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ABSTRACT: Acoustic stimulation offers a green pathway for the
extraction of valuable elements such as Si, Ca, and Mg via
solubilization of minerals and industrial waste materials. Prior
studies have focused on the use of ultrasonic frequencies (20−40
kHz) to stimulate dissolution, but megasonic frequencies (≥1
MHz) offer benefits such as matching of the resonance frequencies
of solute particles and an increased frequency of cavitation events.
Here, based on dissolution tests of a series of minerals, it is found
that dissolution under resonance conditions produced dissolution
enhancements between 4×-to-6× in Si-rich materials (obsidian,
albite, and quartz). Cavitational collapse induced by ultrasonic
stimulation was more effective for Ca- and Mg-rich carbonate
precursors (calcite and dolomite), exhibiting a significant increase
in the dissolution rate as the particle size was reduced (i.e. available surface area was increased), resulting in up to a 70× increase in
the dissolution rate of calcite when compared to unstimulated dissolution for particles with d50 < 100 μm. Cavitational collapse
induced by megasonic stimulation caused a greater dissolution enhancement than ultrasonic stimulation (1.5× vs 1.3×) for
amorphous class F fly ash, despite its higher Si content because the hollow particle structure was susceptible to breakage by the rapid
and high number of lower-energy megasonic cavitation events. These results are consistent with the cavitational collapse energy
following a normal distribution of energy release, with more cavitation events possessing sufficient energy to break Ca−O and Mg−
O bonds than Si−O bonds, the latter of which has a bond energy approximately double the others. The effectiveness of ultrasonic
dissolution enhancement increased exponentially with decreasing stacking fault energy (i.e., resistance to the creation of surface
faults such as pits and dislocations), while, in turn, the effectiveness of megasonic dissolution increased linearly with the stacking fault
energy. These results give new insights into the use of acoustic frequency selections for accelerating elemental release from solutes by
the use of acoustic perturbation.

■ INTRODUCTION

Sonication has been proposed as an efficient pathway to facilitate
dissolution of sparingly soluble minerals and industrial wastes,
thereby liberating desirable species such as Ca,1−3 Mg,3−6 K,7−9

Na,9 Al,3,10 Si,2,5,11 and Ni12 for the sustainable manufacture of
mineral products. The cavitation induced by acoustic
stimulation promotes extraction of elements from the solute
by concentrating energy at the particle surface, resulting in
localized temperature increases by up to 5000 K and pressure
increases up to 1000 bar.13 This enhanced dissolution occurs in
the absence of strong acids or bases and thus, leads to an
environmentally benign process.14

When subjected to an acoustic field, cavitation bubbles
undergo rapid expansion and contraction cycles, leading to an
increase in overall bubble size until the bubbles reach a critical
(i.e., resonance) size, at which the bubbles collapse.15 The rapid

(<1 μs), near-adiabatic16 collapse of these bubbles causes the
aforementioned localized hot spots of energy. Several criteria
can influence cavitation behavior, including system temperature,
particle size, particle composition, and the acoustic stimulation
frequency.17−19 The focus of this study is the comparative effects
of two stimulation frequencies: 20 kHz (ultrasonic) and 1 MHz
(megasonic). Ultrasonically enhanced dissolution of minerals
has focused on stimulation at low ultrasonic frequencies (i.e.,
16−40 kHz).1,2,4,20−22 In contrast, megasonic stimulation (i.e.,
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greater than 1 MHz) is used for fine tasks such as the cleaning of
delicate equipment (e.g., microchips,23−27 flat panel dis-
plays,28,29 photomasks,30,31 etc.). These varied stimulation
frequencies give rise to different critical cavitation bubble
sizes, with values of ∼150 μm at 20 kHz and of ∼4 μm at 1
MHz.16 Thus, the cavitation-induced dissolution enhancement
is different at the different frequencies.
Larger bubbles produce more energy per cavitational collapse,

as the energy released by a cavitation bubble is proportional to
the square of the radius of the collapsing bubble,32 allowing for
the breakage of higher-energy bonds. Higher-frequency acoustic
stimulation reduces the likelihood of cavitation events (i.e.,
cavitational collapse),16 with a negligible occurrence of cavita-
tional events due to the high applied pressure (>1 MPa)
required to form cavitation bubbles when stimulated at acoustic
frequencies greater than a few MHz.33−35 This limits the
application of megasonic cavitation to values below ∼3 MHz.16

The cavitation bubble propagation−growth−collapse cycle,
however, occurs much more rapidly for megasonic stimulation
for two reasons: (1) megasonic critical bubble diameter is nearly
2 orders of magnitude smaller than ultrasonic critical bubble
diameter, and the time required for cavitation bubbles to reach
their critical radius is approximately proportional to the square
of the radius;32 and (2) the Bjerknes forces (i.e., attractive forces
within a sonic field which cause bubbles to coalesce36,37) are
proportional to the square of the stimulation frequency.38 Thus,
though the energy per cavitational collapse is much greater at
ultrasonic frequencies, the rate of occurrence of cavitational
collapse is much more rapid at megasonic frequencies.
Stimulation at megasonic frequencies also allows for matching

of the resonance frequency of the solute; that is, the stimulation
frequency which causes a particle to oscillate at a much higher
amplitude than at any other stimulation frequency. Rapid
vibration of the solute particles leads to particle fracture, which
releases elemental species into solution more rapidly than
unstimulated dissolution from the solute surface. In this study,
the study of resonance frequency is limited to intraparticle
vibrations at a specific composition and particle size;
interparticle resonance frequencies for particles assembled in a
single solid are possible, but due to the irregularity in shape and
composition of natural rocks, this possibility is not studied
herein.
The structure and composition of the solute determine the

extent to which the frequency of acoustic stimulation affects
dissolution rates. The energy required to induce dissolution
often increases with increasing bond energy and with increasing
crystallinity. For this study, calcite (a crystalline Ca-rich
mineral), dolomite (crystalline and Ca- and Mg-rich), obsidian
(amorphous and Si-rich), and albite and quartz (crystalline and
Si-rich) were dissolved under stirred, ultrasonically stimulated,
and megasonically stimulated conditions, with macroscopic
temperature and agitation rate kept constant between the three
conditions. In this way, the effectiveness of ultrasonic and
megasonic stimulation frequencies was tested for solutes with
varying elemental composition and crystallinity. In addition,
molecular dynamics simulations allowed for assessment of the
resonance frequency of each solute as a function of particle size,
which informed the manner in which the dissolution rate of each
solute should be assessed when stimulated at its intraparticle
resonance frequency. These results offered a reference basis to
dissolution rates which were then compared to the dissolution
rates with a particle size an order of magnitude greater and lower
than the particle size which corresponded to resonance. It

should be noted here that the Si−O bond energy is more than
double that of Ca−O or Mg−O (799.6 ± 13.4, 383.3 ± 5.0, and
358.2 ± 7.2 kJ/mol, respectively39). However, rather than the
bond energy alone, the stacking fault energy (i.e., the energy
required for the formation of a fault such as a dislocation or pit)
allows for a more quantitative estimate of the effects on
dissolution of different types of acoustic stimulations.40,41

Materials with a greater resistance to dislocations (i.e.,
possessing a higher stacking fault energy) are less sensitive to
defect formation by cavitational collapse,40,42,43 and thus,
resonance stimulation offers an alternative method for using
acoustic energy to enhance dissolution rates when fault
formation is unfavorable. Against these considerations, it is
shown that ultrasonic stimulation was more effective with the
increasing Ca content and lower stacking fault energy, while
megasonic stimulation when matched to the resonance particle
size was more effective for enhancing the dissolution of Si-rich
solutes.

■ MATERIALS AND METHODS
Materials. Five mineral species (all from VWR, Radnor, PA)

were studied: obsidian (81% SiO2, 9% Al2O3, 5% K2O, 5%
Na2O), calcite (CaCO3), dolomite (CaMg[CO3]2), albite
(NaAlSi3O8), and quartz (SiO2). The obsidian was completely
amorphous, whereas the other four species were crystalline.
Minerals were crushed by hand and then separated into three
different particle sizes using sieves: (1) <0.1 mm, (2) a particle
size such that the resonance frequency corresponded to 1 MHz,
and (3)∼1 cm. Resonance frequencies of 20 kHz corresponded
to particle sizes greater than 20 cm, whereas an ultrasonic horn
only produces cavitation over a distance of ∼5 cm,44 and thus,
particles sized to possess a resonance frequency of 20 kHz could
not be dissolved. In addition to the minerals, a class F (i.e., Ca-
poor) fly ash (FA) was selected as an amorphous alkaline
industrial waste comprised of hollow amorphous aluminosilicate
spheres, as a contrast with the non-hollow mineral species. The
FA was washed for 50 min at room temperature in DI water with
a solid-to-liquid ratio (s/l) of 1:1000 to remove all readily
soluble components. After washing, the class F FA was
determined to be ∼2.2 wt % CaO, significantly lower than the
SiO2 (50.7 wt %), Al2O3 (23.4 wt %), and Fe2O3 (16.7 wt %)
contents. The sum of all other oxide components of the FA
represented less than 3 wt %. The FA particle size was <30 μm
and thus could not be tested at the resonance frequency, as it was
determined to be in the order of 100−1000 MHz, that is,
ultrahigh frequency, which is primarily used for medical
imaging45 as it does not cause disintegration of the exposed
solids.

Resonance Frequency. Resonance frequency of the
materials was determined via molecular dynamics (MD)
simulations, making use of the open-source LAMMPS pack-
age.46 As a non-crystalline phase, obsidian was simulated using a
random stoichiometrically correct atomic distribution which
was melted at 4000 K for 1 ns, cooled to 300 K under zero
pressure in 3.7 ns, and then relaxed at 300 K for 1 ns. Calcite,
dolomite, albite, and quartz structures were constructed based
on crystallographic data (sources shown in Table 1) and relaxed
at 300 K for 500 ps under zero pressure.40 In all cases,
Coulombic, short-range bonded, and van der Waals interactions
were considered in calculating the potential energy of the
system, with the latter interaction estimated using the CLAYFF
or Buckingham potential, as listed in Table 1. The temperature
was controlled using a Nose−́Hoover thermostat,47,48 and the
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timestep was taken as 1 fs. To determine the resonance
frequency, the stiffness tensor was determined based on the
average stress computed from 12 independent deformations
(i.e., 3 normal and 3 shear deformations, each being repeated
both for a positive and negative strain) by applying a strain of
0.0005. The bulk modulus was taken as the arithmetic mean of
the Voigt and Reuss bulk moduli. The simulated values of the
density and bulk modulus were then used to determine the
resonance frequency, assuming homogeneity, isotropicity, and
sphericity of each particle.49 Torsional resonance frequency
values were chosen for this work, since they correspond to the
fundamental resonance frequency. The torsional resonance
frequency, f torsional, was calculated according to eq 1 mentioned
below

π
=

ρ
f

k

R2

K

torsional

L

(1)

In eq 1, kL represents a solution to the characteristic equation
of torsional oscillations (eq 2), K is the bulk modulus, ρ is the
density, and R is the radius of the presumed spherical particles.
The characteristic equation of torsional oscillations is

− − = ≥+n j k k j k n( 1) ( ) ( ) 0; 0n nL L 1 L (2)

In eq 2, n is an integer ≥0, and jn(kL) is the Bessel function of
order n. The n = 0 solutions in eq 2 were used because they gave
the lowest resonance frequency values.
Resonance frequencies of 20 kHz were found to occur for

particle sizes >200 mm, several orders of magnitude too large for
a practical dissolution experiment. The resonance frequency
values and the corresponding references are shown in Table 1.
Stacking Fault Energy. Stacking fault energy was assessed

for the four crystalline mineral species studied: calcite, dolomite,
albite, and quartz. The stacking fault energy characterizes the
energy barrier which serves as an obstacle to the activation of a
stacking fault defect, such as a dislocation.58 By this definition,
stacking fault energy could not be assessed for amorphous
species. A detailed explanation of the stacking fault energy
calculation is described elsewhere.40 In all cases, the slip plane
which possessed the lowest stacking fault energy value was
chosen as the slip plane of interest for this study.
Dissolution Experiments. 1 g of solute was placed in 100

mL of deionized water (18 MΩ·cm) in a 250 mL beaker. This
solid-to-liquid ratio (s/l) of 1:100 allowed for a balance of
having sufficient solubilized solid to be detectable, while
remaining at far-from-equilibrium dissolution concentrations
regardless of the particle sizes studied. Ultrasonic dissolution
was performed at 20 kHz stimulation using a 505 Sonic
Dismembrator ultrasonic horn (Fisher Scientific, Waltham,
MA). Megasonic dissolution was performed at 1 MHz
stimulation using a Series 6000 HyperClean Megasonic System

(PCT Systems Inc., San Jose, CA). A control (“stirred”)
experiment was performed using a magnetic stir bar to
convectively mix the system. The stir bar rotation speed was
set at 350 rpm, as this matched the Reynolds number (Re) of
3900 of the ultrasonically stimulated experiments.2,59 The
megasonic tank did not introduce agitation, so an overhead
stirrer was used to obtain a match Re-value. Dissolution rates
obtained from the control experiments showed similar
experimental error whether the magnetic stir bar or the
overhead stirrer was used. Experiments were performed
isothermally (at a macroscopic level) at 40.0 ± 1.0 °C. For the
stirred and 20 kHz experiments, temperature was maintained
using a jacketed beaker. For the 1 MHz dissolution, the
temperature was maintained using an integrated temperature
control bath and verified by using a thermocouple. In this way,
all experiments were performed with the same macroscopic
temperature and convective mixing rate, allowing for isolation of
the effects of the acoustic perturbation (cavitation and/or
resonance vibration).
To determine elemental release rates, 1.0 mL solvent samples

were taken at prescribed time intervals. Samples were passed
through 0.2 μm filters to remove undissolved solids. These
samples were diluted 1:1 for obsidian and quartz and 1:3 for
calcite, dolomite, albite, and FA (volume basis) with 5% HNO3
and then analyzed using an Avio 200 inductively coupled plasma
optical emission spectrometer (PerkinElmer, Waltham, MA).
The concentration of dissolved Si, Ca, or Mg in each sample was
determined by comparison to calibration standards prepared by
dilution from 1000 μg/L standards (Inorganic Ventures,
Christiansburg, VA). The apparent dissolution rate constant
was determined from a straight-line plot of the concentration of
the target element versus the square root of time, referred to in
the literature as the “parabolic model”,60−63 as follows: [M] = k·
t0.5, where, [M] represents the concentration of element M (Si
for obsidian, albite, quartz, and class F FA; Ca for calcite; andMg
for dolomite), k is the apparent parabolic rate constant, and t is
time. This model has been found to be applicable in cases where
the coprecipitation of elemental species from the bulk solution
may affect the overall dissolution kinetics.62 Although the
systems were analyzed at far-from-equilibrium concentrations,
co-precipitation reactions affected the apparent rates of
dissolution since far-from-equilibrium concentrations of ele-
ments such as Si, Al, and Ca are still sufficient to cause minor co-
precipitation. The parabolic model is an empirical fit. Although
there is no physical meaning to the square root of time, parabolic
kinetics have been observed to hold for up to 1 week of
dissolution.11

Obsidian, calcite, and class F FA particles of the smallest
particle size fraction were collected after dissolution, filtered
through 11 μm filter paper (Whatman Filter 1, Cytiva,
Marlborough, MA) under vacuum, and then dried overnight
at 50 °C. Undissolved particles and dried particles after
dissolution experiments were characterized using scanning
electron microscopy (SEM, Phenom ProX G2, Nanoscience
Instruments, Phoenix, AZ) to assess surface changes, visually,
following dissolution. The same particles were tested using N2
adsorption to assess surface area (Anton Paar, Torrance, CA)
which indicated that (i) the particle porosity was low [initial
Brunauer−Emmett−Teller (BET) surface area <1 m2/g for all
samples], and (ii) the change in porosity following dissolution
was minimal (change in the BET surface of <10% for all samples
following all dissolution techniques).

Table 1. Mineral Properties for Resonance Frequency
Determination

mineral structure reference forcefield

particle size with
resonance frequency of

1 MHz (mm)

obsidian glassy
(non-crystalline)

Buckingham50 2.0

calcite 51 Buckingham52 2.0
dolomite 53 Buckingham52 3.9
albite 54 CLAYFF55 3.9
quartz 56 Buckingham57 3.5
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Figure 1. Representative data showing Si concentrations as a function of the square root of time with parabolic dissolution kinetics rate constants
indicated for (a) obsidian at the resonance particle size; (b) calcite at the largest particle size; (c) quartz at the smallest particle size; and (d) class F FA
at the as-received particle size. Error bars indicate a variability of less than 5% relative standard deviation across all samples.

Figure 2.Median particle size vs apparent parabolic rate constant of stirred, ultrasonicated, andmegasonicated dissolution for (a) calcite, (b) dolomite,
(c) obsidian, (d) quartz, and (e) albite. In all cases, a resonance frequency of 1MHz corresponds to the middle particle size tested. Error bars indicate a
variability of less than 5% in relative standard deviation from triplicate samples.
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■ RESULTS AND DISCUSSION

Parabolic Dissolution Kinetics. Parabolic kinetics were
used to represent the dissolution of all six species studied (i.e.,
five minerals and class F FA). Each mineral species was tested at
three particle sizes: (1) a particle size where the resonance
frequency corresponded to 1 MHz (2−4 mm, depending on the
species; see Table 1), (2) a particle size around 1 order of
magnitude larger (1 cm), and (3) a particle size an order of
magnitude smaller (<0.1 mm). Class F FA could only be tested
at the as-received particle size of <30 μm. There were 48
dissolution curves collected in total: three dissolution conditions
(stirred, ultrasonically stimulated, and megasonically stimu-
lated) for five mineral species each at three particle sizes and
class F FA. All curves followed parabolic kinetics; as an example,
the three dissolution conditions for four of these species
(obsidian, calcite, quartz, and class F FA) at varying particle sizes
are shown in Figure 1. The fit was least accurate for the slow-
dissolving species (quartz, Figure 1c, and especially obsidian,
Figure 1b), where initial kinetics were linear, meaning the
parabolicmodel overestimated the initial rate of dissolution. The
dissolution kinetics were well-fitted by the parabolic model
which included surface effects, boundary layer effects, and
coprecipitation effects,60−62 which all lead to deviations from
linear dissolution kinetics. As the experiments were performed at
s/l = 1:100 (i.e., far-from-equilibrium or undersaturated
conditions), the influence of coprecipitation reactions was
expected to be minimal. The parabolic fits revealed rate
constants varying from 2 × 10−4 mM/min (obsidian, 350 rpm,
Figure 1a) to 0.018 mM/min (class F FA, 1 MHz, Figure 1d), a
range of 2 orders of magnitude demonstrating the suitability of
the parabolic model for first-hour dissolution kinetics of both
relatively slow- and fast-dissolving species.
Cavitational Dissolution Enhancement. Acoustic per-

turbation produces cavitation bubbles which collapse to create
localized spots at high temperature (5000 K) and high pressure
(1000 bar).64 The effect of this cavitational collapse on the
dissolution rate is observed in Figure 2. As expected, a decrease
in particle size led to an increase in the overall dissolution rate;
however, the efficacy of reducing particle size to increase the
dissolution rate depended on the solute studied. The alkaline-
earth-rich species [calcite (Figure 2a) and dolomite (Figure
2b)] showed the strongest dependence between particle size and
dissolution enhancement by acoustic stimulation. For each of
these two species, the increase in the dissolution rate by acoustic
stimulation was negligible at a particle size of 1 cm, nomore than
double at the middle particle size, and up to 70× at the smallest
particle size (<0.1 mm). For the Si-rich species [obsidian
(Figure 2c), quartz (Figure 2d), and albite (Figure 2e)], the rate
enhancement by ultrasonication (20 kHz) reached a maximum
of 10-fold at the smallest particle size. For both quartz and albite
(Figure 2d,e), megasonic (1 MHz) stimulation showed a higher
Si release rate at the resonance particle size than at the smallest
particle size. Megasonic stimulation was most effective for
increasing the dissolution rate at the smallest particle size for Ca-
and Mg-rich solutes and was most effective at the resonance
particle size for Si-rich solutes. Ultrasonic stimulation was the
most effective at the smallest particle size for all mineral species.
For cavitational collapse to cause dissolution enhancement,

the collapse must impart sufficient energy to break solute bonds,
and the collapse must occur at the solute−solvent interface.
Reducing the particle size increases the available surface area
because the porosity of the precursors was low (BET surface

area < 1 m2/g). Increasing available surface area and, in turn,
increasing the probability of cavitation occurring at the solute−
solvent interface induce the release of target species into
solution. The energy released by cavitational collapse at a fixed
acoustic frequency follows a normal distribution.40 Cavitation
events which cause bond breakage must possess sufficient
energy to rupture the bond. Reducing solute particle size (or
increasing solid loading, etc.) leads to higher dissolution rates by
providing an increased surface area on which cavitation events
may take place, maximizing the likelihood of favorable
cavitation. Although an increased surface area increases the
unstimulated dissolution rate due to an increase in solid−liquid
interfacial area, the effectiveness of cavitation is further
enhanced as the proportion of reaction-favorable cavitation
events is increased in addition to the active dissolution area.
However, dissolution enhancement is closely related to bond
energy. Compositionally, of the elements studied, the Si−O
bond energy is the highest (799.6± 13.4 kJ/mol),39 followed by
the Ca−O (383.3± 5.0 kJ/mol)39 and thenMg−O(358.2± 7.2
kJ/mol) bond energy.39 Based on these results in Figure 2, the
effectiveness of acoustic stimulation to induce dissolution
increases with decreasing bond energy between the element of
interest and an oxygen atom. The difference between the
cavitation behaviors for the different acoustic frequencies is due
to both the difference in size of the propagated bubbles and the
difference in the frequency of bubble propagation. Cavitation
energy increases proportionally with the increasing bubble
radius32 and is thus 37.5× higher for ultrasonic stimulation than
megasonic stimulation.16 Conversely, the bubble propagation−
growth−collapse cycle is much more rapid for megasonic
stimulation, as the rapidity of this cycle is proportional to
acoustic frequency38 and inversely proportional to the bubble
radius.32 Increasing the acoustic frequency from 20 kHz to 1
MHz results in a 50× increase in frequency and a 37.5×
reduction in critical bubble size, suggesting an increase in the
cavitation bubble cycle by a factor of ∼1875.
Megasonic and ultrasonic stimulation demonstrates similar

Mg release rates from dolomite (Figure 2d). Mg−O has the
lowest bond energy, and thus, the higher energy of ultrasonic
cavitation events and the higher rate of megasonic cavitation
events provide comparable dissolution rate enhancements.
Solutes with lower bond energies than that of Mg−O would
be expected to show higher dissolution enhancement by
megasonic stimulation than by ultrasonic stimulation, even at
small particle sizes. The ultrasonic enhancement of calcite
dissolution is higher than that of megasonic enhancement
(Figure 2a) because ultrasonic cavitational collapse provides a
greater number of cavitation events with sufficient energy to
break the Ca−O bonds in calcite. As previously estimated, the
frequency of cavitation events is ∼1875 greater in megasonic
dissolution than in ultrasonic dissolution. Accordingly, the lower
enhancement by megasonic dissolution (1.4× lower) implies
that the majority of megasonic cavitation events do not possess
sufficient energy to break Ca−O bonds. The dissolution
enhancement values for Si-rich minerals at the smallest particle
size were lower than 10-fold for ultrasonication and were
approximately 1 (i.e., no enhancement) for megasonication
(Figure 2c−e). These low enhancement values suggest that the
majority of ultrasonic cavitation events do not possess sufficient
energy to induce Si−O bond breakage, and none of the
megasonic cavitation events possess sufficient energy to rupture
Si−O bonds.
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Resonance Dissolution Enhancement. In addition to
inducing cavitation in the solvent, acoustic stimulation causes
the solute particles to oscillate at the rate of the stimulation (i.e.,
20 kHz or 1 MHz). The middle particle sizes chosen for each of
the species in Figure 2 represent the particle size for which the
resonance frequency was 1 MHz. For alkaline-earth-rich calcite
and dolomite (Figure 2a,b), cavitation caused significant
dissolution enhancement, rendering the further dissolution
enhancement by resonance stimulation negligible. For the Si-
rich species (obsidian, quartz, and albite), in contrast, the
dissolution enhancement by resonance stimulation (i.e.,
megasonic stimulation at the particle size corresponding to a
resonance frequency of 1MHz) was 4−6× (Figure 2c−e). Thus,
rapid oscillation at the resonance frequency causes a significant
increase in the dissolution rate for minerals with high bond
energies, such as Si-rich species. As no particle fracture or surface
defect creation of Si-rich species such as quartz under acoustic
stimulation has been observed in the literature,40 the increased
dissolution rate is likely due to increased solute−solvent
interaction offered at high oscillations, which would result in a
near-negligible reduction in particle size. This has been observed
in slight changes of the surface morphology from crystalline
species exposed to ultrasonic stimulation.65,66

For albite (Figure 2e), the resonance dissolution rate was
greater than the stirred dissolution rate at the smallest particle
size tested (1.6× greater), though it was only one-third of that
observed for ultrasonication at the smallest particle size. For
quartz (Figure 2d), the resonance dissolution rate was greater
than even the ultrasonicated dissolution rate at the smallest
particle size (4.8× greater) and was similarly 4.8× greater than
the highest rate observed for stirred dissolution. This study
found a twofold increase in the quartz dissolution rate by
ultrasonication due to the reduced particle size (literature
studies finding that no rate enhancement was performed with
flat polished surfaces of the minerals2,40), which greatly
increased the available surface area that could be affected by
cavitation events with sufficient energy to affect and enhance
dissolution processes. This suggests that the reduction in
particle size is more effective for increasing the cavitational
dissolution rate than for increasing the unstimulated dissolution
rate. Overall, as the Si content increased, the influence of
oscillation at the resonance frequency on the dissolution rate
increased, as other dissolution enhancement pathways (particle
fracture, fault formation, etc.) became irrelevant.
Structural Dissolution Enhancement. The five mineral

species studied were all of a similar macroscopic structure, being
comprised of rigid, non-hollow, and irregularly shaped (i.e., at a
macroscopic scale) particles. For comparison, a washed Ca-poor
class F FA was also tested to assess the effect of acoustic
stimulation on the Si release rate (Figure 3). The washing
removed the readily soluble components of the FA, allowing for
quantification of the dissolution of the aluminosilicate hollow
spheres which remained. As shown in Figure 3, despite the Si-
rich nature of the FA, megasonic stimulation still produced a
1.5× increase in the Si release rate constant. This increase was
not due to resonance stimulation, since the FA particle size was
less than 30 μm. The increase was also not due to the bond
energies, as the composition was primarily Si and Al; Al−Obond
energy is 501.9± 10.6 kJ/mol,39 much greater than that of Mg−
O or Ca−O. Rather, the enhancement was due to the hollow
macroscopic structure of the particles comprising the FA. SEM
images of obsidian, calcite, and class F FA before and after
dissolution are shown in Figure 4. Obsidian is shown as an

amorphous Si-rich material similar to class F FA, whereas calcite
is shown as a representative of the solutes with compositions
with lower bond energies due to the low Si content. For all three
materials, no noticeable difference (at the micron scale) was
observed between the raw material and the solute after
dissolution under convectively mixed conditions; the dissolu-
tion incurred by stirring did not alter the micron-scale structural
appearance of any of the materials. Ultrasonically dissolved
calcite shows significant rounding of the edges and corners of the
crystals. The larger (∼150 μm) bubbles induced by ultrasonic
cavitation caused breakages at crystal edges, facilitating edge
erosion and inducing particle fracture, as observed previously.40

Some surface pitting is observed in obsidian after ultrasonic
stimulation, while the dulling of particle edges is less prominent
than for calcite. No pitting was observed in the calcite surface,

Figure 3. Representative parabolic Si release rate constant under
stirred, ultrasonically stimulated, and megasonically stimulated
dissolution of class F FA. Error bars indicate a variability of less than
5% in relative standard deviation from triplicate samples.

Figure 4. Representative SEM images of obsidian, calcite, and class F
FA (particle size < 0.1 mm) prior to and after dissolution under stirred
(350 rpm), ultrasonically stimulated (20 kHz), and megasonically
stimulated (1 MHz) conditions. Cavitation effects (i.e., pits, channels,
deformations, breakages, and holes) are emphasized by red arrows and
text. The scale bar in top right applies to all images shown.
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demonstrating that any pitting caused in the calcite surface led to
subsequent particle breakage and/or erosion, and thus, no
prominent pits are seen.
Megasonic dissolution of both obsidian and calcite shows

evidence of erosion channels not observed after ultrasonic or
stirred dissolution. The smaller (∼4 μm) bubbles created by
megasonic stimulation likely caused shallower pits on the surface
of the solute which were not observable under 2000×
magnification, and these pits provided areas which were more
prone to dissolution, facilitating the creation of channels over
the course of the dissolution period, with these channels
observable in the SEM images. The channels were much more
prominent in the calcite, concurring with the much greater
dissolution rate of calcite (Figure 2a) compared to obsidian
(Figure 2c). Though obsidian is amorphous and calcite is
crystalline, both materials are comprised of particles free of
hollow cavities. The hollow spheres of the class F FA, conversely,
were observed to be broken after acoustic stimulation. Under
ultrasonic stimulation, the aluminosilicate spheres demonstra-
ted holes which were greater than 3 μm in diameter, with some
spheres broken in half. Ultrasonically induced cavitational
collapse was sufficient to rupture the hollow FA particles, even
though results with solid (i.e., not hollow) Si-rich minerals
(Figure 2c−e) suggested that the majority of ultrasonic
cavitation was insufficient to break Si−O bonds. Megasonic
stimulation did not show complete particle breakage, but several
openings of <1 μm were visible on the particle surfaces. The
pitting and fracture induced by megasonic stimulation in FA
particles led to dissolution enhancement (Figure 3). In addition
to breaking atomic bonds and rapidly oscillating solute particles,
cavitation collapse also causes defects in the micron-scale
structure of hollow particle, such that an increased defect density
gives rise to enhanced solute dissolution rates.
Acoustic Dissolution Enhancement and Material

Properties. An earlier study40 compared the dissolution
enhancement by ultrasonic stimulation to two intrinsic physical
properties of the solute: (i) the stacking fault energy (i.e., the
energy required for the formation of faults such as dislocations
or pits) and (ii) the surface energy (i.e., the energy required to
induce fracture in a material). The stacking fault energy, in
particular, allows for quantification of the effects observed in
Figure 2, in that both the ultrasonic and megasonic dissolution
enhancement can be correlated to the stacking fault energy
(Figure 5a,b). The dissolution enhancement effect of ultrasonic

stimulation was estimated using the ratio between the apparent
parabolic rate constant under ultrasonic and stirred conditions,
each at the smallest particle size

=
k

k
ultrasonic enhancement 20kHz,0.1mm

350rpm,0.1mm (3)

The behavior of megasonic stimulation at the resonance and
smallest particle sizes, conversely, was estimated using the ratio
between the two apparent parabolic rate constants

=
k

k
megasonic ratio 1MHz,resonance

1MHz,0.1mm (4)

The curves in Figure 5a,b demonstrate that the effectiveness
of both ultrasonic and megasonic dissolution is a function of the
stacking fault energy. Materials with lower stacking fault energy
are more susceptible to defect formation by cavitational collapse,
and thus, ultrasonication is more effective. Materials with higher
stacking fault energy are more resistant to defect formation. An
increased stacking fault energy indicates materials which are less
ductile67−70 (or more brittle) and thus are most susceptible to
dissolution by particle fracture (i.e., rather than stacking fault
initiation), which is facilitated by the rapid vibration of
stimulation at the resonance frequency. This is further validated
by the inverse linear correlation between the megasonic ratio
and indentation modulus-to-hardness (MI/H) ratio in Figure
5c, the latter of which serves as a proxy for the ductility of a
material (since the MI/H ratio corresponds to the inverse of a
yield strain).71−75 Note that here, the indentation modulus was
calculated based on the simulated stiffness using data from the
MD simulations,74 while hardness was obtained from micro-
indentation tests in the literature.2 The correlation between
ultrasonic enhancement and stacking fault energy (Figure 5a)
shows two asymptotes. First, as the stacking fault energy
approaches zero, the enhancement approaches an infinite value.
The asymptotic approach to infinite enhancement as stacking
fault energy approaches zero represents immediate and
complete collapse under any cavitation of the structure of the
materials with no resistance to dislocation formation. As the
stacking fault energy increases, the dissolution enhancement
ratio approaches a value of one (i.e., no enhancement in the
dissolution rate from acoustic stimulation). A material with an
extremely high stacking fault energy, and hence an extremely
high resistance to dislocation formation, would be completely

Figure 5. (a) Ultrasonic enhancement for d50∼ 0.1 mm for calcite, dolomite, quartz, and albite as related to stacking fault energy. (b) Megasonic ratio
for calcite, dolomite, quartz, and albite as related to the stacking fault energy. (c) Megasonic ratio for calcite, dolomite, quartz, albite, and obsidian as
related to the brittleness ratio (MI/H; MI = indentation modulus, H = hardness) of the solute.
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unaffected by cavitational collapse at the surface. Acoustic
stimulation is unable to cause surface defects in such a case,
leading to identical dissolution behavior as in the unstimulated,
convectively mixed system.
The megasonic dissolution ratio increases linearly with the

stacking fault energy (Figure 5b). As the resistance to stacking
fault formation increases, the dependency of the dissolution rate
on particle fracture increases (i.e., since sonication cannot
initiate any stacking faults), and thus, the rapid particle vibration
at the resonance frequency has a stronger effect on increasing the
dissolution rate. The x-intercept of Figure 5b occurs at a stacking
fault energy of approximately 1 J/m2. Below this value, the
sensitivity to resonance stimulation is negligible as the sensitivity
to cavitational collapse is much greater. The stacking fault
energy of 1 J/m2 may represent a threshold value for megasonic
cavitation at a frequency of 1 MHz: for solutes with a stacking
fault energy less than 1 J/m2, megasonic cavitation is sufficiently
energetic to serve as the dominant means of dissolution
enhancement. For solutes with a greater stacking fault energy
than 1 J/m2, resonance vibration affects the dissolution rate
alongside cavitational enhancement, with the resonance effect
increasing as the stacking fault energy increases. Furthermore,
resonance dissolution enhancement increases with brittleness
(i.e., reduced ductility), as shown in Figure 5c. Highly brittle
quartz is the most susceptible to resonance, while dolomite and
calcite demonstrate double the MI/H ductility of quartz and
thus are negligibly susceptible to resonance dissolution
enhancement. The lone exception to the trend in Figure 5c is
obsidian, which is due to its amorphous nature, leading to a
different dissolution enhancement mechanismnot currently
clearfrom the crystalline solutes studied. The x-intercept of
Figure 5c occurs at MI/H ∼ 38, suggesting this as the ductility
threshold, above which the ductility of the material is too high
for the dissolution rate to be affected by resonance vibration.
Brittle materials demonstrate a tendency to fracture when
oscillated rapidly at the resonance frequency, while ductile
materials are relatively unaffected by the rapid vibration offered
by resonance frequency. In brief, cavitational dissolution
enhancement is optimal for precursors susceptible to fracture
and fault formation, while resonance dissolution enhancement is
preferred for brittle materials.

■ SUMMARY AND CONCLUSIONS
Acoustic stimulation can accelerate solute dissolution via two
processes: rapid oscillation of particles at the applied acoustic
frequency and generation of cavitation bubbles which create
localized hot spots of increased temperatures and pressures,
facilitating liberation of atomic species from the solute
framework. Cavitational collapse is most effective for solutes
with lower average bond energies and for those with lower
stacking fault energies. Cavitation-induced dissolution enhance-
ment increases with reduced particle size (i.e., increased
available surface area), up to a factor of 70× for calcite.
Ultrasonic stimulation, which produces larger cavitation bubbles
(150 μm at 20 kHz), and megasonic stimulation, which
produces smaller cavitation bubbles (4 μm at 1 MHz) but
exhibits a more rapid cavitation propagation−growth−collapse
cycle, induce comparable dissolution enhancement values
(∼35×) for Mg release from dolomite, due to the lower bond
energy of Mg−O bonds when compared to other bonds such as
Ca−O and Si−O. Although megasonic cavitation causes a
significant increase in the dissolution rate of calcite (40×),
ultrasonic cavitation causes an even greater increase (70×) due

to more of the higher-energy ultrasonic cavitation events
meeting the threshold for the rupture of higher-bond energy
Ca−O bonds. For Si-rich species which possess high bond
energies, use of a megasonic frequency at a solute particle size
such that the stimulation frequency corresponding to the
resonance frequency of the particles provided a greater
dissolution enhancement as compared to ultrasonic stimulation.
Acoustic stimulation was also able to facilitate Si release from
amorphous class F FA by causing ruptures in the hollow
aluminosilicate FA particles.
The stacking fault energy, or energy required to induce

dislocation or pit formation in a species, showed a strong
correlation with both the ultrasonic and megasonic dissolution
enhancement. The effectiveness of ultrasonic stimulation
increased exponentially as the stacking fault energy decreased,
approaching an infinite enhancement asymptote as stacking fault
energy approached zero and approaching an asymptotic value of
one (i.e., no enhancement) as the stacking fault energy
increased. Contrarily, the effectiveness of megasonic dissolution
increased linearly with the stacking fault energy, with the x-
intercept (1 J/m2 at 1 MHz stimulation) indicating a threshold
value below which megasonic cavitation events were sufficiently
energetic to induce dislocations and significantly outweigh the
dissolution enhancement effects of resonance vibration. The
effect of resonance dissolution was further compared to the
ductility (i.e., as estimated using the indentation modulus-to-
hardness ratio; MI/H) of materials, showing an increased effect
of resonance stimulation as the ductility decreased (i.e.,
brittleness increased). The effect of resonance stimulation on
the dissolution rate was negligible above MI/H ∼ 38. This
indicates that cavitation is able to induce surface defects that
facilitate dissolution in solutes with low stacking fault energies,
whereas solutes with high stacking fault energies but high
brittleness are more susceptible to dissolution enhancement by
rapid vibration at the resonance frequency. As such, the
frequency of acoustic stimulation can be appropriately matched
to the intrinsic properties such as stacking fault energy and
ductility of the solute(s) of interest, allowing for the use of
acoustic perturbation as a green technology for the accelerated
release of elements such as Si, Ca, and Mg from minerals and
industrial waste materials.
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