares fits to the low-temperature linear section (dotted lines in Figure 7b), despite
the different surface-to-volume ratio and geometrical constraints in both experiments. This
observation is an indication that the change in the slope in the Arrhenius diagram, which is
only defined by the 30 °C data point, is actually real.

In Figure 7c, we have plotted the empirical activation energies obtained from the slopes
of the two linear sections as a function of R?. Two trends can clearly be distinguished
(<35 °C and 35-60 °C), and both can be well fitted with an exponential decay function
which takes the following form:

Epx = EX + A-exp(—R*1/A) (7)

where A is the decay constant. Here, EX’ can be interpreted as the activation energy of
the rate-limiting reaction at infinite conversion and the sum of E¥’ and A as the activa-
tion energy of the corresponding rate-limiting process at the beginning of the reaction,
i.e., far away from equilibrium. From the least-squares fit of Equation (7) to the two trends,
we obtained EY’ of 37 & 5 and 27.1 4 0.9 k] /mol. Both values should merge at infinite
conversion. In the following, we therefore will only consider the more precise value from
the higher temperature regime (Figure 7c). The empirical activation energies at zero con-
versation are 276 & 11 and 71.8 & 1.7 k] /mol for the low- (<35 °C) and high-temperature
(>35 °C) regime, respectively. Hence, once more, there is evidence for a high activation
energy for the initial reaction step. All activation energies determined in this study with
the different methods are listed in Table 1 together with published values.
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Figure 7. Kinetic analysis using rate constants obtained via shrinking core models and the time-

to-a-give-fraction method. (a) Arrhenius diagram with rate constants, obtained via two different

shrinking core models, with linear least-squares fitting lines and their 95% confidence bands. The rate
constants k, were obtained using the model of Castillejos et al. [12], shown in Figure 6a, whereas the
rate constants ks were determined following the kinetic analysis of Iwai and Toguri [10] as shown in

Figure 6c. (b) The negative logarithm of the time required to reach a given molar ratio R*9 in solution

as a function of 1/T. Solid lines represent piecewise linear fits to the data and stippled lines represent

their predictions towards lower temperatures. (c) The empirical activation energies, obtained via the

time-to-a-given-fraction method, as a function of R?1 with exponential decay fits to the two trends

(Equation (7)) and their 95% confidence bands. For more details, see text.
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Table 1. Summary of experimental activation energies for the replacement of celestine by strontianite.

Reference A B C D This Study
T (°C) 25-55 150-250 25-75 20-50 30-60
Kinetic s Time-to-a-given- Interpretation
model Shrinking core models fraction method (rate-limiting step)
~210 276 + 11 Dissolution
71.5
Ea 64.1 70.05 71.8 = 1.7 ICDP
(kJ/mol) ’ 41.9 525+15 Meaningless?
216 228412 271409 Transport

(at high reaction progress)

Abbreviations: ICDP: Interface-coupled dissolution-precipitation, A: Iwai and Toguri [10], B: Sudrez-Orduna et al. [16],
C: Castillejos et al. [12], D: Zoraga and Kahruman [14].

3.2. Single Crystal Experiment
3.2.1. In Situ Textural Observations

Figure 8 shows representative hyperspectral Raman images of the replacement of
celestine (red) by strontianite (green) which were recorded in situ at different times while
the reaction was in progress. It can be seen from the images that with increasing time, more
and more strontianite replaced the celestine crystal along an uneven reaction front whereby
the replacement reaction continuously slowed down. A contemporaneously increasing
aqueous sulphate concentration is represented in the images by an increasing amount of
the blue colour of the area occupied by the solution. At the end of the experiment, the
strontianite rim within the imaged area reached a final thickness between ~10 and 15 pm.

3.2.2. Kinetic Analysis

A full quantitative kinetic analysis is not possible from a single isothermal experiment.
Moreover, in the in situ experiment, the replacement reaction is followed only along the ¢
axis, while in the powder experiments, the grains are replaced along all crystallographic
orientations. However, a qualitative comparison with the powder data in a plot of the
R?1 as a function of the square root of time reveals a systematic transition of the overall
reaction rate from a low- (<35 °C) to a high- temperature (>35 °C) regime (Figure 9a).
Here, two characteristics are noticeable. First, the initial overall solution composition
evolution was clearly not linear with the square root of time (1. kinetic regime), but became
linear (r? = 0.9963) after about 14 h (2. kinetic regime), notably with a larger positive slope,
i.e., with an increased reaction rate. It is recalled that a similar sudden increase in the
reaction rate was also observed in the 30 °C powder experiment after 6.4 &= 0.1 h and after a
similar conversion fraction of about 0.05 had been reached (Figure 6a). Second, R?9 increas-
ingly fluctuated in waves around the overall linear trend as the reaction time increased. The
oscillations were therefore significantly larger than the error of the measurements which
was smaller than £1-2%.

So far, information about the kinetics and underlying mechanisms of the replacement
reaction has been obtained exclusively from the temporal evolution of the solution compo-
sition. However, the in situ Raman data from the single crystal experiment also provide
solid-state information on the evolution of the replacement reaction. In Figure 9b, we
plotted the molar ratio between celestine and the strontianite formed, R®, against the square
root of time. Again, wavy fluctuations can be observed around a linear trend that broke off
after 131.3 & 0.1 h, which was determined via a piecewise linear fit to the data assuming two
linear sections. The kink after 131 h indicates a sudden slowdown in strontianite formation,
i.e., another rate change into a new kinetic regime, while the chemical evolution of the
solution remained unchanged (Figure 9a). We further plotted R?1 versus R® (Figure 9¢)
and the ratio R*1/R® as a function of time (Figure 9d). As expected, R? and R® are well
correlated, but the trend is distinctly non-linear. On the other hand, the two inflection points
at about 14 and 131 h, that are observed in the plots of R*1 and R® versus the square root of
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time, respectively, and that clearly define three distinct kinetic regimes within the duration
of the experiment (Figure 9a,b), are also well correlated with two inflection points that are
observable in the plot of R* versus R® (Figure 9c). The data between these two inflection
points, i.e., within the second kinetic regime, define a linear trend with a slope of about 0.76.
In the first and third kinetic regimes, the correlation between R*1 and R® is rather curved.
In the first regime, the strontianite formed is not associated with an equivalent increase in
aqueous sulphate, while in the third regime, the situation is reversed. This is also noticeable
in the plot of R*1/R® versus time (Figure 9d). The most important observation in this plot,
however, is the occurrence of regular oscillations with a wavelength of 27 & 4 h (Figure 9c¢).
It is noted that we are dealing with intensity ratios and spectrometer shift-corrected data, so
there is no obvious systematic analytical error that could explain the observed oscillation.

il B -

Strontianite

Celestine Strontianite Dissolved SO,
High  Intensity ['High Intensity Low High  Intensity Low

Figure 8. Representative hyperspectral Raman images from the in situ single crystal experiment
taken at different reaction times.
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Figure 9. Kinetic analysis of the isothermal single crystal experiment. The three kinetic regimes are
indicated by distinct inflection points that are marked by yellow circles in the diagrams. (a) R?1
versus the square root of time with a linear regression line through the data of the 2. and 3. kinetic
regimes with its 95% prediction band. (b) R® versus the square root of time with a piecewise linear
regression through the two linear sections and the 95% prediction band. The intersection of the two
linear segments defines a clear inflection in the reaction trend. (c¢) R* versus R® with stippled red
lines that are guides to the eye only. (d) R*1/R® as a function of time, showing regular oscillations.
The red envelope following the oscillations was calculated by finding all points in the data whose
first-order derivative is zero, through which a cubic spline interpolation was then performed. For
more details, see text.

4. Discussion

In contrast to isochemical solid-state phase transformations, the re-equilibration re-
action in the presence of a fluid phase moves from the solid—fluid interface into the solid
phase (discontinuous reaction) and usually involves a change in composition. From the
perspective of the solution composition, such reactions are often described as incongruent
dissolution reactions. Incongruent dissolution has been interpreted to occur if differ-
ent structural and chemical units of a mineral have different dissolution rates [30]. In
a mechanistic context, incongruent dissolution was interpreted to occur as a result of a
diffusion-controlled “leaching” process that operates in the solid state and may involve
ion exchange, hydrolysis, hydration, electron transfer, and /or re-condensation reactions
(e.g., [31-33]). The transformation of leucite to analcime [34], the formation of an amor-
phous silica-rich surface layer during feldspar dissolution (e.g., [33]), the alteration of
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natural pyrochlore (e.g., [35]), or the oxidation of sulphides (e.g., [36]), for example, have
been explained by a diffusion-reaction (“leaching”) process. However, it seems to be highly
unlikely that the replacement of celestine by strontianite involves the (inter)diffusion of
sulphate and carbonate anion units inside a stable Sr sublattice, leaving behind a porous
strontianite layer. Putnis [2] has proposed that most, if not all, replacement reactions can be
better explained by an interface-coupled dissolution-reprecipitation (ICDP) process. In this
model, it is assumed that the congruent dissolution of the parent phase (here, celestine) is
temporally and spatially coupled to the precipitation of a stable phase (here, strontianite)
or phases at an inwardly moving reaction interface. The thermodynamic driving force for
such a reaction is the solubility difference between the parent and product phase(s) or the
free energy change that is associated with textural equilibration. The in situ and textural
observations made in this study are fully consistent with such an ICDP process.

In a solution undersaturated with respect to the product phase(s), the parent phase
will initially dissolve congruently (stoichiometrically) until a certain supersaturation of a
product phase is reached in a surface solution boundary layer so the product phase(s) can
topotaxially nucleate and grow on the retreating celestine surface [4], even though the bulk
solution may still be undersaturated with respect to the product phase(s) [4,17,37], making
the overall reaction incongruent. Solution saturation calculations with the geochemical
program PHREEQC [21] showed that at 21 °C and in a 1M NayCOjs solution, strontianite
was already saturated after merely ~2 x 107'% mol Sr atoms had entered the solution
(=5 x 1077 mol/L). This concentration was already reached after a mere ~0.1 nm thick
layer of celestine had dissolved into solution, i.e., strontianite very likely precipitated
within the first minutes of the experiments from a highly supersaturated solution [38]. We
assign the high apparent activation energies (~210 and 276 £ 11 kJ/mol) to this initial
reaction step (Table 1), whereby the latter, derived from the model-independent time-
to-a-given-fraction method, is regarded to be more reliable. However, while it is clear
that there is a distinct kink in the Arrhenius diagram between 30 and 35 °C, such a high
activation energy has not yet been reported (Table 1) and its accuracy is difficult to assess,
since it is determined from only two data points (temperatures). Iwai and Toguri [10]
assigned an apparent activation energy of 71.6 kJ/mol to the initial surface-controlled
kinetic regime, which, in the framework of the ICDP and the mathematical shrinking
core model, involves the initial dissolution of celestine and re-precipitation of strontianite
before the strontianite layer increasingly becomes a diffusion barrier. However, in their
experiments, the experimental time steps were 15 min plus heating and quenching time,
and for each time step, a new powder sample had to be used. Thus, weak kinks in the
conversion rate would probably not be resolvable in their dataset, even if they exist. Using
their two-step model for the initial surface-controlled reaction step (Figure 6¢), we obtained
an apparent activation energy of 52.5 & 1.5 kJ /mol from the 35 to 60 °C data (Figure 7a).
This value is also comparable with an activation energy of 41.9 k] /mol reported by Zoraga
and Kahruman [14], but it is considered here to be meaningless, since the results of the
model-independent time-to-a-given-fraction do not indicate such an activation energy
(Table 1). We thus interpret these activation energies as being an undefined function of
activation energies of all rate-limiting steps.

At the beginning of the reaction at 30 and 21 °C, the reaction rate slowed down
until 6.4 and about 14 h, respectively, and then suddenly increased again, as indicated by
clear kinks towards higher reaction rates (Figures 6 and 9). The initial slow-down of the
reaction rate is likely related to an increasing surface cover with strontianite nuclei and a
decreasing chemical affinity which is defined as the negative partial derivative of Gibbs
free energy of the reaction with respect to the extent of reactions at a constant temperature
and pressure. At a higher temperature, the initial kinetic regime proceeds so fast that it is
not recognizable as an individual reaction step. Here, the conversion rate trends are also
distinctly different to those at lower temperatures (Figure 6a). Interestingly, the sudden
increase in the overall replacement rate occurred after a clearly detectable strontianite layer
had been formed in the 21 °C experiment at the surface of the celestine crystal (Figure 8),
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suggesting an autocatalytical reaction (e.g., [39,40]). As pointed out by Putnis [2], the
crystallisation of the solid product phase on the surface of the parent may enhance the
dissolution rate of the parent phase, which, in turn, increases the growth rate of the product
(termed “autocatalysis”). If true, this could mean that after 6.4 and 14 h, respectively,
the precipitation of strontianite has started to catalyse the dissolution of celestine. In this
respect, it is noted that the occurrence of an incubation time is a common phenomenon in
autocatalysis reactions (e.g., [39]). However, the linear correlation of R*1 with the square
root of time after 14 h (Figure 9a) indicates that any autocatalysis effect on the dissolution
rate had been counterbalanced by the transport of aqueous CO32~ and SO4%~ through the
strontianite surface layer, which became increasingly rate-controlling in the second kinetic
regime. Thus, at some point, an ICDP reaction becomes diffusion-controlled, which is also
the basic assumption in the shrinking core model [11].

The actual diffusion or better transport properties of the strontianite rim strongly de-
pend on its porosity which, in turn, controls the overall replacement rate [38]. The product
phase strontianite has a significantly smaller molar volume (42.18 cm?/mol) than the celes-
tine parent phase (46.39 cm3/mol). The observable porosity in the strontianite product and
the formation of a gap at the interface between strontianite and celestine (Figure 5)—where
in the framework of the ICDP model, the interface solution is located—can therefore be
explained by the difference in the molar volume only. However, the solubility difference
of both phases will add up to the porosity given by the molar volume difference [38,41].
Since both phases crystallize in the same orthorhombic crystal structure (space group:
Pmcn), strontianite will initially topotaxially nucleate onto the celestine surface once its
initial dissolution has caused a certain degree of supersaturation in the solution close to
the celestine surface. Such topotactic nucleation is energetically favoured compared to any
other crystallographic orientation and should result in a polycrystalline, porous strontianite
product with crystallographically aligned crystals. The first strontianite layer therefore sets
and stabilizes the outer dimension of the pseudomorph. After a continuous strontianite
layer has formed, the dissolution of celestine and reprecipitation of strontianite occurs
within a thin interface solution film that is connected with the bulk solution via the porosity
in the strontianite layer. At this stage, the molar volume and solubility difference between
both phases can still be compensated by the formation of porosity in the strontianite layer.
However, with increasing thickness of the strontianite layer, the volume change cannot be
balanced anymore, and therefore, the thickness of the fluid film at the interface increases.
At a certain thickness of the fluid film, new strontianite preferably nucleates onto already
existing strontianite rather than onto the celestine surface, as this is energetically favourable.
Then, a continuous gap between both phases develops that is clearly visible after the exper-
iments (Figure 5). It is worth noting that such a gap between the parent and product phase
has often been observed in nature and in experiments (e.g., [2,3]), but recently, its formation
has even directly been observed in operando via fluid-cell Raman spectroscopy [17,19].
However, a fluid film between celestine and strontianite was not observed in the in situ
experiment presented here, probably because the strontianite rim was not yet thick enough
and the gap was therefore still too small to be detected via Raman spectroscopy, i.e., below
about one micrometre.

We observed that at temperatures >35 °C, the first kinetic regime, involving the
initial celestine dissolution, proceeds so fast that is not recognizable as an individual rate-
controlling step. Another intriguing feature of the second kinetic regime is the occurrence
of wave-like fluctuations of the R?1 and R® ratio over time around generally linear trends.
Small oscillations are also noticeable in the data of the 35 °C powder experiment, but not
in the data from all other experiments at higher temperatures (Figure 6¢). We recall that
there is no obvious systematic analytical error that could account for such oscillations. We
therefore suggest that the oscillations directly reflect a non-linear coupling of celestine
dissolution, strontianite precipitation, and the transport of reactants and products through
the strontianite surface layer that only occurs at low temperatures. The transport properties
of the strontianite layer therefore controls the chemistry (CO32~, SO4%7) of the interface
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solution and thus the celestine dissolution rate that was found to decrease with increasing
aqueous SO42~ [12], i.e., with decreasing chemical affinity. An increase in SO4%~ in the
interfacial solution due to transport limitations could thus dramatically decrease the dis-
solution rate of celestine (chemical affinity approaches zero), while strontianite continues
to precipitate, eventually producing self-organized chemical waves. The exact feedback
mechanism is not yet understood, but it is noted that temporal chemical oscillations in
reacting solutions have also been observed during the dissolution of dolomites and the
reprecipitation of a Mg carbonate phase via atomic force microscopy and regular solution
sampling [42] and, more recently, during the corrosion of a silicate glass via fluid-cell
Raman spectroscopy [20].

Here, we assign the empirical activation energy of 71.8 £ 1.7 kJ/mol, obtained via
the time-to-a-given-fraction method from the >35 °C data at the beginning of the reaction,
i.e., far from equilibrium (Figure 7b,c), to the onset of the second kinetic regime of the
overall replacement process where the reaction kinetics become ICDP-limited and may be
autocatalytical. This value accords well with the apparent activation energies of 64.1 and
70 kJ /mol obtained by fitting shrinking core models to experimental ex situ data [10,12].
Using the model of Castillejos et al. [12], however, we obtained a significantly lower
apparent activation energy of 22.8 £ 1.7 k] /mol (Figures 6b and 7a). We nevertheless
consider this value to be meaningful because it accords very well with an E, of 21.6 k] /mol,
reported by Suarez-Orduna et al. [16], and also well with the value of 27.1 £ 0.9 kJ /mol that
was obtained in this study via the time-to-a-given-fraction method at infinite conversion
progression. Suarez-Orduna et al. [16] obtained a low apparent activation energy from
hydrothermal experiments performed between 150 and 250 °C with several millimetre-
large single crystal plates. Under such conditions, the initial kinetic steps identified in
this study are rate-limiting only in the first minute(s) of the experiments. The measured
apparent activation energy therefore likely reflects the final transport-controlled kinetic
regime that is established once a certain thickness of the strontianite layer and thus a kind
of steady state between transport and celestine dissolution at the ICDP interface has been
reached. In this context, it is important to mention that there is evidence that porosity
decreases roughly exponentially with an increasing reaction time (so the transport rate
within the strontianite layer), slowing the reaction rate [38].

5. Conclusions

The kinetic evaluation of the temporally high-resolution (5 min steps), in situ Raman
data from the powder experiments at temperatures between 30 and 60 °C showed that the
evolution of the solution composition cannot fully be explained by a single rate law derived
from the shrinking core model [11] that is basically a simplified mathematical description of
the ICDP process. However, by applying the model-independent time-to-a-given-fraction
method, we could identify three kinetic regimes with clear changes in the reaction kinetics.
The first kinetic regime was not discernible in the data obtained at temperature >35 °C
and involved the stoichiometric dissolution of celestine as the rate-limiting process for
which we obtained a high apparent activation energy of 276 £ 11 kJ/mol. Such a high
activation energy for the initial surface-controlled kinetic regime has not yet been reported
in the literature. The start of the second kinetic regime was characterised by a sudden
increase in the conversion rate and was controlled by a non-linear coupling between
celestine dissolution, strontianite precipitation, and the transport of aqueous sulphate
and carbonate through the growing strontianite surface layer, which also was found to
cause chemical oscillations. We obtained an empirical E; of 71.8 & 1.7 k] /mol for this
reaction step. The final kinetic regime was clearly transport-controlled with an activation
energy of 27.1 = 0.9 k] /mol that accorded well with the literature values. It follows that
it would cause erroneous predictions of the conversion rate when only the data from
temperatures above 30 °C are used to extrapolate the surface temperatures, e.g., to estimate
weathering rates.
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The results of this study further demonstrate that fluid-cell Raman spectroscopy is a
powerful tool to in situ investigate mineral replacement reactions with a micrometre-scale
spatial resolution and in case of powder experiments with a high temporal resolution,
which allows us to study the reaction steps not detected in ex situ experiments. Short
time changes in the kinetics were identified, which were not detected in previous ex situ
experimental studies where new samples and solutions had to be used for each time step
of an isothermal series. Moreover, the physics behind the Raman effect, i.e., the excitation
of the effect via monochromatic light that can be steered through transparent windows, the
high spatial resolution, and sensitivity of modern confocal Raman spectrometers along with
high information content of a Raman spectrum and the possibility to quantify the oxygen
and hydrogen isotope composition of solids and aqueous oxo-anion species [17,43], opens
up further avenues to investigate the mechanisms and dynamics of solid—fluid reactions in
the future using fluid-cell Raman spectroscopy.
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Appendix A

The Raman spectra were collected with a long-working distance (LWD) 100x metal-
lurgical objective (N.A. = 0.8) from a natural celestine crystal that was in contact with pure
water. A 170 £ 5 um thick silicate glass (Schott D 263M) plate was used as a cell window
and a lid. A series of x-z scans, with x parallel to the normal of the crystal-water interface
and z to the optical (laser) axis, were performed with different confocal hole sizes to obtain
an empirical measure of the spatial resolution and the best instrumental settings for the in
situ experiments. The extent and morphology of the crystal is best visible in x-z images that
are based on color-coding the total intensities in the low-frequency region between 140 and
300 cm~! (Figure A1l). In this frequency range, the glass and water give higher but distin-
guishable intensities (glass boson peak and a water band near 190 cm ') than the intensity
generated from the celestine crystal, producing a clear contrast between all three phases.
The Raman image, however, is distorted in the z direction due to the refraction of the laser
beam mainly at the air-glass interface, causing an increasing mismatch between the actual
distance moved in the z direction by the microscope stage (apparent focal point) and the
true focal point. As a consequence, without considering diffraction, the measured thickness
of the glass lid would only be 100 + 5 pm (Figure Alc), i.e., 1.70 £ 0.10 times lower than the
expected thickness of 170 £ 5 um. From the Raman images shown in Figure 1b, it is further
evident that the confocal hole size not only has a clear effect on the depth, but also on the
lateral resolution (note the edge feature that is marked by a red arrow in the images). From
the intensity profiles in the x and z directions across the crystal-water interfaces, a lateral,
Ax, and an axial resolution, Az, between about 4 and 5 um and 16 and 25 um, respectively,
can be determined using the approach illustrated in Figure 1b(C). The true axial resolution,
Az, is therefore about 1.7 times larger (Figure Alc) and strongly depends on the confocal
hole size (Figure Ald). At such a depth, the confocal aperture effectively restricts the
volume from which a Raman scattering signal s primarily detected (Figure Ald). Taking
a confocal hole size of 500 pm at a depth of 180 pm below the glass surface, the Raman
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signals were primarily collected from a roughly circular cylindrical volume with a diameter
and height of about 4 and 32 um, respectively. However, the empirically determined lateral
resolution is also strongly affected by the non-parallel orientation of the crystal surface
with the laser beam axis and/or by the uneven surface morphology (Figure Ala). The
small increase in Ax with increasing size of the confocal hole (Figure Ald) may indirectly
reflect this misalignment. Therefore, the “true” lateral resolution was likely even better
than 4 pm. Accordingly, spatial, chemical or structural variations can principally be much
better separated in the x rather than the z direction.
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References

Figure A1. Results of Raman spectroscopic spatial resolution test measurements with a celestine
crystal in contact with water. The fluid cell was closed by a glass window as schematically shown
in Figure 1b. (a) False-colour x-z image of the total intensity in the frequency region between
140 and 300 cm !, which give the best visualisation of the morphology of the crystal (stippled white
line). Note the ~2° mismatch between the laser beam (z) axis and the normal of the glass surface
as well as the water layer between glass and crystal. (b) False-colour x-z images of the integrated
intensity of the v;(CO3) band of celestine obtained with different confocal hole sizes given for each
image in the upper right. Note the change in the spatial resolution most pronounced in z direction.
This is well recognizable when following the edge feature that is marked by red arrows. (c) Upper
diagram: intensity profile of the v1(COs3) band intensities of celestine across the celestine-water
interface at z = —182 um. Lower diagram: intensity profiles of the v;(COj3) band of celestine and the
vs(Si-O) bands of the glass window across the glass—water and water—celestine interfaces at x = 78.
Measurements were made with a confocal hole of 100 um. As shown in the upper diagram, the
position of the interfaces is defined by the point where the intensity reached half of its maximum
value. The lateral resolution can be defined as distance between the two points where the intensity
reached a quarter and three quarters of its maximum value. From such analysis, one obtains a lateral,
Ax, and axial, Az, resolution of about 4 and 26 um (corrected for refraction effects). (d) The lateral
and axial resolution as a function of confocal hole size.
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