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Abstract: Mineral dissolution is a dynamic process in which kinetics depend on the reactive surface
area, orientation, and geometry of the dissolving mineral grain. Dissolution rate is, thus, not
represented by a single value, but rather, by a spectrum that is affected by the reactivity of different
types of surface features. Such dissolution rate spectra are usually obtained by very detailed studies
of perfectly cleaved surfaces by atomic force microscopy or in situ studies, such as flow-through
experiments. This study visualizes dissolution progress by repeated X-ray computed tomography
scans of a single particle. This allows studying the influence of larger particle features, such as corners
and edges, at the interception of macroscopic faces of particles, as well as the influence of those
macroscopic features on the dissolution rate spectra. As a suitable case study, the dissolution of a
monomineralic galena (PbS) particle in ethaline is studied. The observed changes in particle geometry
are evaluated using a newly developed empirical model in order to break down the rate spectra as a
function of the particle geometry. Results illustrate that dissolution rates are exponentially correlated
with the distance to crystal corners and edges. The reactivity map generated from these exponential
relations shows a linear trendline with the dissolution rates over the entire surface of the studied
galena particle. The empirical reactivity map developed here opens the possibility of predicting the
dissolution rate of particulate materials based on computed tomography and the optimal geometrical
properties of the particles that maximize the dissolution, e.g., size and shape.

Keywords: computed tomography (CT); corners and edges; dissolution; dissolution rate spectra;
reactivity map

1. Introduction

Mineral dissolution is involved in many natural geochemical processes (e.g., weath-
ering or hydrothermal alteration) [1,2] and industrial processes (e.g., carbon capture se-
questration or hydrometallurgical leaching) [3,4]. Dissolution rates are often estimated
from element concentrations in resulting leachates [5,6]. However, dissolution is a dynamic
process that depends not only on the solution (e.g., solvent concentration, temperature and
fluid velocity) [7-9], but also on the solid properties, such as reactive surface area, surface
orientation, and geometry [10]. Previous work has shown that dissolution rates are not
constant across minerals [11-13], but they are better represented by a distribution of values
that has been termed a dissolution rate spectrum [14].

Dissolution rate spectra were mostly studied by three-dimensional surface imaging
methods, e.g., optical profiler [4,10,15] and atomic force microscopy [14,16]. It was shown
that the surface orientation affects its reactivity, i.e., dissolution rate, due to differences in
the number of reactive surface sites, such as atomic scale steps and kinks [10,17,18]. This
experimental evidence was used to develop dissolution models based on the reactivity
of surface sites [9,18,19]. Despite providing high spatial resolution, three-dimensional
surface imaging methods usually require flat surfaces, e.g., polished or cleaved, and the
observations are usually limited to very small regions on single planes. From such studies,
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it is well known that the intersection of two or more crystal planes exceeds an important
control on the crystal total dissolution [20]. At the same time, simultaneous investigation
of macroscopic particle features remained an experimental challenge [21], as conventional
three-dimensional surface imaging methods only allow observation of a single intersection
at any given time.

In contrast to that, X-ray computed tomography (CT) can provide direct measurements
of three-dimensional volumetric changes of minerals during dissolution [8,21-25]. Noiriel
et al. recently documented that a millimeter-sized calcite crystal has higher dissolution rates
along its particle corners and edges as compared to dissolution rates on crystal faces [22,23].
On both an atomic scale [11] and a macroscopic scale [23], these corners and edges are well
known to increase the population of steps and kinks over time, as they will propagate.
However, often the experiment used a flow-through column or a mixed-flow reactor, and
hydrodynamic properties of the flow could affect the dissolution progress [9].

In order to address this shortage, the dissolution of millimeter-sized mineral
grains/fragments, especially around particle corners and edges, is observed in this
study, with the aim to determine realistic dissolution rate spectra. This knowledge
can then be used to extend mineral dissolution models that are mostly derived from
single surface experiments or from powder experiments (bulk dissolution) [26]. Mod-
els that account for particle geometry can constrain the variability of bulk mineral
dissolution rates measured from thousands of particles stirred in a reactor that may be
inconsistent in relation to those measured in the field [27]. Additionally, the results can
be used to simulate the dissolution of multi-mineral particles during batch leaching
experiments [26]. As a case study, the present investigation investigates the interaction
between different macroscopic features of a mm-sized monomineralic galena grain
during dissolution in ethaline. The influence of macroscopic features, such as par-
ticle corners and edges towards adjacent cleavage surfaces, are observed using CT.
Furthermore, an empirical model is proposed to generate reactivity maps based on
the distance to the macroscopic features in order to investigate the effects of particle
geometry on dissolution rate spectra.

2. Materials and Methods

The four hypotheses tested in this study are: (a) dissolution observed on macroscopic
features (particle corners and edges) formed at the interception of on the main planes of
a particle, act as permanent sources of instability; (b) the additional instability ultimately
translating into an increased local dissolution rate [28,29]; (c) empirical observations that
can be used to calculate this local dissolution rate; (d) dissolution rate spectra can be used
to calibrate a reactivity map solely from a particle’s three-dimensional geometry, i.e., the
distance from macroscopic features.

Figure 1 illustrates the motivation for this study. Bulk dissolution experiments per-
formed in a laboratory use a large number of individual particles, each with a unique
geometry (Figure 1a). Consequently, each particle has a specific dissolution rate, which
has a unique evolution through time, following the changes of geometry of that specific
particle (Figure 1b). The hypotheses formulated above are tested by dissolving one particle
and using the measured dissolution rates to generate a surface reactivity map that is based
on the particle geometry (Figure 1b). Such models can be used in the future to simulate
dissolution in a multi-particle bulk dissolution experiment, where each particle has its own
unique geometry. Our particle-level empirical model is compatible and complementary
to existing mechanistic models [11]. For instance, macroscopic features affect the surface
reactivity similarly to crystal spiral defects in the sense that they act as a permanent source
of instability from where atomic scale step waves are emanated, as illustrated in Figure 1c.
Here, one cube illustrates one unit cell in the crystal lattice and the red cubes highlight sites
of high reactivity. However, an important difference is that macroscopic features affect
different crystal planes in different directions. Consequently, a point on a surface may be
affected by different macroscale features depending on its distance.
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Figure 1. Illustration of the proposed concept, (a) bulk dissolution, i.e., batch leaching of multiple
particles, each with unique geometry. (b) Each particle has a specific reactivity and dissolution rate
map depending on its geometry (particle corners and edges). Warm color highlighting high reactivity
on the corners and cold colors depicting low reactivity on the surface. (c¢) Our models are compatible
with atomic scale mechanistic dissolution models, e.g., macroscopic edges have a similar effect as
crystal spiral defects as sources of atomic step wave dissolution.

2.1. Materials and Sample Preparation

A monomineralic and nearly cube-shaped particle of galena (PbS) of ca. 2 mm size
from Freiberg, Germany was studied. The sample was sourced from the Geoscientific
Collections of the TU Bergakademie Freiberg (uXRF spectra of this sample are provided in
the Supplementary Files, Figure S1, relating to this contribution). Galena is a sulfide mineral
of typically very simple chemical composition, cubic symmetry, and perfect cleavage along
the {100} crystal planes (Figure 1). One cleavage surface of the particle was coated with
epoxy resin prior to the dissolution experiment (orange in Figure 2) to prevent dissolution
along this surface, allowing its use as a reference for registration of CT images. The other
five {100} cleavage planes were left uncovered and are thus susceptible to dissolution.

! (b) 3D Edge
1

==
(c) 3D
1 Corners.

B Edges
[ Steps

Feature

Figure 2. (a) Three-dimensional volume of the studied galena particle with the basal surface coated
by epoxy resin (orange) and the other surfaces uncovered along with the chosen particle corners (C;
to Cyp), pseudo-edges (E; to Ej3), and the selected regions of interest (labelled in succession C;-Face;
to Cp-Faces), (b) Three-dimensional edge and illustration of the distance calculation from feature
points (df ., and df,), (c) Three-dimensional feature showing the classified macroscopic features
(particle corners, steps and edges) and the illustration of distance calculation from surface points (ds;)
for the reactivity mapping.
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2.2. Dissolution Experiment

The dissolution experiment was similar to the single particle leaching method applied
by Winardhi et al. [26]. Accordingly, the galena particle moves freely in a stirred beaker
filled with ethaline (Figure 3). The ethaline was chosen because it is an example of a deep
eutectic solvent (DES), a group of promising green solvents that may be used in extractive
metallurgy (e.g., ore leaching). DESs are widely regarded as “green” solvents, as they are
typically biodegradable and have a low melting point. Some ore minerals (such as galena)
have been shown to be highly soluble in certain DESs [4,26]. Ethaline was prepared by
mixing 1:2 M ratio of choline chloride (ChCl, Sigma Aldrich, >98%) and ethylene glycol
(EG, Merck, >98%) with 100 mM of iodine as a catalyst [4]. The solvent was then stirred at
500 rpm and heated to 50 °C in a closed container until a consistent mixture was obtained.
By letting the galena particle move freely in the beaker, all points of the surface of the
galena particle are assumed to be equally exposed to interaction with the ethaline solvent.
The galena particle was scanned using CT prior to the dissolution experiments, and then it
was scanned again in two-time steps of 8 h each of exposure to ethaline. The galena particle
was rinsed each time, prior to CT scanning, using ethylene glycol in order to prevent
precipitation of lead(I) chloride [30], followed by ethanol to remove ethaline residues.

Temperature probe e

Ethaline

Galena particle o ———

% p— Stirrer
/

0 50 °C ‘ 500 rpm

Magnetic stirring hot plates

Figure 3. Illustration of the setup of the single particle leaching experiment used in this study. The
galena particle was stirred in a beaker glass filled with ethaline at 50 °C and 500 rpm. Note that the
galena particle moves freely within the beaker glass (similar to laboratory bulk leaching experiments),
thus avoiding the effect of directional flow.

2.3. X-ray Micro-Computed Tomography (CT)

CT scanning was performed using a XRE CoreTOM (Tescan) instrument with a voxel
size of 4.65 um, X-rays with a maximum of 180 kV, 15 W power, 1500 ms exposure time,
and a 50 um tungsten filter mounted at the source to filter the X-ray beam. Radiographs
were reconstructed using Acquila 1.0.0.70 reconstruction software supplied by Tescan.
The three-dimensional images were processed using the Avizo 9.2.0 software package by
applying an image processing workflow proposed by Noiriel et al. [23] to calculate the
dissolution rate spectra. The three-dimensional volume of the particle during the different
dissolution time steps was registered using the surface covered by epoxy resin as a reference.
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Images were filtered using a non-local means algorithm, and they were segmented using
the region growing algorithm. A Chamfer distance map was calculated to measure the
surface retreat due to dissolution time steps. The dissolution rate spectra across the particle
surface were obtained by masking of the distance map with the segmented particle prior to
the dissolution experiment.

In order to calculate the bulk dissolution rate, the volume and surface area of the
particle at each time step were calculated from the segmented data. The global bulk
dissolution rate, k; (mol-h’l), was obtained by dividing the volume difference, (V3, — V},),
by the molar volume (vg,) and time difference (f; — t9) (Equation (1)) [22], while the
normalized bulk dissolution rate, kyorm, (um-h~1), was calculated by dividing the volume
difference by the time interval and normalized using the average surface area (Ays,)
between two time steps (Equation (2)) [31]. The uncertainty of the bulk dissolution rate was
estimated by dilating or eroding (6-connectivity) one voxel distance from the segmented
particle mask.

Vi, — Vi,
ki = <f0 “>. ! 1)
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2.4. Reactivity Mapping

In order to understand the relation between macroscopic features, such as corners or
edges and dissolution rate spectra, a reactivity map was generated based on an empirical
model. This reactivity map shows the contribution of one or more macroscopic features
towards the adjacent crystal surfaces during the dissolution process. It is the underlying
hypothesis that this reactivity can be calculated based solely on the particle geometry and
that the reactivity map reflects the dissolution rate spectra. A code was developed using
MATLAB MathWorks (code can be found in Supplementary Files) in order to generate the
reactivity map. The segmented three-dimensional volume was used as an input, and then
it was resliced as a two-dimensional image in the x-y, y-z, and x-z directions, followed
by two-dimensional Sobel edge detection in order to obtain all relevant features points
of the particle (Figure 2b). These step were performed in order to obtain all macroscopic
features (feature points) within the particle. In order to classify these feature points into
corners, edges or steps, a total of 13 points were chosen as initial corners (C; to C;3). Then,
an imaginary line at the interception of these corner points was created, which acts as
initial edges as illustrated in Figure 2a. These imaginary lines will be referred as pseudo-
edges (E; to Ej4). There were no pseudo-edges defined on the epoxy-coated surface of
the galena particle, as this was assumed to be non-reactive during dissolution. Then, the
distance between the corners and pseudo-edges towards the feature points (Figure 2b)
was calculated as vectors in order to obtain the crystal corners and edges position within
the three-dimensional volume. Thus, a three-dimensional volume showing the classified
particle corners, edges and steps was obtained Figure 2c.

In the following, the distance of all voxels within the surface (surface points) towards
the particle corners, edges, and steps was calculated by using the same distance calculation
(Figure 2c). An additional constraint for steps was required during this calculation of
distance, namely, that the model will only calculate the distance if step and surface points
were located on the same terrace, e.g., the same elevation on the crystal surface. This
relation most likely will have an exponential trendline for an atomic scale model [18,32].
The crystallographic effect was assumed to be indirectly included within the dissolution
rate spectra measured at each point of the particle surface. Therefore, the data were fitted
using Equation (3), where the dissolution rate spectra (k) in a surface point decreases as it
moves away from a macroscopic feature (dy) with an exponential relation constant (—b).
The constant, ¢, represents the lowest point of the resultant exponential curve—and it can
be interpreted as the minimum dissolution rate across the particle surface. On the other
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hand, constant a is the point where the curve intersects with the y-axis (dy = 0) that can
then be interpreted as the maximum dissolution rate related to a specific macroscopic
feature.

k(dy) = a.exp(_b'df) +c 3)

By using sum of the exponential part from Equation (3) and the distance from a surface
point (f) towards each macroscopic features (corners, edges and steps), (d f)' the reactivity
map on a particle surface point (Ry) can be calculated, as shown in Equation (4)

n
—b.d
= fi
Rf(camer,edge,srep) - Zexp (4)
1

Moreover, in order to understand the influence of the distance from surface features, a
total of six regions of interest (ROI) was selected with two corners C; and C; as reference
corners (Figure 1a). Two of these ROIs were localized near C; (C;-Face;, Cq-Face; C1-Facey).
The other three were localized near corner C; on different particle surfaces (C,-Face;, Cs-
Face,, Cy-Faces). All ROIs have the same size of 48 x 48 x 10 pixel (223 x 223 um) and also
preserve surface topography. Then, the ROI was placed within 10 pixel (46.5 um) diagonally
from the corners C; and C,. The distance between the data points towards C; and C; can
be calculated and plotted against the dissolution rate spectra. Note that two simplifications
were made during these steps. First, for a given ROI, only the distance to C; and C; was
calculated in order to display the macroscopic feature interactions. Second, due to the
variability of dissolution rate values within the same distance across the particle surface,
average dissolution rates were calculated. These are displayed in the results section.

3. Results

In this section, the result on the bulk dissolution rate and the evolution of the overall
particle volume in response to dissolution of galena in ethaline is presented. Then, the
relation between macroscopic features and dissolution rates is presented, starting with
the results of the whole particle and followed by the details of dissolution occurring at
the corners (C; to Cg). Finally, dissolution within the six chosen ROIs is documented and
related to the interaction of macroscopic features.

3.1. Dissolution Experiment

A qualitative comparison of regions with particularly high dissolution rates clearly
illustrates the decrease in volume and surface area of the particle over time (Figure 4a).
This coincides with marked changes of the appearance of corners and edges. Edge E;
(Figure 4b), for example, is a distinct and straight line at t; that separates Face 1 from Face 3
(Figure 2a). These two faces are also marked by the presence of few cleavage steps. After
8 h of dissolution (t1), the edge E; starts to develop stair-case morphology (yellow arrow),
which continues to encroach further on the adjacent faces within the next 8 h (t,). Very
similar is the development at corner C; and edges E; and E; (Figure 4c). At t0, this region
has a simple and well defined cubic cleavage shape (Figure 4c). After the initial stage of
dissolution (t;), however, the region displays a stair-case morphology that encroaches on
the three surrounding surfaces (Faces 1-3; Figure 1a). Particularly strong dissolution at
corner C; consumes surface steps (blue arrow), and steps closer to C, develop from a rather
straight shape into a curved shape (purple arrow) through time (tp).
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Figure 4. The three-dimensional volume rendering of the studied galena particle (a) overview of
entire particle at different dissolution times. (b,c) Close-ups of selected regions on the particle. Notice
that the yellow, blue, and purple arrows that point to particularly relevant changes in the particle
morphology are describe in detail in the text.

Quantitatively, both volume and surface area decrease as the galena particle dissolves.
The two dissolution rates calculated for the two time slices are rather consistent (Table 1).
The uncertainty calculated by applying three-dimensional erosion and dilation resulted a
maximum variation of 4% of the tabled value (data can be found on Supplementary Files
Table S1). This is equivalent to a plus/minus one-voxel thick variation of the segmented
mask of the particle. This is assumed here to be the main source of error in the measurement.
The dissolution of the galena particle can, however, be much better visualized as dissolution
rate spectra by calculating the surface retreat (Figure 5). The distribution of the dissolution
rate shows the maximum rate of dissolution to decrease from 19 um-h~! for the first time
step (t1) to 16 um-h~! for the second time step (t2). However, even though the surface
area was smaller, the total surface area affected by dissolution (without counting the
surface with 0 um-h~!) increased (Figure 5). This is due to the fact that normalization
required for bulk rate calculation assumes all surfaces to be reactive. Within the three-
dimensional dissolution rate spectra (Figure 5), the dissolution was higher at corners,
followed by dissolution along edges or surface steps (red-yellow tones, Figure 5), as can
be expected [8,23]. Steps located closer to edges and corners have higher dissolution rates
compared to steps located centrally on crystal surfaces.
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Table 1. The bulk dissolution rates calculated using Equations (1) and (2) and three-dimensional

image-derived quantities.

Time Step Time (h) Surface Area (um?) Volume (um?) k; (mol-h—1) kuorm; (nm-h—1)
to 0 2.09 x 10° 2.25 x 108 - -
t 8 1.93 x 10° 2.10 x 108 6.16 x 10~* 0.97
ty 16 1.81 x 100 1.94 x 108 6.23 x 1074 0.99

>
(&)
=
Q
-
o
Q
S
18

0 - 8 12 16 20
Dissolution rate (;zm/h)

Figure 5. The distribution of the dissolution rate over the particle surface of t; (purple circle, con-
tinuous line) and t; (green diamond, dashed line) and the visualized three-dimensional dissolution
rate spectra. Note that the dissolution rate in the grey areas is within the analytical uncertainty of
2 um~h_1. Dissolution in the white areas, on the other hand, is below the detection limit and thus is

shown as 0 um-h~1,

Based on the calculation of a normalized bulk dissolution rate and assuming that
dissolution was homogeneous across the entire surface of the galena fragment, a surface
retreat of around 7.8 um can be expected after 8 h of dissolution in ethaline for both
time steps (t; and tp). At a voxel size of 4.65 um/pixels, this surface retreat will be
equal to 1.7 pixels. As it is not possible to distinguish a surface retreat of 0.7 pixels, and
considering the uncertainty inherent to segmentation and mis-registration of pixels, an
uncertainty of +1 pixel may be assumed. Thus, the maximum uncertainty of the surface
retreat between the two dissolution time steps corresponds to a maximum analytical
uncertainty of 2 um-h~1.

3.2. Relation of Macroscopic Scale Features and Dissolution Rate Spectra

The average dissolution rates for all corners, edges, or steps against the shortest
distance towards each macroscopic feature show similar decreasing trendlines (Figure 6)
for both t; and t,. Note that this considers an average between all features marked in
Figure 1 of the same type, e.g., all corners or all edges. This is a simplification that neglects
the interaction between different macroscopic features. However, this was necessary to
calculate a feature-specific constant (Table 2) for the reactivity map. In general, the average
dissolution rate as a function of the distance from corners is faster compared the dissolution
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rate at the same distance from edges and faces (Figure 6). The same is true for the maximum
average dissolution rate. Comparing both time steps t; and tp, both the maximum and
minimum average dissolution rates of the macroscopic feature decreases through time
(constant a and ¢, Table 2). Variability of the data around the best fit line is also obvious,
especially for data obtained for corners, as these show high root mean square error (RMSE)
relative to data for other macroscopic features. Nevertheless, the fitted line and the data are
in a good agreement, as shown in Figure 6 and Table 2 (R-square (R?) value above 0.90).

15
(a) ® Comerst;
B Edgest,
10~ & Steps t;

Average dissolution rate (;z:m/h)

0 50 100 150 200 250 300 350 400 450 500 550
Distance (;zm)
(b) BT ® Comerst,
B Edgest,
10 Steps t,

Average dissolution rate (;zm/h)

0 50 100 150 200 250 300 350 400 450 500 550
Distance (;zm)

Figure 6. Plot of dissolution rates measured from the average of all corners identified in Figure 1
(purple circle, continuous line), edges (blue square, dotted line), and steps (green diamond, dashed
line) vs. the distance from closest macroscopic feature (particle corner, edge or step) for both time
steps (a) t; and (b) t.

Table 2. Fitting constants of Equation (3) for corners, edges, and steps, calculated from the exponential
fitting of the average dissolution rate against distance.

Time Steps Macroscopic Feature a(um-h—V b (um—Y ¢ (um-h—9 R? RMSE
Corners 12.5 —0.0245 2.68 0.9054 0.5493

t Edges 6.75 —0.0441 2.44 0.9167 0.2952
Steps 2.74 —0.0632 2.33 0.9982 0.0172

Corners 9.68 —0.0143 211 0.9353 0.4694

ty Edges 6.45 —0.0268 2.00 0.9575 0.2597
Steps 2.57 —0.0336 1.99 0.9634 0.09255

In order to provide more insight into the observed variability, Figure 7 shows a
comparison of the average dissolution rates for each corner for the first time step (t1).
Similar to the average dissolution rate against distance plot (Figure 6), surfaces that are
located close to corners show higher rates compared to those located further from corners.
However, there are also significant differences of average dissolution rates between different
corners: dissolution rates related to C, (Figure 7b) reach a maximum of ca. 20 um-h~1,
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whereas those related to Cg (Figure 7h) only reach around 9 um-h~!. The data variability
can also be seen from the scattering and also the total data count that averaged into one
value (brighter color display more data averaged and dark color display less data were
averaged). The dissolution rates around C;, C;, Cs, and Cg are more scattered around
the fitting line in comparison to those of C3, C4, C7, and Cg. The total dissolution rate
data averaged into one value is higher between 100 and 300 um of distance towards the
corners. Figure 5i shows the comparison between the fitted line (continuous line) of all
corners (C;—Cg) and the total average (dashed line). It can be seen that there are significant
deviations below 50um distance towards the corners, and such deviations become smaller
as the distance increases.
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Figure 7. (a-h) Average dissolution rate data plotted against distance from a particular corner during
the first time step (t1). The color represents the amount of data that is averaged into one value (see
legend). (i) Dissolution rate vs. distance lines obtained for individual corners (solid lines) compared
to the total average (black dashed line).

To better understand the dissolution rate variability and the interaction of these with
macroscopic features, a total of six ROIs were compared, and the dissolution rate spectra
were plotted against the distance towards the C; and C; corners (Figure 8). It is obvious that
the dissolution rates proximal to C, (Figure 8b) are greater compared to those proximal to
C; (Figure 8a). Yet, dissolution rates approach a similar base line with increasing distance.
Figure 8c illustrates that all dissolution rates approach similar values at a distance of
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250 um, with the notable exception of Cy-Face;. For Cy-Face), the dissolution rate is not
only particularly high overall, but an increase is observed at a distance of about 300 pm. A
similar unexpected increase is observed between 200 um and 250 um distance for C,-Face;.
These increases are related to the proximity and influence of other macroscopic features, in
this case other corners. While the distance was only calculated towards corners C; and Cy,
C,-Face; is actually affected by C7; Cp-Faces, in turn, is affected by Cs. Significant shifts
also mark the dissolution rate curve for Cy-Face; as it is affected by three corners, namely,
C3, Cy, and Cg. On the other hand, the dissolution rate curve for C; does not show similar
shifts, as these remain unaffected be the influence of all other corners. C;-Faces, from
about 100 pm distance, shows a small logarithmic decrement of the average dissolution
rate, which can be attributed to small steps within the selected ROI of C;-Face;. These
observations highlight the obvious fact that the dissolution of each surface (represented by
ROIs here) is actually affected, not only by the closest macroscopic corner, but also by more
distant corners.
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Figure 8. Comparison of the variation of the average dissolution rate within six ROIs around corner
(a) Cq, (b) Cy, as a function of the distance to the feature. (c) Compare (a,b) to highlight the increasing
dissolution rates around C, corner at distance between 200-250 um in contract to the continuous
decrease in the rates around C; corner.

3.3. Reactivity Mapping

Figure 9 shows the three-dimensional reactivity map that originates by applying the
empirical relation of distance towards macroscopic features (Equation (4) and Table 2)
for all points (voxels) of the surface as imaged by CT. The reactivity map illustrates the
effect of macroscopic features towards neighboring faces, with surface reactivity decreasing
markedly as distances from corners or edges increase. The area close to corners and edges
displays the highest reactivity. It also shows the cumulative effect of nearby corners and
edges, as seen in the most reactive part of the particle (C,-Face;, Figure 9b), which is the
most reactive compared to the top (Cz-Faces) and side (Cp-Face) parts. Furthermore,
the model also captures the different reactivity of steps, as shown within the highlighted
square in Figure 9b,c. Notice the white arrows (Figure 9b) as the reactivity within the steps
correlates with the dissolution rate spectra. Similar to Figure 9b, the area surrounding edge
E; (Figure 9c¢) is also visually in agreement with the rate map (black arrows). However,
there are also differences between the reactivity map and the dissolution rate spectra. The
reactivity map shows (as shown by red and yellow arrows) to have different reactivity
within the surface. Dissolution rate spectra, on the other hand, suggest that the surface
should have the same dissolution rate.
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Reactivity map Dissolution rate map

Figure 9. (a) Reactivity map for the studied galena particle at t0 based on the distance of all surface
points towards macroscopic features. The highlighted square for (b,c) is the same illustrated in
Figure 2b,c. Notice the black and white arrows that highlight close similarities between dissolution
rate spectra and reactivity model, whereas red and yellow arrows point out locally, which represent
remaining differences.

4. Discussion

The empirical reactivity model for the studied galena crystal is shown to be in good
agreement (e.g., within the experimental uncertainty) with the dissolution rate spectra
calculated from the available CT images (Figure 10). The reactivity map reproduces well
the higher reactivity of particle corners and edges affecting the neighboring surfaces.
With increasing distance of a selected point on a surface from particle corners or edges,
the reactivity diminishes in an exponential manner, which leads to less dissolution or a
low dissolution rate. Similarly, the reactivity map also captures differences in reactivity
along the particle steps in the cleaved surfaces of the studied galena crystal relative to
the macroscopic features (white and black arrows, Figure 9b,c). Additionally, the relation
between these two variables shows a linear trendline with only little deviation (Figure 10).
Considering a £1 pixel uncertainty, both average values of t; and t; are still within the
uncertainty range (the uncertainty bar overlaps for both time steps t; and t;), which means
the relation between these two variable persist over time. This implies that even though the
macroscopic features attain a rounded shape during the dissolution process (Figure 4b,c),
the reactivity and the effect towards neighboring surfaces remains similar. This is in
agreement with observations documented in a previous study [11]. This supports the
hypothesis that macroscopic features act as permanent sources of instability during mineral
dissolution. This also means that the reactivity relation of Equation (4) can be used to
predict the reactivity for successive time steps by using only the initial geometry of the
dissolving galena crystal.
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Figure 10. Relation between the computed reactivity with the measured average dissolution rates for
t1 (purple circle) and t2 (green diamond), as well as the uncertainty of the measurement. Note the
close fit of the linear regression lines for t1 (continuous line) and t2 (dashed line) with the uncertainty
bars.

However, at the scales that can be resolved using CT, it is impossible to define the
crystallographic orientation along particle corners and edges, as these become rounded
during dissolution (Figure 4). Nevertheless, at the atomic level, every orientation between
two {100} directions can be expected. The advantage of the proposed empirical model is
that the additional reactivity of more reactive orientation is accounted without the necessity
to resolve the orientation at each point. This is accounted for in the empirical relation
between the measured dissolution rate spectra and the distance towards the macroscopic
feature. This hypothesis is supported by Figures 9 and 10 that both document that the
empirical model successfully captures the effect of macroscopic features at the interception
of more than one particle planes (particle corners and edges) on the reactivity of the adjacent
surfaces.

Yet, a dispersion of average dissolution rates between reactivity values 50-70 can be
noted. This dispersion suggests locally greater variability, as shown also in Figure 5i. This
variability is greater in surface areas that are located closed to particle corners. This leads to
higher variability of dissolution rates at higher reactivity values. Moreover, the reactivity
map (Figure 9c) shows the pointed features to have different reactivity within the surface
(red and yellow arrow), while the dissolution rate spectra, on the other hand, display a
similar dissolution rate.

The suggested reactivity map approach will certainly benefit ore leaching or batch
mineral dissolution experiments, as it can provide constraints for the variability of disso-
lution rates based on the initial geometry of the particles in the studied material. In such
bulk experiments, many particles with various geometry are simultaneously exposed to
dissolution [33,34]. The geometry of these particles can be differentiated by calculating the
distance of the surface towards relevant macroscopic features. This distance calculation can
be computed from the three-dimensional images of the particles, which cannot be easily
achieved using atomic-scale models. The empirical model may be further used to include
the information about individual particle geometry in the variability of dissolution rate
spectra. Additionally, it can be used as an input for mineral dissolution simulation instead
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of using bulk dissolution rates (average of all particles). Thus, a better modelling condition
of multi mineral particles during ore leaching could be applied (e.g., particle geometry
effect and dissolution rate spectra) and, hence, this opens the possibility of optimizing ore
leaching process.

5. Conclusions

The proposed empirical model for mineral dissolution successfully captures the effect
of macroscopic features that intercept more than one surface (particle corners and edges) on
the reactivity of adjacent surfaces. The model illustrates the exponential relation between
dissolution rate and distance to macroscopic features, which ultimately is a consequence of
atomic-scale reactions already described by mechanistic models. The proposed empirical
model is also able to predict dissolution rate ratios between particle corners, edges, and
steps based on the initial geometry of a studied particle, as well as the cumulative effect
of the proximity of two or more macroscopic features to any point on a surface. This
effect remains consistent over time, since during the dissolution of a three-dimensional
object, the particle corners and edges persist as a source of increased reactivity towards the
intercepting surfaces. This supports the initial hypothesis on which this study was based
and illustrates that macroscopic features cannot be disregarded or compared to atomic scale
surface features during mineral dissolution. Macroscopic particle features are distinct from
atomic scale surface features by being persistent and predictable sources of dissolution.
These findings demonstrate the importance of considering the entire particle geometry
when trying to understand mineral dissolution.

Supplementary Materials: The following supplementary files can be downloaded at: https://
www.mdpi.com/article/10.3390/min13020253/s1. Figure S1: uXRF spectra obtained from the
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600 pA and 120 s exposure time with 20 um spot size, Table S1: The bulk dissolution rates calculated
using Equations (1) and (2) and 3D image derived quantities along with the error obtained from 3D
erosion and dilation filter.
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