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ABSTRACT: By focusing the power of sound, acoustic stimulation (i.e., often
referred to as sonication) enables numerous “green chemistry” pathways to
enhance chemical reaction rates, for instance, of mineral dissolution in aqueous
environments. However, a clear understanding of the atomistic mechanism(s)
by which acoustic stimulation promotes mineral dissolution remains unclear.
Herein, by combining nanoscale observations of dissolving surface topographies
using vertical scanning interferometry, quantifications of mineral dissolution
rates via analysis of solution compositions using inductively coupled plasma
optical emission spectrometry, and classical molecular dynamics simulations, we
reveal how acoustic stimulation induces dissolution enhancement. Across a
wide range of minerals (Mohs hardness ranging from 3 to 7, surface energy
ranging from 0.3 to 7.3 J/m2, and stacking fault energy ranging from 0.8 to 10.0
J/m2), we show that acoustic fields enhance mineral dissolution rates
(reactivity) by inducing atomic dislocations and/or atomic bond rupture.
The relative contributions of these mechanisms depend on the mineral’s underlying mechanical properties. Based on this new
understanding, we create a unifying model that comprehensively describes how cavitation and acoustic stimulation processes affect
mineral dissolution rates.
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■ INTRODUCTION

When high-intensity (i.e., energy per unit volume) ultrasound
is transmitted through a liquid, microscale bubbles form, grow,
and collapse.1,2 The collapse of microscale bubbles causes the
formation of shock waves or high-velocity microjets, which can
locally induce high pressures (up to several GPa)3 and impart
mechanical energy (up to dozens of mJ per bubble)4 onto
adjoining surfaces and interfaces. This can damage the surfaces
of immersed solids,5,6 e.g., ship propellers and hydraulic
turbines.7,8 On the other hand, such energetic perturbations
offer a cost-efficient, reagent-free route to promote mineral
dissolution, radical formation, etc., while mitigating energy
consumption and toxic reagent requirements.9−12 Therefore,
sonication promotes “green chemistry” approaches for control
and affectation of chemical reactions. The enhanced
dissolution of inorganic minerals and solids is of interest for
numerous applications, e.g., to enhance the beneficial
utilization of industrial by-products (e.g., slags and fly ash)
and rocks and to promote CO2 mineralization, for rare-earth
element extraction, or other species used as precursors for
zeolite synthesis, etc.13,14 Each of these approaches is
foundational to achieve waste utilization and CO2 mitigation

(and utilization) and to broadly promote the principles and
mandate of circular economy.
In spite of the many benefits and associated anecdotal

observations, our understanding of the mechanisms of
actioni.e., by which acoustic stimulation promotes mineral
dissolutionhas remained uncertain.15,16 For example, the
increase in reactivity upon sonication has often been attributed
to a “temperature effect”, which arises from the high
temperature achieved within cavitation bubbles.17 However,
recent results have suggested that even under isothermal (i.e.,
macroscopically thermostatic) conditions, the effects of
sonication are substantive.18 On the other hand, sonication
has been thought to impose a “pressure effect”, wherein the
pressure resulting from the shock waves deforms or fractures
solid surfaces.19 Finally, the increase in dissolution kinetics
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upon sonication has been postulated to be on account of
improved mass transfer in solution, especially at solid−liquid
interfaces due to mixing.20 However, for equivalent conditions
of convection (i.e., at constant Reynolds number Re), the
dissolution enhancement produced by convection alone is
substantively inferior to that resulting from sonication.18,21 For
these reasons, it is necessary to mechanistically unravel how
the chemical composition, structure, and properties of the
mineral solute and the imposed attributes of the acoustic field
affect the enhancement in dissolution rate that results upon
sonication.18 As a complement to experiments, molecular
dynamics simulations (MD) can provide a direct access to the
effect of sonication on materials at the atomic scale and over a

typical timescale of a few nanosecondswhich is largely
invisible to experiments. The formation of dislocations in
crystals subjected to a shock impact can be directly observed
using nonequilibrium MD simulations.6,22,23 In addition, the
dynamics of the collapse of nanobubbles formed upon
sonication can also be described by MD simulations.24,25

In this study, we seek to investigate the nature of the
underlying mechanism(s) that controls the enhancement in
dissolution kinetics featured by minerals upon sonication and,
based on this knowledge, to establish a predictive model
describing the effect of sonication on dissolution kinetics. To
this end, we identify the key material properties that govern the
potential for sonication to accelerate dissolution. Specifically,

Table 1. Minerals Studied Herein along with Their Dissolution Rates under Nonsonicated and Sonicated Conditions and
Their Relative Increases in Dissolution Rate upon Sonicationa

mineral (25 °C, 1 bar) nonsonicated dissolution rate (×10−9 mol/m2/s) sonicated dissolution rate (×10−9 mol/m2/s) relative increase in dissolution

albite (NaAlSi3O8) 3.80 ± 0.42 18.9 ± 2.0 400 ± 86%
anorthite (CaAl2Si2O8) 9.10 ± 0.67 22.4 ± 1.5 150 ± 22%
antigorite (Mg3(Si2O5)(OH)4) 4.50 ± 0.52 60.9 ± 5.8 1300 ± 270%
calcite (CaCO3) 1950 ± 190 9400 ± 680 380 ± 65%
dolomite (Ca,Mg(CO3)2) 256 ± 49 1590 ± 190 520 ± 160%
fluorite (CaF2) 491 ± 28 1960 ± 210 300 ± 50%
orthoclase (KAlSi3O8) 4.51 ± 0.52 19.7 ± 1.3 340 ± 62%
α-quartz (SiO2) 27.0 ± 1.7 28.8 ± 1.0 6.50 ± 0.63%
aDissolution rates are averaged over two independent measurements.

Figure 1. Effect of particulate fracture on dissolution enhancement. Morphology images of calcite particulates following 30 min of dissolution
under (a) nonsonicated and (b, c) sonicated conditions, as observed by scanning electron microscopy (SEM). The corner of one particulate labeled
with a red square in (b) is enlarged and shown in (c) and exhibits smoothened edges and a newly formed sharp concave corner (red circle).
Cumulative volume distribution of solute particulates following 30 min of dissolution under nonsonicated and sonicated conditions for (d) calcite
and (e) quartz. The vertical dashed line in (d) indicates the estimated average size of collapsing bubbles.31 (f) Measured relative increase in
dissolution rate (Dr) as a function of the surface energy computed by molecular dynamics simulations for all the minerals considered herein. In (f),
the data are fitted by an equation of the form log(Dr) = −2.27 log(γsurf) + 4.50, where γsurf (J/m

2) is the surface energy of the solute. The error bars
represent the standard deviation.
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we show that the acoustic stimulation affects minerals’
reactivity through the breaking of interatomic bonds and the
formation of atomic dislocations. Based on these results, we
introduce a new framework to describe the effects of sonication
on minerals’ dissolution. This model rationalizes and explains
the effects of acoustic stimulation on mineral reactivity as a
combinatorial effect associated with atomic dislocations and
bond breaking and offers a unique framework to describe the
effects of bubble cavitation on interfacial dissolution processes.

■ RESULTS AND DISCUSSION
Effect of Sonication on Dissolution Kinetics. We

focused on eight archetypical minerals (see Table 1)chosen
based on their abundance in Earth’s crust26 and so as to cover
a wide range of mineral families and crystal classes (see Table
S1). We measured their far-from-equilibrium dissolution rates
both under sonicated (acoustically stimulated) and non-
stimulated conditions (see Methods). To quantify the effects
of acoustic stimulation on reactivity, we ascertained the relative
increase in dissolution rate under stimulation as

=
−

×D
k k

k
(%) 100%r

s 0

0 (1)

where ks and k0 are the dissolution rates measured under
stimulated and stimulation-free conditions, respectively. As
observed previously, we find that acoustic stimulation
systematically enhances dissolution rates (see Table 1).
However, we observe that the effect of stimulation on
dissolution significantly depends on the mineral. For instance,
the relative increase in dissolution rate ranges from 6.5% for
quartz (i.e., wherein the effect of sonication is negligible) to
1300% for antigorite (i.e., a notable 14× increase). In line with
previous observations,18 this demonstrates that the magnitude
of stimulation-induced dissolution acceleration is strongly
solute-dependent. Note that to enable meaningful compar-
isons, (i) for the dissolution analyses, all analyses are uniformly
conducted under isothermal conditions (25 ± 0.5 °C) and (ii)
the stimulation-free analyses are carried out under matched
conditions of convective mixing (of equivalent Reynolds
number).18 When considered within this context, the data in
Table 1 highlight that the dissolution amplifications produced
by acoustic stimulation are not on account of bulk heating
and/or convection, as previously suggested.27,28

Role of Surface Area Increase Caused by Particulate
Fracture. We now seek to assess whether the stimulated
dissolution acceleration arises from an increase in the exposed
surface area of dissolving solids (e.g., due to fracture or
deformation). Indeed, the collapse of cavitation bubbles can
generate surface stresses on solid surfaces, which may, for
instance, result in surface damage and fracture.29 Therefore, we
first examined, superficially, the shape, size, and morphology of
solid particulates (i.e., around four to six particulates of
antigorite, calcite, and quartz; shown in Figure S1 in the
Supporting Information) prior to and following 30 min of
dissolution under conditions of acoustic stimulation for solids
that show high, intermediate, and low sensitivity to acoustic
stimulation, respectively (see Table 1). We observed that
antigorite and calcite particulates have small “chips” broken off
and that the edges and corners of the antigorite and calcite
particulates became smoother following stimulation due to
interactions with high-velocity microjets.30 In contrast, the
quartz particles appear virtually unaffected by sonication (see

Figure S1 in the Supporting Information). While qualitative,
these observationsalthough coarseare consistent with the
fact that the dissolution kinetics of quartz are broadly
unaffected by acoustic stimulation. The morphology changes
of calcite particulate following dissolution are augmented by
scanning electron microscopy (SEM). Following nonsonicated
dissolution, calcite particulates exhibit well-defined cleavage
edges and planes, which are formed during sample preparation,
i.e., mechanical grinding (see Figure 1a). However, these edges
and corners become smoothened after dissolution under
sonication (see Figure 1b). One the one hand, the implosion
of cavitation bubbles tends to break the calcite particulates into
smaller pieces. For example, in Figure 1b, the dimension of the
majority of the particulates becomes lower than 300 μm,
wherein many particulates have a size below 50 μm. The
smaller-sized pieces are likely to be flaked off from the corner
and/or edges of the original particulatesas shown in Figure
1c, which highlights a newly formed sharp concave corner (red
circle) of a particulate present in Figure 1b (labeled with red
square). On the other hand, the high-frequency interparticle
collisions driven by ultrasound tend to accelerate the rounding
of the newly formed cleavage edges and planes and therefore
facilitate the smoothening of the edges and corners.31 These
observations suggest that sonication-induced fractureand
resulting changes in the surface of the particlesmight impact
their dissolution kinetics.
To more quantitatively validate our visual observations, we

measured the particle size distribution (PSD) of stimulated
and nonstimulated dissolving particulates (see Methods). First,
we note that the PSD of the solute remains effectively
unchanged over the time period of nonsonicated dissolution
(see Figure S2). For example, even for calcite (i.e., the mineral
that exhibits the fastest dissolution kinetics among the solutes
considered herein, see Table 1), 30 min of nonsonicated
dissolution reduces the size of a median particle (d50 ≈ 493.6
μm) by at most 0.13 μm, which is negligible as compared to its
pristine dimension. In contrast, as shown in Figure 1d, the PSD
features a considerable leftward shift upon sonication, which is
indicative of particle size reduction. For example, for calcite, we
note reduction in particle diameters of nearly 100 μm (see
Figure 1d). Based on the dissolution rate measured under
sonicated conditions (9.40 × 10−6 mol/m2/s) and the short
reaction time of 30 min, this decrease in particle size cannot be
explained solely by amplified dissolution. Rather, sonication
appears to induce significant fracture and comminution
wherein calcite particulates break into smaller pieces. Such a
fracture results in a 20% increase in specific surface area (SSA)
of calcite (see Figure 1d; as measured using light scattering
data and assuming spherical particles), which, in turn, is
expected to result in a proportionate increase in its dissolution
ratealthough not to the extent shown in Table 1 (see
below). For reference, herein (20 kHz ultrasound), the
collapsing cavitation bubbles are estimated to have an average
diameter of ∼150 μm,31 as labeled with a black vertical dashed
line in Figure 1d. We find that the shift in PSD resulting from
sonication is notably more pronounced for the particulates
exhibiting a diameter that is larger than the average bubble size.
This suggests that the fracture of the particulates upon
sonication is primarily on account of asymmetric bubble
collapse and microjet formation.18,31,32 It is noted that the shift
in the PSD curve in the small particle diameter region might be
underestimated as the small flakes (see Figure 1b) cannot be
completely retrieved from solution. Nevertheless, in contrast
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with calcite, the PSD of quartz shows a surface area increase of
only around 1% (see Figure 1e), which could also be due to
variations within samples. This explains, at least in part, the
differing effects of acoustic stimulation on the dissolution
behavior of calcite and quartz. More broadly, these results
suggest that sonication-induced fracture is at least partially at
the origin of the dissolution rate amplification observed herein.
To better understand the linkages between sonication-

induced dissolution acceleration and solute fracture, for the
range of solutes considered herein, molecular dynamics (MD)
simulations were used to compute their surface energy in
vacuum (see Methods) along the cleavage surface of the
mineralsi.e., the weakest surface along which cracks are
expected to propagate. Indeed, following linear elastic fracture
mechanics (i.e., assuming brittle fracture), the fracture energy
required to propagate a preexisting surface flaw is approx-
imately equal to the energy needed to create new surfaces (i.e.,
two times the surface energy; γsurf).

33 For a fixed energy
provided via cavitation (N.B., since for monochromated
ultrasound, the mechanical energy arising from cavitation at
a given temperature is fixed at constant sonication power), the
surface energy captures the relative propensity for minerals to

crack/fracture under sonication. As shown in Figure 1f, we
observe a strong, although inverse, correlation (solid black
line) between the extent of dissolution acceleration as a
function of the mineral’s surface energy. This observation
implicates the role of fracture in the dissolution stimulation,
wherein minerals associated with lower surface energy tend to
break more easily, hence revealing additional surface area, and
as a result, are more affected by sonication. Nevertheless, the
increase in exposed surface area upon sonication remains
disproportionately inferior (around 20%) to the observed
increase in dissolution rate (about 300% for calcite), in
agreement with the conclusions of Wei et al.18 This indicates
that, besides fracture, additional acoustic stimulation-activated
mechanisms are operative.

Role of Localized Expedited Dissolution Kinetics. To
further probe how sonication affects the solute’s surface, we
used vertical scanning interferometry to examine the evolution
of the surface topography of calcite and quartz under sonicated
and nonsonicated conditions (see Methods). We first focus on
calcite. As shown in Figure S3 (in the Supporting
Information), pristine calcite surfaces (i.e., before dissolution)
are rather smoothwith a root mean square (RMS) roughness

Figure 2. Effect of sonication on the topography of dissolving calcite surfaces. (a, b) Representative topography images of calcite surfaces following
30 min of dissolution under (a) nonsonicated and (b) sonicated conditions. Etch pits developed under nonsonicated dissolution are marked with
red circles in (a). (d) 3D topography map and (e) surface height line profiles of representative pits that are marked with a white box in (b). (e)
Associated surface height frequency distributions, wherein the solid lines show Gaussian fits. The mean height in each topography profile is
normalized to be 0 nm. (f) Measured relative increase in dissolution rate (Dr) as a function of the stacking fault energy computed by molecular
dynamics simulations for all the minerals considered herein. In (f), the data are fitted by an equation of the form log(Dr) = −2.06 log(γfault) + 6.30,
where γfault is the stacking fault energy (J/m2) for a given solute. The error bars represent the standard deviation.
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that is on the order of 5 nm. After 30 min of nonsonicated
dissolution, we find that the surface roughness increases up to
10 nm. As shown in Figure 2a, we observe the formation of a
few deep etch pitswith local regions deeper than 200 nm
on the dissolving surface. We then calculate the distribution of
the pixel-wise heights of the surface both before and after
dissolution (see Figure 2e, blue bar plot). We observe that
these distributions are largely symmetric. Importantly, we note
that nonsonicated dissolution does not notably affect the width
of the surface height distribution at the nanometer level. This
suggests that within the exposure time period (30 min) under
nonsonicated dissolution, the dissolving surface exhibits a fairly
homogeneous form of “layer-by-layer” retreat, i.e., each point
of the surface dissolves at similar rates and only a few etch pits
are formed34as labeled with red circles in Figure 2a.
In contrast, sonicated dissolution results in the formation of

a significantly higher number of characteristic rhombohedral
etch pits (see Figure 2b). For example, Figure 2c illustrates the
local topography of a typical etch pit that shows a depth of
about 800 nm and a lateral (equiaxed) width of around 5 μm
(see Figure 2d, line 1). In addition, we observe the systematic
existence of a fast-dissolving region surrounding each pit (see
the directional dark brown areas in Figure 2b). In line with the
stepwave model, these areas are formed by dissolution waves
emanating from an etch pit.35 An example of this behavior is
illustrated in Figure 2d (line 2), which shows a fast-dissolving
area up to 200 nm deep that is around 10× deeper than the
local height variance on the calcite surface following non-
sonicated dissolution. The pits (and associated fast-dissolving
areas surrounding each pit) forming under sonication result in
a large degree of spatial heterogeneity in the local dissolution
rate over the calcite surface. This is apparent from the
distribution of the pixel-wise surface height (Figure 2e, orange
bar plot), which exhibits a wide, nonsymmetric shape, with a
long tail toward negative height, indicating fast-dissolving
regions. The formation of deep etch pits is also observed for
fluorite, which, like calcite, exhibits a notable increase in
dissolution kinetics upon sonication (see Figure S8 in the
Supporting Information for more details). Overall, the notable
difference in the topographies of the calcite and fluorite
surfacesin the presence and absence of acoustic stimula-
tionsuggests that the enhanced propensity for pit formation
largely explains the sonication-induced dissolution acceler-
ation. This is further confirmed by the fact that, in contrast,
quartz does not exhibit any notable signature of pit formation
under sonication (see Figures S4 and S5), which echoes the
fact that the dissolution kinetics of quartz are very weakly
affected by sonication (Table 1).
The effect of sonication on pit formation can be understood

as follows. Under sonication, shock waves or microjets induced
by the collapse of cavitation bubbles cause severe local plastic
deformations. It should be noted that such plastic deforma-
tions differ from the fracture effects illustrated in Figure 1 since
they consist of spatially distributed atomic dislocations rather
than crack propagation.6 These spatially distributed disloca-
tions serve as initiation sites for dislocation etching and,
eventually, etch pit formation and growth.36,37 The strain
energy resulting from such irreversible deformations results in
a Gibbs free energy penalty, which, in turn, promotes local
dissolution.35,38,39 In contrast to the formation of vacancy
islands (i.e., pits forming on an atomically smooth surface),37

dislocation etch pits are more likely to develop alongside
preexisting defects and result in the formation of deeper (than

typical) pits; for instance, see the comparison of the calcite
dissolving surfaces in Figure 2a,b.40 Based on this mechanism,
sonication-induced atomic dislocations (and the associated
plastic deformations) are key to understanding how sonication
accelerates dissolution.
To further demonstrate the role of atomic dislocations in

sonication-induced dissolution acceleration, we compute the
stacking fault energy of the minerals considered herein using
MD simulations (see Methods). The stacking fault energy
quantitatively captures the propensity for a mineral to form
dislocations under applied surface stress,41 wherein lower
stacking fault energies indicate that the formation of atomic
dislocations is facilitated (i.e., due to a low energy cost). As
shown in Figure 2f, we observe a strong inverse relationship
(black solid line) between the extent of dissolution
acceleration upon sonication and the stacking fault energy.
This confirms that low stacking fault energy (and, hence, the
facilitation of atomic dislocations) tends to promote
sonication-induced dissolution acceleration. In that regard, it
is notable that albite acts as an outlier in Figure 2fsince it
exhibits a fairly large increase in dissolution kinetics upon
sonication despite showing a large stacking fault energy. In fact,
albite’s large stacking fault energy is consistent with the fact
that like in the case of quartz, sonication does not notably
affect the surface topography of this mineral (see Figure S9 in
the Supporting Information for more details). Rather, the large
dissolution enhancement exhibited by albite is on account of
its low surface energy (see Figure 1f). This illustrates the
importance of simultaneously considering the surface energy
and stacking fault energy to understand the effect of sonication
on minerals’ reactivity.
Overall, these results indicate that atomic dislocations and

fracture (bond rupture) are the two primary mechanisms by
which sonication increases dissolution kinetics. This indicates
that the effect of sonication on the dissolution rate of a given
mineral is governed by (i) its surface energy (i.e., which
controls its propensity to break) and (ii) its stacking fault
energy (i.e., which controls its propensity to produce and
tolerate plastic dislocations). It should be noted that surface
energy and stacking fault energy are largely independent of
each other (see Figure S6); therefore, these properties capture
two distinct contributions of the sonication-induced enhance-
ment in the dissolution kinetics.

Theoretical Framework. Our experimental data and
simulations suggest that both bond breaking and dislocations
synergistically contribute to the increase in dissolution rates
that is observed under acoustic stimulation. Based on these
observations, we propose a new theoretical framework that
accounts for this dual mechanism (see Figure 3). First, the
collapse of cavitation bubbles in proximity to mineral surfaces
results in shock waves or microjets, which locally generate high
stresses on mineral surfaces; i.e., due to the “water hammer”
effect.42 Due to the stochastic nature of the size, internal
pressure, anisotropy, and collapse time of the cavitation
bubbles, the resulting shock energy that is imposed on the
mineral surface exhibits some variability.43 Here, for simplicity,
we assume for the frequency and power of acoustic stimulation
applied herein (20 kHz, 30 W) that the shock energy follows a
Gaussian distribution (see Figure 4a). Since the sonication
frequency and power are fixed, the average value μ and
standard deviation σ of the shock energy distribution are
invariant and do not depend on the solute. Note that the
parameters μ and σ are not easily assessed a priori and, herein,
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are determined a posteriori by fitting the experimental data of
sonication-induced dissolution enhancement (see below).
Based on the shock energy distribution, a given fraction of

the cavitation bubbles will successfully activate fracture or
dislocation effects (i.e., if the shock energy is large enough).
The probability for such activation is determined by comparing
the shock energy distribution to the threshold energies that are

needed to activate fracture and dislocation, namely, the surface
energy γsurf and stacking fault energy γstack, respectively (see
Figure 4a). The probabilities to trigger fracture (pfrac) and
dislocation (pdis) effects are then obtained by analytically
integrating the Gaussian distribution starting from the
threshold energy, i.e., the minimum energy that is needed to
activate fracture or dislocations
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where erf() is the error function.
We first focus on fracture. To the first order, the increase in

the dissolution kinetics arising from fracture is simply related
to the associated increase in exposed surface area. Assuming
that the resulting fracture pattern (i.e., that results when the
cavitation energy exceeds the surface energy of a given solute)
does not depend on the considered solute, the relative increase
in the dissolution rate (Dr

frac) resulting from the increase in
surface area due to fracture is given by

Figure 3. Illustration of the atomistic mechanism of dissolution
amplification under acoustic stimulation.

Figure 4. Combined effects of bond breaking and dislocation on dissolution enhancement. (a) Probability distribution of the microjet energy
resulting from the collapse of cavitation bubbles, as inferred from eq 5. The red vertical line indicates the surface or stacking fault energy for a given
solute, which is used as a threshold to calculate the probability for a cavitation bubble to activate a fracture or dislocation event (represented by the
blue region). (b) Comparison between the sonication-induced increase in dissolution rate predicted by our model and experimental data. The y = x
dashed line indicates a perfect agreement. The error bars represent the standard deviation. (c) Relative increase in dissolution rate (color scale) as a
function of both surface energy and stacking fault energy. The positions on this map of all the minerals considered herein are indicated by square
symbols, with their experimentally measured relative dissolution increase indicated using the color scale.
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where D1 is a nondimensional constant that captures the
increase in exposed surface area resulting from a single fracture
event.
We then focus on dislocation events. Previous studies have

noted that increasing dislocation density tends to increase
minerals’ dissolution kinetics by affecting their Gibbs free
energy.38,44,45 However, at this time, we note that no direct,
quantitative relationship exists between dislocation density and
associated dissolution enhancement. For simplicity, we assume
that the dissolution enhancement (Dr

dis) resulting from
dislocation events is proportional to the density of surface
dislocations as follows
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where D2 is a nondimensional constant that captures how
much a single dislocation feature increases the dissolution rate
(i.e., which is assumed to be similar for all minerals; a
conservative assumption). Thus, taken together, the total
dissolution enhancement resulting from these two mechanisms
can be expressed as

= +D D Dr r
frac

r
dis

(5)

This analytical basis yields four currently unknown
parameters (i.e., D1, D2, μ, and σ), wherein the parameters μ
and σ are the average and standard deviations of the shock
energy distribution. The energy of shock waves emitted by a
single collapsing bubble is reported to be up to tens of mJ and
is dependent on the anisotropy parameter, i.e., the dimension-
less equivalent of the Kelvin impulse.4,46,47 However,
experimentally measured distributions of shock energies, e.g.,
as shown in Figure 4a, strongly depend on the system and
process parameters.48 Therefore, we ascertain these four
parameters (D1, D2, μ, and σ) by fitting eq 5 to our
experimental dissolution enhancement data (Dr) across all
minerals considered using a least squares methodi.e., by
solving eight equations with four unknowns that are the same
across all minerals: D1 (3.5, unitless), D2 (9.5, unitless), μ
(0.88 J/m2), and σ (0.038 J/m2). Note that due to the
nonlinear nature of the error function, this fitting is carried out
using the trust-region-reflective and Monte Carlo algo-
rithms49,50 to ensure that the optimization is not trapped in
a local minimum. Figure 4a shows the distribution of the
microjet energy a posteriori inferred from this fitting. To assess
the accuracy of this model, Figure 4b shows the comparison
between the sonication-induced increase in dissolution rates
estimated by eq 5 and the experimental values presented in
Table 1. In general, we observe excellent agreement between
predicted and experimental valueswith a coefficient of
determination R2 of 0.996. This supports the ability of our
model to offer a realistic description of sonication-induced
dissolution enhancement.
Also shown in Figure 4c is the combined influence of surface

energy and stacking fault energy on the relative increase in
dissolution kinetics, which properly explains, for the first time,
our collective experimental observations. For instance, the
difference in surface energy explains why albite is more affected
by sonication than anorthite (despite their fairly similar
stacking fault energy), while the difference in stacking fault

energy explains why antigorite is more affected than albite
(despite their fairly similar surface energy). Overall, as shown
in Figure 4c, diverse minerals can be classified into four
categories based on the dominant underlying mechanism. First,
albite exhibits a combination of high stacking fault energy and
moderate surface energyas compared to the average shock
energy (μ) for the nature of acoustic stimulation applied herein
(dotted line)so that the sonication-induced dissolution
enhancement observed for this mineral is primarily governed
by fracture (“fracture-controlled” region in Figure 4c). In
contrast, minerals exhibiting a combination of high surface
energy and moderate stacking fault energy would be primarily
governed by dislocation events (“dislocation-controlled” region
in Figure 4c). No example of such mineral is found herein. In
between these extreme cases, antigorite simultaneously shows
moderate values of surface energy and stacking fault energy. As
such, for antigorite, sonication-induced dissolution enhance-
ment is simultaneously governed by fracture and dislocation
events (“mixed region” in Figure 4c). Finally, in contrast,
quartz exhibits a combination of high surface energy and
stacking fault energy and, hence, is only very weakly affected by
sonication (“no sonication effect” in Figure 4c). This
classification is less clear in the case of anorthite and
orthoclase, which present a surface energy that is close to
the average shock energy. Similarly, calcite, dolomite, and
fluorite exhibit a stacking fault energy that is close to the
average shock energy and, hence, are located at the boundary
between the “fracture-controlled” and “mixed” regions. Overall,
the “acoustic stimulation map” presented in Figure 4c offers a
convenient representation to quickly estimate whether the
dissolution kinetics of a given mineral is likely to be affected by
sonication and, if so, which mechanism is expected to be
predominant. Expectedly, however, this analytical framework
does not yet account for second-order features of minerals that
may affect their dissolution rates, e.g., point defects, chemical
impurities, porosity, etc.
Finally, we explore whether the effect of sonication on

reactivity could in some ways be directly encoded in the nature
of the interatomic bonds the minerals are made of. As shown in
Figure S10 in the Supporting Information, we observe the
existence of a strong (inverse) correlation between the average
bond energy (calculated over the cleavage plane of each
mineral) and dissolution enhancement. This is not surprising
since the average bond energy is reflected in the surface energy
of the minerals. However, we do not observe any obvious
correlation between the average degree of covalency of the
bonds (calculated over the slip plane of each mineral) and
dissolution enhancement (see Figure S11 in the Supporting
Information). This suggests that the ionic vs covalent nature of
the interatomic bonds (and their degree of directionality) in
minerals does not have a first-order effect on their sensitivity to
sonication. Overall, the fact that dissolution enhancement
exhibits a stronger correlation with surface energy and stacking
fault energy (as compared to bond energy and degree of
covalency) suggests that besides the nature of the interatomic
bonds in minerals, the atomic structure itself also plays an
important role in governing dissolution enhancement upon
sonication. In that regard, as macroscopic materials’ properties,
the surface energy and stacking fault energy (which are used as
inputs for the present model) simultaneously capture the
effects of interatomic bonds and crystalline structure.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.0c16424
ACS Appl. Mater. Interfaces 2020, 12, 55399−55410

55405

http://pubs.acs.org/doi/suppl/10.1021/acsami.0c16424/suppl_file/am0c16424_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c16424/suppl_file/am0c16424_si_001.pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c16424?ref=pdf


■ CONCLUSIONS

By combining dissolution rate observations and MD
simulations, this study reveals two underlying atomic
mechanisms that control the increase in dissolution kinetics
that are produced across a wide range of minerals following
acoustic stimulation. Importantly, we find that dissolution
enhancement arises both from fracture and dislocation events.
This dual mechanism helps explain previously contrasting
conclusionsi.e., since the dominant mechanism depends on
the mechanical attributes of the solute considered (i.e., fracture
energy vs stacking fault energy). Simultaneously considering
both of these mechanisms allows rationalization of available
experimental data and introduces a unifying model that
explains the roles and extents of these two phenomena during
sonication-induced dissolution enhancement. Furthermore, it
would be of great value to explicitly simulate by non-
equilibrium molecular dynamics simulations the effect of
sonication on mineralswhich would offer a direct access to
the dynamics of bond breaking and dislocation upon shock
wave propagation. Such simulations would also enable a direct
estimation of the energy that is released from cavitation or
nanobubble collapse. In that regard, the availability of a
universal reactive force field that could model all the minerals
considered herein (and their interaction with the solution)
while relying on a consistent parameterization would be key.
The ability to enhance the dissolution kinetics of minerals

using electrically driven acoustic fields (e.g., that are powered
by renewable energy) would be of great value in numerous
applications wherein mineral (solute) reactivity is a bottleneck.
In addition, understanding the underlying features that affect
rate enhancement (or not) would be foundational to unlock
green chemistry approaches for several applications. For
example, enhancing the dissolution rate of minerals is of
critical importance to increase the efficiency of CO2
mineralization applications.54 Accelerating the dissolution of
minerals could also be key to bypass the need for high-
temperature clinkering during the manufacturing of cementing
agentswhich is the main contribution to concrete’s
embodied CO2.

55 Finally, sonication offers a promising
pathway to accelerate the dissolution of industrial waste by-
products (e.g., fly ash or slag), which could facilitate their
recycling and beneficial usewhich is key to create a
meaningful circular economy for industrial waste.
However, the cost and energy efficiency of sonication must

be compared with alternative approaches (e.g., accelerating
dissolution by increasing temperature or the use of reagents) to
ensure practical feasibility. The outcomes of this study offer
original insights to assess for which minerals sonication may be
the most effective. For instance, minerals characterized with
high surface energy and stacking fault energy are only very
weakly affected by sonicationwhich limits the potential of
this approach for such minerals. However, for other minerals,
sonication results in notable enhancements in dissolution
kinetics without the need to externally increase the reaction
temperature (although this may indeed accompany sonication
for nonthermostated systems). As such, sonication offers a
promising route to stimulate reactivity in a cost- and energy-
efficient manner.51 It should be noted that this study focuses
on room-temperature dissolution (i.e., 300 K). However,
temperature could offer an additional degree of freedom to
tune the efficiency of sonication for a given material. For
instance, many phases exhibit a decrease in their stacking fault

energy with even small increases in temperature,52,53 which, in
turn, would increase the efficiency of sonication (i.e., even for
minerals that are largely insensitive to sonication at room
temperature).

■ METHODS
Materials. We considered a selection of naturally occurring

minerals sourced from Ward’s Science. To prepare the particulate
samples, all the minerals were ground using a ball mill and then sieved
to isolate particles that have a size in the range of 300 to 600 μm. To
prepare planar solute surfaces, the minerals were sectioned (i.e., with
dimension smaller than 2 cm) and then embedded in epoxy resin to
facilitate handling. The exposed mineral surfaces were polished
successively using SiC abrasives and diamond paste and finally
polished using a 50 nm colloidal silica suspension. The surface
topography maps of as-polished calcite and quartz surfaces used in the
dissolution analyses are shown in Figures S3 and S4, respectively. The
calcite and quartz surfaces feature initial root mean square (RMS)
roughness (Sa) values of around 5 and 10 nm, respectively.

■ EXPERIMENTAL METHODS
Batch Dissolution. Batch dissolution experiments were con-

ducted in a manner similar to Wei et al.18 by adding 0.1−0.5 g of
ground mineral samples into 100 mL of 18 MΩ·cm deionized (DI)
water, thereby resulting in solid-to-liquid ratios (s/l) in the range of
1:200 to 1:1000. The solids were reacted with water under isothermal
conditions (25 ± 0.5 °C) for up to 2 h to maintain dissolution in the
far-from-equilibrium region, i.e., wherein the amount of solute
dissolved yields a linear expression as a function of time.
Nonsonicated dissolution analyses were conducted in environmental
chambers. Dissolution under conditions of sonication was carried out
by circulating cooling water in a water-jacketed batch reactor.18 In the
case of nonsonicated dissolution, the solution was stirred using a
magnetic stirrer at 350 rpm. Sonication was applied using a horn-type
ultrasonic system (Fisher Scientific 505 Sonic Dismembrator; 500 W;
1/2 in. tip diameter) operating at a constant ultrasonic power of 30
W.

Over the course of dissolution, the solutions were sampled at
different time intervals and diluted in 5% (v/v) HNO3 for elemental
analysis following filtration through a 0.2 μm filter. The elemental
analysis was carried out using a PerkinElmer Avio 200 inductively
coupled plasma-optical emission spectrometer, with calibration
standards prepared from concentrated (1000 ppm) standards
(Inorganic Ventures). Dissolution rates are calculated based on a
linear fitting of the concentration−time profiles. The dissolution rate
is averaged over two independent measurements, which has been
found to be large enough for monophasic minerals.18 The uncertainty
in the dissolution rates is determined based on two replicated
experiments, which, on average, yields an uncertainty of 15 and 10%
for nonsonicated and sonicated conditions, respectively.

Particulate Analysis. The particle size distributions (PSDs) of
the particulate samples were measured using an LS13-320 Beckman
Counter static light scattering analyzer based on three replicate
experiments. One gram of ground and sieved particulates for each
mineral species was analyzed prior to dissolution to obtain their
particle size. The median diameter d50 and the specific surface area
(SSA) of the samples, estimated based on the assumption of spherical
particulates, are presented in Table S2. It is noted that antigorite
forms sheet-like grains upon grinding (see Figure S1) so that for this
mineral, the spherical assumption may lead to inaccurate median
diameter and SSA values. However, this assumption should not
impact the measured relative dissolution enhancement data (eq 1).
Following a desired period of dissolution, the particulates were
retrieved from the reaction solution using a sieve with a 10 μm
opening and subsequently examined using (a) light microscopy (Leica
DM750P) and (b) light scattering to assess changes in the particle
size and/or surface morphology following dissolution under non-
sonicated or sonicated conditions. For augmented morphology
analysis, the dried particulates were dipped and attached to adhesive
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carbon tape and characterized using a Phenom G-2 scanning electron
microscope.
Surface Topography Characterization. The topographies of

dissolving surfaces were examined using a Zygo NewView 8200
vertical scanning interferometer. A 50× Mirau objective (numerical
aperture, NA = 0.55) was used that yields a lateral resolution of 0.16
μm and a vertical resolution on the order of 2 nm. The three-
dimensional (3D) topography data were analyzed using Gwyddion
(v2.54) and MATLAB R2017b.56,57

■ MOLECULAR DYNAMICS SIMULATIONS
Force Field. We carried out a series of molecular dynamics

(MD) simulation to compute select mechanical properties of
the minerals considered herein. In general, the accuracy of MD
simulations largely depends on that of the interatomic force
field. Although using a universal interatomic potential for all
the minerals would be desirable, such a force field is not
presently available for the wide variety of the minerals selected
herein (i.e., silicates, carbonates, etc.). Rather, here, we selected
two types of interatomic potentials based on their ability to
offer a realistic prediction of the structure and properties of the
minerals. On the one hand, we selected a Buckingham-based
potential for fluorite,58 calcite,59 and dolomite59wherein the
force field parameters can be found in each relevant reference.
On the other hand, we adopted the ClayFF classical force
field60 for the other minerals. In both cases, Coulombic
interactions are resolved by using the particle−particle
particle−mesh (PPPM) method.61 Each system comprises
about 2000 to 9000 atoms (depending on the size of the unit
cell), which is found to be large enough to avoid any spurious
finite-size effect (see Figure S12 in the Supporting Information
for more details). Periodic boundary conditions are employed
along all directions, except for the calculation of stacking fault
energy (see below). All of the simulations are performed with
the open source molecular dynamics code LAMMPS.62

To validate our MD results, we first ensured that the
crystalline structure at 300 K of the minerals considered herein
is well described (i.e., vis-a-̀vis experimental observations) by
the selected force fields. Toward this end, starting from initial
crystal structures sourced from experiments (see Table S4),
each crystal was equilibrated at 1 K and zero pressure for 1 ns.
Then, the equilibrated structures were further relaxed at 300 K
and zero pressure for an additional 1 ns. All simulations were
conducted in the isothermal−isobaric (NPT) ensemble,
wherein both the box length and tilt angles were free to
change to ensure a zero stress in all directions. The Nose−́
Hoover thermostat63,64 was used for temperature control. For
all simulations, the time step was fixed at 1 fs. To filter out the
effect of thermal fluctuations, all of the computed properties
were averaged over 100 ps of statistical averaging after full
equilibration. As shown in Figure S7, the mineral densities
calculated from the MD simulations agree well with
experimental data. Moreover, the relative errors of the
predicted lattice constants are well below 3.5% (see Table
S4). These results indicate that our MD simulations are able to
offer a realistic prediction of the structures of all the minerals
considered herein.
It should be noted that force fields are typically para-

meterized based on equilibrium bulk properties and do not
always perform well when used to predict more complex
properties (e.g., surface energy or stacking fault energy). Here,
to assess the level of accuracy of the force fields in predicting
such properties, we compared the simulated surface energy
obtained for quartz with available experimental results.

Available experimental data suggest that the surface energy
data of quartz range from 1.8 to 2.4 J/m2 depending on the
surface orientation,65 while our simulation data range from
1.82 to 2.93 J/m2. The surface energy along the [001] cleavage
plane was found to be 2.23 J/m2 based on ab initio
simulations,66 which is fairly close to the value obtained
herein (i.e., 1.82 J/m2). This suggests that the force field
selected herein offers reasonable predictions of the surface
energy of quartz. We also compared the simulated surface
energy obtained for fluorite along its cleavage plane (i.e., [111]
plane) with available results from ab initio simulations.67 We
find that the surface energy predicted by the present force field
(i.e., 0.48 J/m2) indeed exhibits a close match with the ab initio
data (i.e., 0.47 J/m2).

Calculation of Surface Energy. To calculate the surface
energy, the equilibrated crystals were first cut along a given
plane into two parts by switching off the interactions between
atoms across the plane. Then, the cut system was further
relaxed at zero pressure for equilibration. The surface energy
γsurf associated with this plane was calculated as ΔU/ΔA,
where ΔU is the variation in the potential energy of
equilibrated structures before and after cleaving, while ΔA is
the surface area created by the cleavage. To identify the
cleavage plane, we first selected a series of tentative plane
orientations (all the plane orientations considered herein are
listed in Table S3 in the Supporting Information). Then, we
systematically attempted to cut the system into two parts along
varying plane locations. Since cracks preferentially initiate and
propagate along the weakest plane, we then identified the
cleavage plane as the one featuring the lowest surface energy
(i.e., which characterizes the plane that exhibits the lowest/
weakest cohesion within the mineral). For statistical purposes,
the surface energy is obtained by averaging the results from
three independent simulations.

Calculation of Stacking Fault Energy. The stacking fault
energy characterizes the energy barrier that needs to be
overcome to activate a stacking fault defect, which plays an
important role in dislocation formation of minerals.41 The
computation of the stacking fault energy was performed as
follows. Starting from the equilibrated crystal structure, the
structure was relaxed toward its inherent configuration (i.e., the
local minimum position in the energy landscape) by using the
conjugate gradient algorithm. The boundary conditions were
set as a free boundary along the direction that is perpendicular
to the selected slip plane and periodic along the other two
directions (with fixed length). During the stacking fault
calculation, the two halves of the crystal are rigidly laterally
displaced with respect to each other along the slip plane. In
detail, the upper part of the system is gradually displaced along
the slip line with an increment of 0.1 Å, while the lower part
was kept fixed. After each displacement increment, the crystal
is allowed to relax in the direction that is orthogonal to the slip
plane using the conjugate gradient algorithm (while the atomic
coordinates remain frozen along the two other directions). We
then tracked the evolution of the energy of the system as a
function of the slip plane displacement. The stacking fault
energy γstack of the selected slip plane was then calculated from
the difference between the maximum potential energy achieved
during the deformation and that of the equilibrium
configuration (i.e., before any deformation). Similar to the
surface energy, we calculated the stacking fault energy along a
large number of slip planes (see Table S4 in the Supporting
Information for more details) and identified the slip plane as
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the one featuring the lowest stacking fault energy (i.e., along
which dislocation formation is energetically preferred). For
statistical purposes, the stacking fault energy is also obtained
by averaging the results obtained from three independent
simulations.
Calculation of the Average Bond Energy. The average

bond energy Sbond is calculated based on the dissociation
enthalpy D° of each bond crossing the cleavage plane as

= ∑ °=S xDi
N

ibond 1 , where N is the total number of chemical
bond types on the cleavage plane, i represents the type of
chemical bond, and xi are the fractions of each type of bond.
The dissociation enthalpy D° values are obtained from ref 68.
Calculation of the Average Degree of Covalency. The

average degree of covalency fcov of the bonds crossing the slip
p l a n e o f e a c h m i n e r a l i s c a l c u l a t e d a s

= ∑ − Δ=f x Eexp( 0.25 )i
N

i icov 1
2 , where N is the total number

of chemical bond types on the slip plane, i represents the type
of chemical bond, xi are the fractions of each type of bond, and
ΔEi is the associated difference in the electronegativity of the
pair of elements forming the bond.
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