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Mineral dissolution is an important process that occurs in both natural as well as anthropogenic processes. The
kinetics of such dissolution processes are influenced not only by the characteristics of the solution but also by the
characteristics of the minerals, such as crystal defects on the microscopic scale or macroscopic features such as
the intersection of crystal planes to form edges and corners. Macroscopic features are known to increase the
population of steps and kinks that may, in turn, affect the dissolution rate over time. Hence, this study presents a
3D empirical dissolution model aimed at examining the time-series evolution of macroscopic features together
with the corresponding changes in the dissolution rate under far from equilibrium batch reactor conditions. The
developed empirical model is based on the mineral geometry (surface topography and volume) derived from X-
ray computed tomography (CT) measurements. The macroscopic features are identified using surface curvature
which are then used to generate reactivity maps for dissolution model. As a study case, the dissolution of
monomineralic galena (PbS) in ethaline and iodine as oxidizing agent is experimentally observed and then
modelled. The model is then applied to seven particles of various shapes and sizes. The finding suggests that the
surface reactivity increases over time as the particle shrinks and the macroscale steps and edges become
dominant over the initial terraces. This implies that the persistent highly reactive surface sites defined by a
particle’s geometry may play a dominant role in the overall particle dissolution in addition to the dissolution
mechanisms typically studied on near atomic-flat surfaces. The model developed in this investigation offers the
opportunity to be extended providing the possibility of simulating the dissolution of multi-mineral particles
during batch dissolution experiments.

1. Introduction that the variability caused by individual particle properties average out

across many particles that are exposed to dissolution. Furthermore, it

Mineral dissolution has been intensively investigated as it is an
important process that occurs both in nature (e.g. groundwater [18,44]
or seawater [48]) as well as in technical processes including CO,
sequestration [8,33], hydrogen storage [2,20] and metal extraction [1].
For instance, tank leaching is an important metal extraction method
[34] that involves agitating the ores in a stirred reactor with a leaching
solution to induce the dissolution of the valuable minerals. The inves-
tigation of mineral dissolution processes typically involves measuring
the concentration of dissolved elements of interest within the leaching
solution. Information about the solids or mineral assemblages (e.g.
mineral association, reactive surface area) during the dissolution pro-
cesses is, in contrast, usually ignored. This is based on the assumption

has recently been shown that different mineral assemblages lead to
significantly different results during dissolution experiment [50] as the
surface evolves throughout the dissolution process.

To monitor the dissolution of minerals more accurately, 3D surface
measurements like vertical scanning interferometry (VSI) [22] and
atomic force microscopy (AFM) [41] and 3D volume measurements
using X-ray computed tomography (CT) can be used [16,22]. However,
while 3D surface measurements provide nanometer resolution, they
often require near-flat surfaces and are limited to small regions on a
single plane. This limitation prevents the possibility of providing in-
formation on the entire particle geometry towards dissolution. To
complement those studies, CT measurements are non-destructive [7,51]
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and capable of resolving the entire particle geometry along with their
macro features with micrometer resolution. CT allows the observation of
the development of entire particle surfaces and geometry throughout
dissolution processes [35], thus providing a complete view of the
dissolution dynamics. From such studies it is widely understood that the
dissolution rates cannot be represented by a constant value, but rather
by a distribution of values across the mineral surface. Such distributions
are referred to as dissolution rates spectra or local dissolution rates [9,
29]. Using AFM or VSI, the dissolution rates spectra are known to be
influenced by the morphology of the mineral grain surface as well as
surface defects such as etching and pitting [17]. The latter act as source
for the dissolution process that then propagates as step-waves [28]. In
investigations at a larger scale, such as millimeter scales using CT, it has
been shown that intersections of two or more crystal planes (corners and
edges, macroscopic features) play a significant role during dissolution
[16,36,53]; it increases the population of steps and kinks over time,
which also affects the surface surrounding the macroscopic features
[49].

In order to understand the development of surface features in greater
detail, modelling approaches such as kinetic Monte-Carlo (kMC) simu-
lations [25,27] are often applied. Coupled with 3D surface measure-
ments KMC simulations can provide geometry information and can
estimate the probability of a neighboring atom being released from the
mineral surface. This approach offers high accuracy in simulating min-
eral dissolution. Yet, Monte-Carlo simulations that consider larger sur-
face areas (e.g. at millimeter scale) remain challenging as they are
computationally demanding [19,31]. Therefore, other modelling ap-
proaches such as the shrinking core model (SCM) [52] and
particle-based simulations [50] were introduced to simulate mineral
dissolution. SCM is not only known for its thermodynamic accuracy, but
it also has the advantage of permitting simulation at a larger scale,
including batch leaching simulation. However, the SCM assumes the
dissolving particle to be spherical and ignores associated minerals. On
the other hand, particle-based simulation uses a combination of calcu-
lated global bulk dissolution rates (normalization of dissolution rates by
the total surface area of the dissolving minerals) derived from 3D vol-
ume measurements with classified mineral maps obtained by SEM-based
image analysis methods [45]. Despite providing modal mineralogy and
mineral assemblage data, this approach currently is limited to 2D data
and assumes that all surfaces of the mineral dissolve in a similar manner
by utilizing global bulk dissolution rates. The actual geometry of mineral
grains and particles is not considered. Ghorbani et al. [12] and Lin et al.
[30] proposed a 3D heap leaching dissolution model that incorporated
the particle geometry and used CT results as the model inputs. Both
showed that the simulated particle leaching behavior did not follow the
predicted result from SCM. However, both were done on column
dissolution experiments, in which dissolution might be affected by the
flow inside the column. Additionally, both models required the need to
solve the mass transport equation on the 3D particles, an approach that
is computationally intensive.

This research introduces a 3D empirical dissolution model in an
attempt to investigate the dissolution behavior of mineral grains and
particles with different geometries during a dissolution process. We
hypothesize that the evolution of macroscopic features will affect the
dissolution rate spectra and that this will impact the dissolution
behavior depending on the initial geometry of the particle. As a study
case, a cubic monomineralic lead-sulfide (PbS, galena) was dissolved in
ethaline. Ethaline is a deep eutectic solvent (DES) that is biodegradable
[38] and has a low melting point; it is similar to other DES often
regarded as a “green” solvents [23,37]. The ethaline solution dissolves
galena faster than other sulfides, such as pyrite or chalcopyrite [6,50],
which makes it a promising solvent to recover trace metals such as
bismuth (Bi), tellurium (Te) and silver (Ag) [11,32] commonly present
in galena. The results of the 3D geometrical evolution of the dissolving
galena particle measured by CT are presented.

Based on this experimental result, a 3D empirical dissolution model
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was developed and applied to a set of galena particles by calculating
reactivity maps from the initial geometry of each particle as proposed by
Winardhi et al. [49]. The reactivity maps were generated by correlating
dissolution rates spectra obtained from experimental result with the
calculated distance between the mineral surface (surface points) to-
wards macroscopic features (features points). As an attempt to apply the
algorithm to various particles, these macroscopic features were classi-
fied by computing surface curvatures derived from the initial geometry
of the dissolving particle. This approach provides not only the infor-
mation on the initial reactivity of a particle geometry, but also the
mineral particles dissolution behavior over time. Furthermore, this
approach can be applied to any particle regardless of its size and ge-
ometry; it could thus benefit the optimization of dissolution processes.

2. Materials and methods
2.1. Materials

Monomineralic galena (PbS) particles originated from Freiberg,
Germany and provided by Geoscientific Collection of the TU Bergaka-
demie Freiberg were investigated in this study. The galena was chosen
due to its simple chemical composition and cubic crystal structure. Two
sets of galena samples were prepared: a single galena particle (referred
to as “galena-x”) and another set consists of seven galena particles
(particle-1, particle-2, particle-3, particle-4, particle-5, particle-6 and
particle-7) with various shapes and sizes (referred to as “the seven
galena particles”). The dissolution behavior of the galena-x particle has
already been described in details by Winardhi et al. [49], while the
seven further galena particles analyzed as part of this study. The
galena-x particle is used to provide proof of concept to test the 3D
empirical dissolution model that is developed in this study. The simu-
lation results are then compared with the results obtained from the
dissolution experiment.

The seven galena particles serve to test the hypothesis that the
dissolution process over time can be simulated using the particles initial
geometry and the dissolution rates specific to its macroscopic features.
The seven galena particles were prepared using the method proposed by
Godinho et al. [15] to reduce artifacts and further enhance the seg-
mentation process. Altogether, the seven galena particles weighed
0.015 g their particle size ranged from 120 — 170 um. These were mixed
with 0.55 g sugar crystals ranging in size between 107 um and 315 pm
that, acted as a spacer. Epoxy was added to this mixture and cast on a
6 mm inner diameter tube with length of 2 cm resulting a cylindrical
sample with 5 mm diameter and 1.5 cm length. This sample contained
the seven galena particles.

2.2. Dissolution experiments

Prior to dissolution, one cleavage surface of the galena-x particle was
covered with epoxy resin. This surface acts as a reference for the regis-
tration process of the CT images while, the other surfaces were exposed
to react with DES solvent, ethaline. The ethaline solution was prepared
by mixing a 1:2 M ratio of choline chloride (ChCl, Sigma Aldrich,
>98 %) and ethylene glycol (EG, Merck, >98 %) with the addition of
100 mM iodine (I3) as an oxidizing agent [21]. The solvent was stirred at
500 rpm in a closed container at 50 °C until a homogeneous solution was
obtained. The dissolution experiment was done by adapting the single
particle leaching method by Winardhi et al. [50]. This method allows
the particle to move freely within a stirred beaker filled with ethaline
solution, thereby minimizing the variations due to other experimental
factors (e.g. interaction between particles in solution, heterogeneous
movement of fluid around the particle, temperature, pressure, fluid
composition and concentration gradients) (Fig. 1). It was assumed that
the system remained far from equilibrium and that all surface points on
the particle were equally exposed to dissolution, therefore isolating the
effect of macroscopic features as the only source for the variability of
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Fig. 1. Experimental setup of the single particle leaching experiment adapted
from Winardhi et al. [49]. The galena-x particle was reacted with ethaline so-
lution in a closed container at constant 50 °C and 500 rpm.

dissolution rates across the various particle surfaces. The galena-x par-
ticle was scanned by CT prior to the onset of the dissolution experiment.
The galena-x particle was exposed to the ethaline solution at atmo-
spheric pressure for 8 h with an agitation rate of 500 rpm and a constant
temperature of 50 °C. After the dissolution experiment, the galena-x
particle was recovered and rinsed with ethylene glycol to prevent pre-
cipitation of lead(II) chloride [46], followed by ethanol to remove the
residues of ethaline. It was then scanned again by CT to acquire the 3D
volume after dissolution.

2.3. X-ray computed tomography (CT)

Both samples (galena-x particle and the seven galena particles) were
scanned using a TESCAN XRE CoreTOM CT instrument located at the
Helmholtz Institute Freiberg for Resource Technology. Scanning was
done at a voxel size of 4.65 um, 180 kV accelerating voltage, 15 W
power, 1500 ms exposure time, and a 50 pm thick tungsten sheet
mounted at the source to filter the X-ray beam. Acquila 1.0.0.70
reconstruction software (TESCAN) was used to reconstruct the radio-
graphs. Image processing of the reconstructed images was conducted
using the Avizo 9.2.0 software package. All reconstructed images were
filtered using a non-local means filter [10] to reduce the noise and
maintain the quality of the particle surface. Before the calculation of
dissolution rates, the dissolved galena-x particle was registered to the
initial condition prior to dissolution using an image registration module
in Avizo. The registration module utilizes a rigid transformation and a
normalized mutual information metric [47]. Two optimization algo-
rithms within the registration module were applied: (i)
extensive-direction optimization for coarse optimization with a final
convergency value of 0.16 and (ii) finer optimization using a
quasi-newton algorithm with a final convergency value of 0.1. After the
registration, the 3D volume was transformed to the registered coordi-
nate by applying the resample transform image module with Lanczos
interpolation [5]. Segmentation was then carried out using the
region-growing algorithm with an initial masking grey-value of 25,
000-65,535 [42].

The 3D segmented data allows the possibility to calculate global bulk
dissolution rates (k;, pm.h’l) and normalized bulk dissolution rates
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(Knorm, » mol.m 2.5 1). The global bulk dissolution rates (k;) was calcu-
lated using the difference of the segmented particle volume before (Vi)
and after a dissolution stage (V) with a given time interval (t; — to).
This rate is normalized to the average surface area (A, ,) between two-
time steps t; and to (Eq. (1)), [14]. The normalized bulk dissolution rates
(knorm;) Was obtained by using the global bulk dissolution rate (k;)
normalized with the molar volume of galena (vg = 3.03 x107° m3,

mol ™ (Eq. (2), [36].

ki = (M) i 6h)
' ti—ty ) A,y
and
leUﬂﬂi = ﬁ (2)
Ugal

The uncertainty of the global bulk dissolution rate due to segmen-
tation was assumed to be two voxels layer of the surface calculated by
applying a one-voxel distance dilation or erosion with 6-connectivity
from the segmented particle.

The dissolution rates spectra was calculated based on the surface
retreat between two adjacent time steps as proposed by Noiriel et al.
[36]. A chamfer distance map [3] was computed for the segmented
particle prior dissolution, providing distance values perpendicular from
the nearest surface within each voxel towards the center of the particle.
Then, by using the segmented surface of the particle after dissolution as
a mask, the dissolution rates spectra over the particle surface were ob-
tained. Possible uncertainty of the calculated dissolution rates spectra
due to misregistration was calculated by applying the method proposed
by Noiriel et al. [36]. A new volume was generated by applying 5-voxel
erosion with 18-connectivity. Then, (i) a 2-pixel horizontal shift and (ii)
a 1° vertical tilt angle were applied. The dissolution rates spectra of the
new volumes (eroded, shift and tilt) were then computed using the same
method.

2.4. Empirical dissolution model

The workflow of the empirical dissolution model is illustrated in
Fig. 2 and was developed using MATLAB MathWorks. Based on the
single particle leaching method described in the experimental section,
the empirical dissolution model assumes that other variables affecting
the dissolution kinetics remain approximately constant. Thus, only the
macroscopic features of the particle influence the rate spectra and, since
every particle has a unique geometry, the variability of the overall
dissolution rate for different particles. In order to detect the macroscopic
features, the model utilizes surface curvature calculations of the
segmented particle as input. This allows the model to detect the evolu-
tion of macroscopic features and particle geometry for every iteration of
dissolution simulation, also providing information about the local and
overall dissolution rates over the course of the dissolution of the entire
particle. The proposed empirical dissolution model employs the reac-
tivity map calculation proposed by Winardhi et al. [49]. In order to
generate the reactivity map, the macroscopic features of the particle
need to be defined. Winardhi et al. [49] defined these macroscopic
features manually based on user input. In dissolution simulation, the
manual selection of macroscopic features is overwhelmingly
time-consuming since due to the evolving geometry the procedure must
be repeated for each iteration step. This requirement becomes even more
challenging when multiple particles are considered.

To solve this challenge, an automated approach was applied in this
study to define the macroscopic features of the particle at each iteration.
In this approach, the Gaussian curvatures of the particle surface [24]
were computed by applying a 3x3x3 kernel operation. This kernel moves
over the particle surface and calculates the second-order derivatives in
all directions (x, y and z), resulting in a gradient matrix of the particle
surface. This gradient matrix represents the surface characteristic of the
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Fig. 2. A simplified illustration of the workflow associated with the 3D empirical dissolution model, starting with the 3D segmented particle. Surface curvature was
computed using the segmented particle to generate the reactivity map, which is used as initial input for the empirical dissolution model.

mineral [54]. By calculating the eigenvalues of this gradient matrix, the
first and second principal curvature are obtained. The multiplication
product of these principal curvatures results in the Gaussian curvature.
The Gaussian curvature has both positive and negative values, in which
positive values show outward-facing features (e.g. convex corners or
edges), while negative values show inward-facing features (e.g.
re-entrant corners or edges). In this study, it was assumed that the
inward-facing features (voxels with negative Gaussian curvature values)
would have a relatively small dissolution rate. Hence, the negative
curvature values are reset to 0. Additionally, based on the curvature
values, features to surface area percentage (FSP) can be calculated. The
FSP represents the detected macroscopic features coverage percentage
over the particle surface, thus it is defined as the amount of surface
voxels with curvature values bigger than 0 (Neyrvature>0) and divided by
the surface area (A) of the particle (3)).

N,
FSP:%M x  100% 3)

The curvature values obtained from the Gaussian curvature calcu-
lation were assumed to be the macroscopic features of the particle sur-
face (so-called feature points). In order to generate the reactivity map,
all voxels that have curvature values equal to zero were defined as
surface points. Then, the distances between these surface points and all
feature points were calculated as vectors to obtain the position of both
surface and features points within the 3D particle volume. By correlating
the distance map and the dissolution rates spectra obtained from the
dissolution experiment [49], the exponential constants ( — b) for each
curvature value was obtained by using exponential fitting (4), where the
dissolution rate (k) at a surface point decreases with the distance from a
macroscopic features (d¢). The constant c and a can be interpreted as the
minimum and maximum dissolution rate correlated to a specific
macroscopic feature.

k(df) = a.exp ¥ +c 4

As the macroscopic features surrounding a surface point affect the
cumulative reactivity of that surface point [49], the reactivity map (Rg;)
then was calculated by using the sum of the exponential parts of each
curvature value ( — b;) derived from Eq. (4) and the distance between
the surface points towards all feature points (d;) as shown in Eq. (5).

n m
Ry, = 21: 21: exp "% ®)
i=1 j=

After generating the reactivity map, the 3D empirical dissolution
model can be computed. Initially, from the 3D segmented volume, the
neighborhood of each voxel was calculated into six directions (up,
down, left, right, front and back). Voxels with less than six neighbor-
hoods were labelled as surface, while the voxel with six neighborhoods

was labelled as volume. Given that the calculated reactivity map is
closely linked to the dissolution rate spectra (4), it was assumed that
reactivity is best expressed as um.h~!. Therefore, the reactivity values
were used as a condition to remove a voxel from the 3D volume during
the dissolution simulation. Based on the calculated neighborhood value
of each voxel, the removal process will only remove the voxels if it was
labelled as surface. Each time one or more voxels were removed from the
particle surface during the simulation, the particle volume was updated
and the neighborhood was recalculated to determine the new surface.
Then, the reactivity map was recalculated by recomputing the Gaussian
curvature and the distance map. The iteration time steps (d;) were
chosen based on the highest reactivity value obtained from the reactivity
map. This is best illustrated by an example: The highest reactivity value
calculated for the initial galena-x particle was 18 um.h~!. This suggests
that 0.055 h (or 198 s) are needed to dissolve 1 um of galena from this
surface feature. Accordingly, iteration time steps (d,) of 0.001 h (3.6 s)
were chosen for the dissolution model.

Within this study, the simulation of the galena-x was stopped when
the iteration time reached the same amount of time as the experiment
(8 h). Different conditions were applied to the simulation of the disso-
lution of the seven galena particles. First, the seven galena particle
dissolution simulation used the exponential constant (Eq. (5)) obtained
from galena-x particle to generate the reactivity map. Second, due to the
kernel size used during the calculation of the Gaussian surface curvature
being 3x3x3 voxels, the minimum voxel needed to distinguish between
terraces and the macroscopic features, was assumed to be 4° voxels.
Thus, the simulation for the seven galena particles continued until the
simulated particle size reached less than 64 voxels (equal to 6.43 x10°
pm>). The empirical dissolution models for both galena-x particle and
the seven galena particles were computed on a workstation equipped
with the 13th generation Intel i9 processor utilizing parallel processing
across 24 cores and 128 GB of random-access memory (RAM).

3. Results

This section starts with the comparison between the experimentally
observed and simulated dissolution of the galena-x particle. This is fol-
lowed by the empirical dissolution model applied to the seven galena
particles, focusing on differences between the individual particles. This
analysis includes the change of volume, reactivity and the evolution of
global bulk dissolution rates over time.

3.1. Galena-x particle

The dissolution experiment conducted with the galena-x particle
shows a distinct decrement in volume and surface area within 8 h of
dissolution (Table 1). The calculated global bulk dissolution rate and
normalized dissolution rate was 0.99 pm.h ! and 9.15 x 10~ mol.m 2.
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Table 1
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Experimental and simulated data for the surface area, volume and its calculated normalized dissolution rate of the galena-x particle, along with the upper and lower

limit calculation based on dilation and erosion of the segmented particle.

Time (h) Surface area (pmz) Esa Volume (pm3) Evol k; (pm.h’l) Knorm (mol.m’z.s’l) Eknorm
(%) (%) (%)
Experiment 0 2.15 x 10° 2.46 2.27 x 108 4.57 - -
8 1.98 x 10° 2.35 2.10 x 108 4.46 0.99 9.15 x 107 3.81
Simulated 8 1.94 x 10° 1.90 2.09 x 108 0.63 1.09 9.98 x 107° 10.1

* Represents the maximum errors calculated from the one-voxel distance dilation and erosion of the segmented particle.

s! respectively. The calculated uncertainty derived from a one-voxel
erosion and dilation with 6-connectivity, resulted in a maximum sur-
face area (€sp) and volume variation (Ey,)) of 2 % and 5 % respectively.
Consequently, the upper limit (dilated) and the lower limit (eroded) of
the experimental global bulk dissolution rate were 1.03 pm.h~! and
0.96 yum.h ! respectively, resulting in a maximum uncertainty (€xnorm)
of 4 % on the dissolution rate (Table 1).

The dissolution rate is, however, not equal throughout the surface.
Thus, the bulk dissolution rate cannot be applied to particle dissolution
models as this would result in homogeneous retreat over the particle
surface, neglecting the effect of macroscopic features on dissolution. The
visualization of the dissolving galena-x particle (Fig. 3) illustrates the
different behavior of macroscopic features during the dissolution pro-
cess. The distinct evolution of the particle corners becomes rounded due
to dissolution, as displayed in the 2D ortho-slice (black arrow, Fig. 3a
and b). The edges become more evident within the 3D volume (blue
arrow, Fig. 3a and b), suggesting that dissolution occurs more rapidly at
these macroscopic features. This becomes more apparent in the calcu-
lated surface retreat, namely dissolution rate spectra (Fig. 3c), where
dissolution is higher on these macroscopic features (red-yellow color).
On the other hand, the particle terraces appear to be dominated by white
and light purple color, indicating substantial heterogeneity within the
dissolution process. The heterogeneity further demonstrates that disso-
lution rates decrease as the distance from macroscopic features
increases.

(a) t;= Oh (b)t,= 8h

X-z direction

Additionally, the uncertainty of the dissolution rates spectra can be
calculated based on the assumption of homogeneous dissolution rates
over the surface. With a global bulk dissolution rate of 0.99 pm.h™!
observed in the experiment, a surface retreat of 7.9 pm was expected
after 8 h of dissolution. The voxel resolution of 4.65 pm.px™" translates
to an expected surface retreat of 1.7 pixels. An uncertainty of +1 pixel
(equivalent to +2 pm.h'l) is assumed [49]. Thus, all points of the sur-
face with dissolution below 2 pm.h™! were considered below the detec-
tion limit and were not accounted for in the later empirical dissolution
model. Meanwhile, the possible uncertainty due to misregistration
resulted in the average surface retreat and standard deviation of the
eroded, shifted and tilted resulted in 5.61 + 1.05, 5.60 + 1.22 and 5.67
+ 1.62 pixels, respectively (comparison of the calculated surface retreat
distribution between eroded, shifted and tilted can be found in Appendix
A, Figure A.1). This result shows that misregistration did not signifi-
cantly affect the average surface retreat but increased the standard de-
viation which may affect the calculated dissolution rates spectra.

The reactivity map derived from the initial condition of galena-x
particle displays surface heterogeneity of reactivity due to macro-
scopic features (Fig. 3d). The reactivity map effectively captures the
influences of the macroscopic features toward the neighboring surfaces:
corners appear red color, edges display yellow to green color and ter-
races show a light purple color. The reactivity map correlates well with
the dissolution rates spectra, with high reactivity indicated by the white
arrow corresponding to high dissolution rates within the dissolution

(¢) Dissolution rates

(;-4 wn) sojer uonNn[osSI(]

(d) Reactivity map

18
~
Q
&
q
=
g
0

Fig. 3. Dissolution experiment of galena-x particle adapted from [49], ortho-slice in x-z direction and binary 3D volume of (a) prior to the dissolution experiment, (b)
after 8 hours of dissolution (c) the calculated dissolution rates spectra over the particle surface and (d) the calculated reactivity map. Notice the black arrows
indicating the rounding of the macroscopic feature due to dissolution, while the white arrow and yellow arrow highlights the similarity and the marked difference
between the dissolution rates spectra and the reactivity map, respectively. The white and light blue colour (marked in with a line in the scalebar) represent

dissolution rate values below the uncertainty of +2 um.h~*.
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rates spectra. However, some steps within the particle terraces (pointed
by yellow arrows) exhibit high reactivity despite corresponding to low
dissolution rates. To simulate the observed enhanced dissolution at
macroscopic geometric features an empirical model was developed by
utilizing the reactivity map which was based on the initial geometry of a
particle. The simulation of 8 h of dissolution of the galena-x particle,
with a total initial volume of 2252,821 voxels, required approximately
6.7 h of computing time. The empirical models also allowed the calcu-
lation of FSP, which shows 36 % of the galena-x surfaces are considered
macroscopic features and the remaining 64 % as terraces with much a
dissolution rate below the detection limit of this study. However, the
empirical dissolution model presents simulated surface area and volume
smaller than the experimental result, which results in simulated global
bulk dissolution rates 9 % higher than the experimental result (Table 1).
This discrepancy between experimental and simulated results is tenta-
tively attributed to the uncertainties of dissolution rates occurring
within the particle terraces.

3.2. Seven galena particles

The ortho-slice in the y-z direction of the seven galena particles
(particle 3, 4, 6 and 7, provided in Appendix A, Figure A.2) demon-
strated that CT was able to distinguish the macroscopic features, such as
convex corner and the re-entrant corner. Despite the streak artefact
caused by the sharp corner of the galena particles, the image quality was
sufficient to segment the galena particles from the background and the
artefacts. Additionally, the sample preparation method proposed by
Godinho et al. [15], showed that the artefacts did not significantly affect
the grey-scale distribution within particles, thereby enhancing the seg-
mentation process.

Based on the results obtained for the galena-x particle, the applied
model utilizes the segmented image of the seven galena particles as
input to generate the reactivity map of all seven particles (Fig. 4).
Initially, all particles have different shapes and sizes, thus have a
different distribution of macroscopic features. For example, particle-1
and particle-7, show small surface protrusions (red arrow), while
others, including particle-5 and particle-6, are marked by the presence
of larger terraces (blue arrow). The protrusions are most apparent within
the calculated reactivity map, clearly suggesting a high reactivity.

Particle-1 Particle-4

Particle-2
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Terraces in contrast, are not marked by increased reactivity values. On
the contrary, the reactivity map is also able to identify surfaces, such as
terraces, that exhibit staircase morphology (blue arrow). It was also
evident that the calculated FSP of the particles corresponds to the total
dissolution time required, with smaller FSP leading to less reactivity and
longer dissolution time required to dissolve the particles.

The computing time for all seven galena particles with an average of
139,145 voxels took around 5h to simulate an average of 38 h of
dissolution time. The calculated particles initial volume, FSP and
calculated average reactivity are presented in Table 2. The average
reactivity values were calculated by summing all reactivity values over
the surface and normalizing them with the total surface area. These
average reactivity values belong to the initial particle condition prior to
the dissolution simulation. In general, the presented particle charac-
teristics are consistent with one another. As an example, particle-1 dis-
solves the fastest in comparison to the other particles. Particle-1 almost
completely dissolves after 26 h while the other requires more than 30 h
for dissolution. Although particle-1 is also the smallest particle, it dis-
plays a high FSP of 29.23 %, resulting in high reactivity. Similar to
particle-1, particles-4 and 7 exhibit the same behavior, where their total

Table 2

Summary of measured and simulated properties for the seven galena particles
sorted in order of increasing initial Features to Surface Percentage (FSP),
including initial volume, Feature to Surface Percentage (FSP), average reactivity
and the total estimated time required to dissolve the particles.

S Volume FSP (%) Average reactivity Total dissolution time
(um?) (h)

1 0.89 x 107 29.23 1.33 26.08
7 0.99 x 107 24.87 1.09 32.97
4 1.11 x 107 20.53 0.98 35.01
2 1.47 x 107 18.52 0.73 35.64
3 1.68 x 107 18.00 0.88 36.19
6 1.74 x 107 17.26 0.68 39.3

5 1.91 x 107 17.14 0.69 38.72

*

The FSP was calculated based on the surface voxels that has curvature value
bigger than 0 and divided by the total surface voxels of the particles

™ Values were calculated based on the reactivity map of the particle prior to
the application of the empirical dissolution model

Particle-3 Particle-5 Particle-6

30
L

)
S 25|
A
n
£

20 - ‘

L ]
L
Reactivity map o .
15 | Lo i, 1 1
25 35

40

Dissolution time (h)

Fig. 4. Visualization of the seven galena particles calculated reactivity map, plotted based on their initial Feature to Surface Percentage (FSP) as a function of
dissolution time needed to dissolve the particles completely. (Warm colors (red and yellow) denotes high reactivity while cold colors (blue-white) denote low

reactivity (white represents below the detection limit).
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dissolution time corresponds to their FSP and average reactivity values.

The particle volume is inversely proportional to the FSP, although
this is not always proportional to the reactivity. Interesting results
emerge when comparing particle-2 to particle-3 and particle-5 to
particle-6. Although particle-3 exhibits a lower FSP compared to
particle-2, it demonstrates a higher average reactivity value. In Fig. 4,
while particle-2 displays a rough surface texture, particle-3 exhibits
distinct corners and edges, which detected by the curvature algorithm as
a macroscopic features, thus resulting in higher reactivity value (Fig. 4).
Further investigation is presented in Fig. 5, showing the evolution of
volume, global bulk dissolution rates and reactivity. During the first
10 h of dissolution simulation (Fig. 5a), it was evident that the differ-
ence between both particle volume evolution was reduced, suggesting
an increase of particle-3 dissolution rates. This corresponds to the global
bulk dissolution rate plot (Fig. 5b), which shows a larger increase in
dissolution rates of particle-3 compared to particle-2. However, after
5 h of dissolution, particle-3 displayed the rates reaching a plateau that
increases slightly over time, while particle-2 demonstrates a linear in-
crease in dissolution rates. This behavior is also reflected in the reac-
tivity plot (Fig. 5c), where both particles show an increase of reactivity
over time. However, particle-2 displays a larger increment in reactivity
after the first 10 hours.

On the other hand, both particle-5 and particle-6 display similar
values of FSP and average reactivity. However, particle-6 requires only
one additional hour to dissolve the particle completely in comparison to
particle-5, despite having smaller size. Fig. 5 illustrates the decrease in
volume of both particles through time. Similar to the comparison be-
tween particle-2 and particle-3, the difference between particle-5 and
particle-6 becomes smaller over time, overlapping after 20 h of disso-
lution, suggesting an increasing dissolution rate for particle-5. This
corresponds to the dissolution rates presented in Fig. Se, both particles
start with similar value, however particle-5 bulk rates increment was
bigger than particle-6. The reactivity plot (Fig. 5f), within the first 5 h,
particle-5 display a higher reactivity increment than particle-6, resulting
in faster dissolution of particle-5 although having bigger volume.
Visualization of particle-2, particle-3, particle-5 and particle-6 reactivity
evolution along with the calculated FSP through the empirical dissolu-
tion simulation were presented in Fig. 6.

Prior to dissolution, all particles (particle-2, particle-3, particle-5 and
particle-6) display high reactivity on corners and distinct edges of the
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particles (visualized as warm colors in Fig. 6). As dissolution time pro-
gresses, it becomes evident that all particles become distinctly rounded,
which causes the number of detected features (FSP) to increase and
resulted in an increase of the surface reactivity. Prior to dissolution, as
illustrated in Fig. 6b, particle-2 presents a higher FSP, while particle-3
demonstrates higher reactivity. At viewing angles of 0° and 90° prior
to dissolution, particle-3 displays significant reactivity on the sharp
corners of the particle. After 5h of dissolution, these corners start to
disappear, leading to a decrease in reactivity within the region sur-
rounding the corners. This was also displayed within Fig. 5b and c
showing the curve reaching a plateau that slightly increases over time.
Then, at 10 h of dissolution, particle-2 displays a higher calculated FSP
value compared to particle-3, which corresponds to the dissolution rates
and reactivity evolution presented in Fig. 5e and f. Meanwhile, particle-
5 and particle-6 initially exhibit similar reactivity. After 5 h of dissolu-
tion, it is evident that particle-5 surfaces become more reactive from all
viewing angles in comparison to particle-6. This is further supported by
a higher FSP value calculated for particle-5 compared to particle-6 after
5h of dissolution. This trend continues over time, leading to faster
dissolution of particle-5 in comparison to particle-6.

4. Discussion

The calculated bulk dissolution rate of galena in ethaline solution is
0.99 pm.h™! with a maximum variation of 4 %. The calculated dissolu-
tion rate was consistent with the experiment done in a previous study
[50], which observed dissolution rates of 1.81 pm.h‘l. In comparison
with Winardhi et al. [50], the discrepancy could originate from one
cleavage of the galena-x particle being masked with epoxy, thus
resulting in fewer active edges and corners, which ultimately reduces the
dissolution rate.

The proposed 3D empirical dissolution model is capable of tracking
the geometric changes of mineral particles during the dissolution pro-
cess. The simulation results show that all simulated particles become
rounded as they decrease in size. This is consistent with observations
from previous studies [49,50] as well as other literatures, both experi-
mental [4,36,53] and numerical (Luttge et al., 2013; [16]). Further-
more, it is remarkable that this study yields dissolution rates for galena
in ethaline solution (with iodine as an oxidizing agent) rather similar to
those reported by Jenkin et al. [21]. The latter authors reported a galena
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Fig. 5. Time resolved results from the empirical dissolution model applied to galena particle-2 and particle-3 (a-c), and particle-5 and particle-6 (d-f). Each data point
refers to the result after each hour of simulated dissolution, thus after 1000 iterations of the model.
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Fig. 6. Visualization of the empirical dissolution model results illustrating morphology, size and reactivity along with the calculated Features to Surface Percentage
(FSP) values of (a) particle-2, (b) particle-3, (¢) particle-5 and (d) particle-6 at 0 h (i.e. prior to dissolution), 5 h and 10 h dissolution time. Each particle is shown in
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over time.

global bulk dissolution rate and normalized global bulk dissolution rate
of 5.94 pm.h-! and 5.1x107° mol.m 257}, respectively. The somewhat
higher global bulk dissolution rate obtained by Jenkin et al. [21] is
tentatively attributed to surface polishing, which is known to enhance
the dissolution, especially during early stages [43]. Furthermore, the
surface orientation of the galena was not mentioned, which likely makes
it more reactive compared to the {001} terraces of the galena surface
within this study [13]. Nonetheless, the normalized bulk dissolution rate
reported by Jenkin et al. [21] is within the same order of magnitude as
the one reported in this study, demonstrating that the model presented
here is still within an adequate range.

Atomic dissolution models such as the kinetic Monte-Carlo (kMC)
simulation [19,26,39] utilize a stochastic or probability-based approach
to simulate the detachment of atoms from a mineral surface. kMC
models can predict the dissolution behavior of a mineral surface but only
on limited fields of view due to the intensive computational power
required to upscale the model, e.g. simulate the dissolution of many
particles. On the other hand, the proposed empirical dissolution model
was derived from the correlation between the experimental dissolution

rates spectra and the distance between macroscopic features and surface
points. The probability of atom detachment was assumed to be
accounted for in the experimental result dissolution rates spectra. As
shown in Fig. 3c, the experimental result of the galena-x particle cap-
tures the higher dissolution rates at corners and edges similar to the
higher probability of dissolution at the analogous feature on
atomic-scale. Even though the resolution of the 3D images used in this
work is insufficient to resolve the dissolution processes on terraces, it
effectively captures the significantly higher reactivity at corners and
edges. This suggests that considering the nearly atomic-flat planes of
minerals that are typically studied experimentally and numerically is not
sufficient to predict dissolution at the particle level. Nevertheless, the
model proposed here is compatible with those previous studies, e.g. the
step wave model [28]. For example, steps and corners can be seen as
permanent sources of instability from where continuous waves of steps
are emanated in all directions, thus justifying the macroscale correla-
tions found of reactivity vs distance from the feature.

Furthermore, the empirical dissolution model can be simply ach-
ieved by calculating the distance between the feature points and surface
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points along any crystal direction. Therefore, single particle leaching
experiments using other minerals can be used to simulate the changes in
geometry during dissolution even in other solutions (e.g. aqueous),
assuming that the experimental variables affecting the dissolution rate
would remain constant and that there are no interactions between par-
ticles throughout the dissolution process. Despite the limitations, the
empirical dissolution model can simulate multiple mineral particle
dissolution with less computational power, as shown by the computing
time needed to simulate the dissolution of galena-x particle and the
seven galena particles, which present the advantages of the model over
atomic-scale models. However, computing power will increase propor-
tionally with the total number of voxels that need to be simulated.

Yet, the empirical dissolution model can be optimized even further.
Firstly, the kernel utilized to calculate the Gaussian curvature plays an
essential role in detecting the macroscopic features within the particle
surface. The kernel size can be optimized according to the macroscopic
feature size. The application of a kernel size smaller than the one used
here resulted in the identification of more surface features but was found
also to create artifacts, such as staircase morphologies within otherwise
flat surfaces. Using larger kernel sizes decreased lateral resolution,
resulting in multiple distinct macroscopic features merging and fewer
detected surface features. This will affect the correlation between the
calculated distance map and the dissolution rate spectra. On the con-
trary, larger kernel size decreased lateral resolution, resulting in mul-
tiple distinct macroscopic features merging and fewer detected surface
features. In this study, a 3x3x3 kernel was utilized, which within some
parts of the galena-x particle can be seen to distinguish the macroscopic
corners within the plane intersection (corners and edges) yet had diffi-
culties distinguishing features on terraces. This was apparent within
Fig. 3d, highlighted by the yellow arrow, which displays the high
reactivity within the steps of the galena-x terraces. This, in turn, will
affect the correlation between the calculated distance map and the
dissolution rates spectra, resulting in a higher reactivity and discrepancy
between calculated global bulk dissolution rate and simulated result.
However, the optimization of the kernel size can be done by using
adaptive kernel algorithms such as features from accelerated segment
test (FAST, [40]), which utilizes machine learning for feature detection.

Secondly, the dissolution rates spectra were determined by
measuring the surface retreat of the dissolving particle using chamfer
distance. Chamfer distance calculated the Euclidean distance perpen-
dicular to the surface of the particle towards the internal part of the
particle. However, dissolution occurred not only perpendicular to the
surface but also along the terraces (parallel to the surface), resulting in
higher uncertainties in the calculation of dissolution rates spectra within
terraces. Other sources of uncertainties may include the calculation of
the reactivity map, as it is derived from the correlation between disso-
lution rates spectra and the distance between surface features and sur-
face points. Complimentary techniques using synchrotron radiation, for
example, would be beneficial to further improve the empirical dissolu-
tion model, especially to unravel the dissolution within terraces.

On the application to the seven galena particles, the applied empir-
ical dissolution model highlights the importance of initial particle ge-
ometries in investigating mineral dissolution. The model successfully
captured both volume and reactivity changes of the seven galena par-
ticles. The rounding of the surface and the increased roughness within
the surface morphology are also evident (Fig. 6). This evolution in sur-
face morphology increases the amount of surface area considered as
macroscopic features by the model, thus leading to a gradual increase of
average reactivity over time (Fig. 5). This was demonstrated by the
comparison between particle-2 to particle-3 and particle-5 to particle-6.
Particle-3 exhibits higher initial average reactivity, although the amount
of FSP was lower than particle-2. This could originate from the position
of the macroscopic features within particle-3 (Fig. 6b), in which
macroscopic features are in close proximity to one another. Therefore,
displays significant reactivity, especially prior to dissolution at viewing
angles of 0° and 90°. This corresponds to the observation of [49] which
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shows that the reactivity of a surface is also affected not only by the
closest macroscopic features but also by the presence of other distant
macroscopic features. Thus, leads to higher reactivity in comparison to
particle-2. On the other hand, particle-6 required 1 hour longer to
dissolve in comparison to particle-5 despite having a smaller volume.
The reason could originate from the fact that the roughness of the par-
ticle surface increases during the dissolution process, which was evident
in particle-5 (Fig. 6¢). The surface roughness increases the macroscopic
features over the surface resulting in an increase in reactivity. This is
because as the particle shrinks, every point of the surface is closer to the
macroscopic features. Consequently, our work suggests that in a system
of particles being dissolved in a batch reactor, the overall dissolution
rate is expected to increase over time due to the changes of particle
morphology, by which smaller particles imply higher surface reactivity.
Additionally, extrapolating the observations to industrial leaching of
minerals, the results suggest that the leaching rate will not only depend
on the particle size, but also of the comminution method use, which can
affect the initial morphology of particle and the amount of features
exposed.

5. Conclusion

This study utilizes X-ray computed tomography (CT) to address the
challenges associated with understanding mineral dissolution processes.
The identification of macroscopic features using surface curvatures and
the calculation of the reactivity map can be utilized to upscale mineral
dissolution simulation, particularly towards the macroscopic scale (um-
mm scale). The proposed empirical model for monomineralic galena
particle dissolving in an ethaline solution effectively utilizes the close
link between dissolution rates spectra as determined experimentally and
the initial particle three-dimensional geometry described by surface
curvature calculations. The case study of galena-x particle highlights the
importance of considering the mineral macroscopic features during the
dissolution process, as shown by the rapid dissolution captures within
these features. Furthermore, this finding suggests that it is insufficient to
rely solely on investigation of the nearly atomic-flat planes of minerals
to predict dissolution at the particle level; instead, a complementary
examination of the particle three-dimensional geometry is necessary.

The application of the empirical dissolution model to the seven
galena particles demonstrates that the proposed model can be success-
fully applied to mineral particles with various shapes and sizes, which
allows the monitoring of the particle volume, geometry and reactivity
evolution throughout the dissolution process. The simulation results
display an increasing amount of surface reactivity as a consequence of
the geometry progression. Thus, further emphasizes the importance of
particle geometry evolution in determining the mineral dissolution
behavior and dissolution rates. Furthermore, the difference in reactivity
due to geometry highlights that normalizing the dissolution rate to the
overall surface area, without accounting for the effect of macroscopic
features, may not represent the actual reactivity of the dissolving par-
ticles, leading to a discrepancy in the global bulk dissolution rates.
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