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ABSTRACT: On the basis of systematic experimental interrogation Microjets
of the aqueous dissolution behavior of a large selection of minerals,
whose dissolution rates vary by several orders of magnitude, this study
demonstrates that acoustic perturbation yields an unprecedented
enhancement in dissolution kinetics, which scales with the mineral’s
hardness and average bond energy. The dissolution enhancement
produced is described by an Arrhenius-like formulation that reveals
the energy imparted to the solute’s surficial atoms by sonication.
From an energy landscape perspective, it is highlighted that
sonication perturbs surficial solute atoms from their equilibrium
positions. As a result, upon contact with a solvent, sonicated atoms
need a smaller amount of energy for dissolution to occur by bond
rupture. Therefore, the activation energy of dissolution under
sonication is consistently smaller than that under sonication-free conditions. Altogether, this study suggests that the
enhancement in mineral dissolution over the course of acoustic perturbation under macroscopically isothermal conditions
results from the excitation of the surficial atoms and is negligibly associated with temperature rise or surface area amplification
as has been previously suggested.
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1. INTRODUCTION

The transmission of sonic stimuli into an aqueous solution can
initiate the formation, growth, and collapse of cavitation
bubbles."” Such cavitation can induce enormous energy
changes in the form of “hot spots”’ The extremely high
temperatures (up to 5000 K) and pressures (up to 1000 bar)
that are generated (e.g., as typical for ultrasonication), locally,
by sonication-induced cavitation offer pathways to expedite
and control chemical reactions of relevance to element
extraction, food engineering, and degradation of persistent

effects such as acoustic streaming, microstreaming, microjets,
and shock waves (see Figure 1).” Specifically, acoustic
streaming is defined as fluid flow due to ultrasonic propagation,
whereas microstreaming refers to the oscillating motion of the
fluid in the vicinity of expanding and contracting bubbles.”
High-pressure shock waves (e.g, 1 MPa for 20 kHz waves)'’
are formed when a cavitation bubble collapses symmetrically.
On the other hand, microjets (100—200 m/s in velocity)’
result from the asymmetrical collapse of cavitation bubbles due
to the presence of another surface or another bubble."'~"* The

pollutants.“’5 For these reasons of efficient, localized treatment,
and because it requires no chemical reagents, (ultra)sound is
considered a “green” technology.6

The collapse of cavitation bubbles creates localized fluid
movement with high pressure and velocity.7’8 This includes
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generation of such extreme pressures and rapid fluid motion
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Figure 1. Illustration of the diversity of physical effects that may result
due to acoustic perturbation (ultrasonic cavitation). Microjets arise
from the asymmetrical collapse of cavitation bubbles due to the
presence of a solid surface or another bubble. Shock waves are formed
when a cavitation bubble collapses symmetrically. Microstreaming
refers to the oscillating motion of the fluid in the vicinity of expanding
and contracting bubbles. Finally, acoustic streaming (not shown)
results in fluid flow due to acoustic (ultrasonic) propagation.

can be used to stimulate surface reactions. For example, on the
basis of these concepts, ultrasonication has been used to
promote the dissolution of minerals such as serpentine in
applications related to CO, mineralization."

Despite a wide variety of applications, the mechanisms by
which acoustic perturbation affects Jprocesses such as
dissolution are not fully understood.' While high-speed
photography and microscopy, and sonoluminescent character-
ization, have been used to study the interactions between
cavitation bubbles and solid surfaces,”'”™"? the role of the
solute’s composition and properties on the extent of
dissolution stimulation remains less understood. To address
this knowledge gap, this study investigates the dissolution
kinetics of a wide range of minerals, whose dissolution rates
vary by several orders of magnitude, both under sonicated and
unsonicated conditions in aqueous solutions. For the first time,
it is revealed from an energy landscape perspective how
acoustic perturbation enhances mineral dissolution across a
range of compositionally distinct minerals of widely differing
hardnesses. Special focus is paid to reveal the mechanisms of
acoustic perturbation on enhancing mineral dissolution.

2. METHODS

2.1. Materials. Phase-pure minerals including halite
(NaCl), gypsum (CaSO,2H,0), calcite (CaCOs;), serpentine
(var antigorite: (Mg,Fe);Si,05(OH),), fluorite (CaF,),
dolomite (CaMg(COs;),), orthoclase (KAISi;Os), and a-quartz
(SiO,) were sourced from Ward’s Science.”” A sodium
aluminoborosilicate glass (NABS: 0.83Si0,:0.11B,0;-
0.04Na,0-0.01A1,0,) and obsidian (0.81Si0,-0.09A1,0;-
0.05K,0-0.05Na,0) were sourced from Vitro Minerals. For
the batch dissolution experiments, the minerals were ground
using an agate mortar and pestle and sieved to a particle size

ranging between 300 and 600 ym. The size distribution of the
particulates was measured using laser diffraction spectroscopy
by dispersing the particulates in isopropanol at a wavelength of
750 nm. The surface area of the particulates was estimated by
assuming a spherical geometry and on the basis of knowledge
of their density. For dissolution experiments using vertical
scanning interferometry (VSI, NewView 8200, Zygo Corpo-
ration), planar mineral surfaces of dimensions 1.4 cm X 1.4 cm
X 0.4 cm (I X w X h) were prepared by sectioning using a low-
speed saw, and then polished with sandpaper (600 and 4000
grit, LECO Co.) using a lapping wheel (Ecomet 250, Buehler).
For single-crystal calcite, nearly atomically smooth surfaces
were prepared by cleaving using a razor blade. The presence of
a solid surface larger than the bubble size (~150 pm) will
cause asymmetric bubble collapse and the formation of
microjets.' "'* As such, acoustic perturbation as applied herein
will produce microjets for both the planar and particulate
solute systems. For a bubble far away from a rigid surface (i.e.,
>7.0), Symmetric bubble collapse will result in the
propagation of a spherical shock wave."

In general, all samples were rinsed with Milli-Q_(deionized,
DI) water to remove fine particles. In addition, tert-butyl
alcohol (TBA; ACS grade, >99%, Alfa Aesar) was used as a
radical scavenger during sonication. It should be noted that
this selection of minerals was made for the following reasons:
(1) they are common to the earth’s crust and feature relatively
low solubilities (i.e., except for halite and gypsum), (2) they
are slightly, if at all, affected by radicals due to the saturation of
their valence state,”’ and (3) the wide range of hardnesses
(over 1 order of magnitude) enables robust analysis of the
solute’s surface bond strength on dissolution under acoustic
perturbation. Specifically, gypsum, calcite, fluorite, orthoclase,
and quartz have hardnesses of 2, 3, 4, 6, and 7 on the Mohs
scale thereby covering nearly the entire range of hardness
observed in nature.

2.2. Experimental Methods. For particulate solids, in a
batch reactor (Figure 2a), a horn type ultrasonic system
(Fisher Scientific 550 Sonic Dismembrator; 500 W; 1.2 cm? tip
area) was used to stimulate mineral dissolution. The reactor
containing S0 mL of deionized (DI) water (pH = 5.8) was
maintained at isothermal conditions, 25 + 0.5 °C, by
circulating cooling water through a jacket that encased the
sonoreactor. A range of solid-to-liquid ratios (s/, units of g/L)
were considered wherein 0.5 g/L <s/1 < 2.0 g/L and used to
match the surface area of the solute present under conditions
of particle and planar sample dissolution. Ultrasonic waves
were transmitted through the horn, under immersion, at 20
kHz (ie., corresponding to a bubble size on the order of 150
pm'') and a power of 250 W over the course of the
experiments which encompassed a dissolution period of ~150
min. The solution pH was measured using a calibrated
ThermoScientific Ross Ultra electrode fitted with a temper-
ature probe. The dissolution rates measured correspond to
quantifications carried out under conditions of evolving (i.e.,
increasing), yet far from saturation conditions, of the solvent
with respect to the dissolving solute.

TBA reacts rapidly with hydroxyl radicals (second-order rate
constant, k = 6.0 X 10° M~! s7)** that form during ultrasonic
cavitation, and therefore, it is often used as a radical scavenger.
Such scavenging allows differentiation of the physical and
chemical effects of sonication, so long as the addition of TBA
does not markedly affect dissolution rates. As such, the
prevalence of unique chemical effects (i.e., radical formation)
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Figure 2. (a) Illustration of the experimental setup (1, transducer; 2,
ultrasonic horn; 3, planar sample; and 4, water jacketed reactor), and
(b) sonicated planar calcite sample (dimensions of 1.4 cm X 1.4 cm X
0.4 cm, I X w X h) showing surface alteration along the (c) top and
(d) side views. It should be noted that particulate solutes were also
used in addition to planar solute geometries. Here, A, is the effective
area (m?) that is exposed to sonication, and Ah (m) is the average
height reduction that is induced due to solute dissolution.

of sonication can be assessed by comparing the dissolution
rates of minerals in the presence and absence of TBA. In
addition to sonicated conditions, control experiments were
carried out under conditions of convective (mechanical)
mixing to compare dissolution rates under convective
conditions to those under conditions of sonication. Herein,
the particle suspension was stirred at different mixing speeds
between 350 and 1100 rpm using a magnetic stirrer (i.e., at
different Reynolds numbers) to match or exceed the
conditions of fluid flow as relevant under sonication action.
[In a mechanically mixed system, the Reynolds number is
defined as™® R, = nL*/v, where n is the mixing speed (rpm), L
is the diameter of the agitator (m), and v is the kinematic
viscosity of water (m”/s). In an acoustically stimulated system,
R, is defined as™ R, = vly/v, where v is the average
circulation velocity (m/s), and L, is the diameter of horn tip
(m). Here, pressure (P,) propagation and fluid velocity (v)
follow an exponential decay:’ P, = P, exp(—as) and v = v,
exp(—as/2), where P, is the acoustic pressure at the horn tip,
vy is the initial fluid velocity due to sonication, a is the
attenuation coefficient, and s is the propagation distance.
Following Wei et al. (2017),” P,y vy, and a for a 20 kHz
system were estimated as 0.65 MPa, 0.34 m s™!, and 0.10,
respectively. Therefore, for a pressure propagation distance s =
2.07 cm, the average circulation velocity was calculated as 0.28
m/s. This yields n = 330 rpm which yields R, = 3900,
indicating that fluid flow in the reactor is not in the turbulent
region. Thus, achieving the same Reynolds number as that
under conditions of sonication simply requires matching the
rotational velocity of the stirrer (n).]

For planar solids (Figure 2b), the mineral sample was fixed
at the bottom of the jacketed reactor using a compliant silicone
adhesive (Silicone Solutions SS-380). The sides and the top-
half of the mineral surface were thereafter masked using the
silicone adhesive to prevent the reaction of these surfaces with
water, and to isolate them from acoustic perturbation. The

masked surface offers a height reference such that comparison
of height changes of the reacted (unmasked surface) vis-a-vis
the unreacted surface allows direct quantification of the mass
loss and hence dissolution rate following sonication (Figure
2¢,d). Sonication was applied immediately (i.e., within 1-2 s)
after the solid and solution made contact. Following
sonication, the silicone mask on the planar samples was peeled
to expose the unreacted area. Thereafter, the surface
topography was mapped using a vertical scanning interfer-
ometer (VSI; NewView 8200, Zygo Corporation) fitted with a
100X Mirau objective (numerical aperture, N.A. = 0.85) over a
field-of-view (FOV) of 87 pum X 87 um at a lateral resolution
of 90 nm and at a vertical resolution of +2 nm. The surface
topography images acquired were processed using Gwyddion
(ver. 2.49)* to determine the change in surface area
(roughness) and morphology following sonication.

2.3. Analysis of Solution Compositions and Dissolu-
tion Rates. Over the course of the particulate solute
dissolution measurements, periodically, liquid volumes on the
order of 0.5 mL were extracted at designated time intervals and
subsequently filtered through 0.1 pm filters for solution
analysis. These samples were first diluted in a 5% concentrated
(70%) HNO; matrix prior to analysis. Thereafter, the
concentrations of ions including Ca, Mg, Si, etc. were
measured using inductively coupled plasma optical emission
spectrometry (ICP-OES; PerkinElmer Avio 200). In general,
over the period of measurement (<2.5 h), the measured ion
concentrations in solution showed a linear increase as a
function of time for saturation determining species (e.g., Ca for
the case of calcite). Therefore, the dissolution rate in the case
of sonicated and sonication-free (convectively mixed) systems
was simply compared by taking the ratio of the slopes of the
concentration—time curves which yields the dissolution
enhancement ratio (D,, unitless). As such, D, > 1 implies a
condition wherein sonication affects dissolution rates by more
than just improving the mixing state of the solution. The actual
dissolution rate of any mineral “i” is written as D; = m;/S,;
where m; is the slope of the concentration—time curve which
remained linear (i.e, an indication of far-from-saturation
mineral dissolution, mol/s), and S,; is the total surface area of
the solute (m?) for a given dilution ratio (herein, s/I = 2.0 g/
L).

2.4. Mineral Hardness. The mineral’s hardness in terms of
its Vickers Pyramid Number (H,) was measured using a
microhardness tester (LMS8OOAT, LECO Co.). Herein,
following ASTM E384,”° the mineral’s surface was indented
by a pyramidal indenter with face angles of 136° with an
applied load of 0.25—19.6 N depending on the hardness of the
mineral to a penetration depth (d,) of 192 + 4.8 um. The
mean diagonal length (d, mm) of the indentation was used to
determine the hardness (H,, GPa):***” H, = 0.0018544P/d?,
where P is the force (N) and A, is the surface area of the
indentation (mm?).

3. RESULTS AND DISCUSSION

Acoustic perturbation in a sonoreactor (Figure 2a) is
postulated to enhance dissolution by improving mass transfer
in solution (i.e., by mixing), and at the solid—liquid interface,”®
and/or by increasing the reactive surface area of the solute
through interparticle collision, particle-shockwave/microjet
interaction, particle-horn collision, and particle-(reactor) wall
collision,” e.g., due to mechanical abrasion and/or fracture
(comminution).
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Figure 3. (a) Dissolution enhancement produced under the action of acoustic perturbation as a function of the mineral’s hardness, a readily
measurable property. [As a point of reference, the dissolution rates of calcite, obsidian, and orthoclase as shown in Figure 3a under sonication-free
conditions (i.e., under conditions of convective mixing) were measured as being 4.86 X 10~ mol/m?/s, 1.63 X 107! mol/m? s, and 2.42 X 10~°
mol/m?*/s, at 25 °C and 1 bar, respectively.] The data is fitted by a power-law expression of the form D, = AH,?, where A (8144, MPa) and B (—1)
are fitting coefficients. On account of their very soft nature, and fast dissolution rates, halite and gypsum do not follow the dissolution scaling. (b)
The roughening produced on a planar calcite surface following acoustic perturbation. The masked (smooth) surface is prevented from dissolving by
applying a highly compliant silicone coating to it. Following sonication (and dissolution), for the planar surface, roughening results in a surface area
that is 3.5X larger than the surface area of the pristine (unsonicated and undissolved) calcite surface. (c) The dissolution rate of calcite measured
under acoustic perturbation in the presence (10 mM) of or in the absence (0 mM) of the radical scavenger tert-butyl alcohol (TBA).

Continuing on, Figure 3a shows that the dissolution
enhancement (D,, unitless ratio, i.e., the ratio of the dissolution
rate under acoustic perturbation to the dissolution rate
measured under conditions of mechanical mixing) produced
by acoustic perturbation, i.e., vis-a-vis the scenario of
convective mixing, increases with decreasing mineral hardness.
Interestingly, it is noted that the dissolution enhancement
scales as a function of x}, where « is the mineral’s hardness
(H,, MPa). It is noted that the inverse scaling of dissolution
enhancement as a function of mineral hardness does not
capture the behavior of halite and gypsum, i.e,, rather soft and
fast dissolving minerals that experience no dissolution
enhancement under sonication (D, &~ 1). Furthermore, it
appears as though no dissolution enhancement would be
produced for minerals with a hardness larger than 8000 MPa.
This suggests a domain, i.e., characterized by hardness and
dissolution rates, over which dissolution enhancement can be
most effectively exploited, below and above which acoustic
perturbation may not be an effective means of altering
dissolution rates. It is worth noting that both dissolution
kinetics and hardness have been reported to be controlled by
the topology of the atomic network; namely, dissolution
kinetics and hardness decrease and increase with increasing
network connectivity, respectively.’”’' The results presented
in Figure 3a further support this previously elucidated
relationship between dissolution kinetics and hardness.

Further, Figure 3a highlights that the dissolution enhance-
ment produced is a function of the solute’s resistance to
mechanical deformation, i.e., since hardness is an indicator of
resistance to elastoplastic deformations.* Importantly, this
holds true not only for crystalline solids, i.e., which feature an
orientational dependence, but also for isotropic (i.e.,
disordered) solids such as obsidian and a synthetic borosilicate
glass composition. The substantial decrease in dissolution
enhancement with increasing hardness, e.g, for quartz where
the dissolution rate elevates by only 1.06X (as opposed to
calcite, 11.1X), may suggest that acoustic perturbation simply
elevates the surface area available for dissolution, S,, i.e., since
the increase in surface area induced will also inversely scale
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with hardness. Rather, as will be discussed below, the
mechanism of acoustically stimulated dissolution is more
complex and cannot be explained by the increase in surface
area that is far smaller than the extent of dissolution
enhancement. For example, surface topography analysis of
planar, sonicated calcite surfaces (e.g., see Figure 3b wherein a
surface area increase of ~3.5X results) show substantial surface
roughening and exposure, following acoustic perturbation.
{The particle velocity imparted under the action of shock
waves can be estimated as'’ v = (Pr/6u)[1 — exp(=9 pAt/
2pr*)], where P is the pressure (Pa) of shockwaves, r is the
particle radius (m), p is the particle density (kg/m*), u is the
fluid viscosity (Pa s), and At = 107%/r. This analysis reveals
that the velocities of particle collision are relatively small, <5.2
m/s at a distance of one r,, (maximum bubble size),
indicating that particle—particle collisions are not expected to
be a substantial contributor to fracture, and surface area
creation.} Similarly, analysis of surface areas pre- and
postsonication for calcite particulates highlights a surface area
increase of around 1.94X, i.e., from analysis of light scattering
data. However, our analysis reveals a substantial mismatch
between the observed increase in dissolution rates (~11.1X for
calcite particulates) and the associated surface area enhance-
ment (~1.94X for calcite particulates). In other words, at most
18% of the dissolution enhancement is attributable to an
increase in surface area. Moreover, as seen in Figure 3c, the
formation of radicals during sonication does not measurably
alter dissolution rates. This data highlights that the typical
explanations attributable to sonication, i.e., surface area
amplification, and radical formation, do not fully explain the
dissolution enhancement that is produced by sonication.

To more closely examine the physical effects of cavitation on
dissolution enhancement calcite was analyzed as an exemplar
solute because it is (a) the softest solute which shows a
dissolution enhancement, and (b) the sample that is most
susceptible to surface area amplification. First, the morphology
of planar calcite surfaces was characterized using vertical
scanning interferometry and scanning electron microscopy. As
shown in Figure 4a (i.e., area 1 shown in Figure 2b), outside
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Figure 4. Surface morphology and topographical maps of {101 4} calcite surfaces: (a) where only etch pits can be observed (i.e., outside of the
effective sonication zone), (b) at the sonication boundary where microcleavages emerge at the [4 41]_ and [481 ]_ steps (marked by arrows), and
(c) at the center of the sonication zone where bridging of the microcleavages occurred. The rthomboid drawn in yellow features internal angles of
78° and 102°. (d) An illustration of the geometry of the pits produced on calcite surfaces (e.g,, as observed in part a).
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Figure S. (a) Dissolution enhancement produced under the action of acoustic perturbation as a function of the solute’s average bond energy. The
data is fitted by an Arrhenius-like expression of the form D, = C exp((—f/RT)E,) where D, is the dissolution enhancement (unitless), C is a
dissolution constant (68.14), fis a scaling factor (~0.022, unitless), E;, is the bond energy (kJ/mol), R is the gas constant, and T is the temperature.
In general, on account of their overly soft nature, and fast dissolution rates, halite and gypsum do not follow the dissolution scaling(s). (b) An
Arrhenius plot showing the activation energy of dissolution of obsidian (E,, = 57.5 kJ/mol) under conditions of convective mixing, i.e.,
“unsonicated”, and under the action of sonication (E,p = 25.2 kJ/mol). Frequency factors are estimated by extrapolation of the linear fit to infinite
temperature. (c) The activation energies of dissolution under unsonicated and sonicated conditions. For solutes including calcite, fluorite,
orthoclase, and obsidian, a linear scaling of activation energy and solute bond strength is revealed wherein the average difference in activation
energy between unsonicated and sonicated conditions remains constant, AE, = E,, — E,s & 34 kJ/mol.

the sonication region rhombohedral etch pits form during the
dissolution of {101 4} unsonicated calcite surfaces which are
defined by crystallographic steps normal to the [4 41] and
(481 ] planes, respectively. The anisotropic arrangement of
carbonate groups results in such patterns wherein the
paralleled [4 41]_ and [481 ]_ steps form an acute angle
(78°) with the {101 4} cleavage plane while the [4 41], and
[481 ], steps produce an obtuse angle (102°) with the {101 4}
plane (see Figure 4d).”>** On the other hand, at the boundary
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of the sonicated and unsonicated zones (i.e., area 2 in Figure
2b and Figure 4b), microcleavages which parallel the [4 41]_
and [481 ]_ steps were observed as shown in Figures 3b and
4b,c. Finally, in the center of the sonication zone (i.e., area 3 in
Figure 2b), the surface is covered by large cleavages that form
by coalescence of the microcleavages generated along the [4
41]_ and [481 ]_ steps (see Figure 4c). Once again, these
cleavage planes form a characteristic rhomboid structure that
features internal angles of 78° and 102°. As such, upon
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sonication, as the dissolution of calcite forms rhombohedral
etch pits, stresses concentrate at the vertex of the acute
(angled) steps. This results in the formation of microcleavages
along the [4 41]_ and [481 ]_ steps resulting in patterned
surface roughening. These observations align with those of
Wagterveld et al. (2011) who reported that cavitation induces
breakage of the crystal structure of calcite resulting in large
planes of cleavage similar to those observed herein.'® Such
damage increases the surface area of calcite by 3.5X the initial
surface area as noted above.

Coming back to the attributes of the mineral solute, for an
ideal, defect-free, compositionally homogeneous solid, its
hardness is known to scale with the bond energy (and the
volume density of interatomic bonds).” For example, Gao et
al. (2003) reported that the hardness of covalent solids
increases with bond energy (ionicity)g’6 whereas Simunek and
Vackar (2006) highlighted that hardness is correlated to the
bond energy.37 Furthermore, Roberts et al. also showed that
the hardness of organic solids is a linear function of the
cohesive energy density.”®”*’ These concepts are well-borne-
out by the inverse scaling of dissolution enhancement with
hardness as noted in Figure 3a. Therefore, we calculated the
composite bond energies of the different solutes, i.e., using a
mixture rule as a function of the solute’s molar composition,
and the strength of its interatomic bonds (e.g., a Ca—O bond
which features a rupture energy of 133.9 kJ/mol). First, it is
expectedly noted that hardness is correlated with the
composite bond energy (not shown). Second, significantly,
when we cast the extent of dissolution enhancement as a
function of the composite bond energy (see Figure Sa), the
trends in the data are fitted by an equation of the form D, = C
exp((—f/RT)E,) where D, is the dissolution enhancement
(unitless), C is a dissolution constant (68.14, unitless) that is
related to the solution chemistry (i.e., herein, a solvent that
features a circumneutral pH), f is a scaling factor (0.022,
unitless), Ey, is the composite bond energy (kJ/mol), R is the
gas constant (8.314 J/mol K), and T is the temperature
(298.15 K). Here, the product fE, reveals the energy imparted
to the solute under acoustic perturbation which ranges 2.1kgT
< fE, < 4.1kgT, ie., from the softest (calcite) to the hardest
mineral (quartz), respectively, in order of ascending bond
energy, where kg is the Boltzmann constant. The fitting shown
in Figure Sa reveals the energy imparted by acoustic
perturbation, that enhances dissolution, across the entire
range of solute compositions and structures (crystalline and
disordered), although not for halite or gypsum, and vanishingly
so for solids such as borosilicate glass, and quartz for which H,
> 8000 MPa.

The substantial dissolution enhancement noted in Figure Sa,
under macroscopically isothermal conditions (as confirmed by
separate measurements of solution temperature within the
sonoreactor), suggests that acoustic stimulation may decrease
the activation energy of dissolution. Indeed, a comparison of
the activation energies of dissolution under sonicated and
unsonicated conditions, for calcite, fluorite, obsidian, and
orthoclase (see Figure Sb,c), reveals that sonication signifi-
cantly reduces the activation energy. Indeed, on average across
a range of minerals it is shown that the energy imparted by
sonication, i.e., on the order of a few kT, greatly reduces the
activation energy of dissolution, although by a fixed amount
across a range of solutes such that AE, = E,p, — E,s & 34 kJ/
mol. This energy imparted (e.g., due to the action of shock
waves, or microjets) is transported across the solute—solvent

interface. Furthermore, it is observed that (see Figure Sc) that
the activation energy of dissolution, i.e., both under sonicated
and sonication-free conditions, scales with averaged bond
energy. However, this reduction in activation energy is not
expected to be on account of the increase in the surface area,
because while surface area can enhance dissolution rates, it
does not influence the activation barrier of the process.”' In
addition, the change in the activation energy is not expected to
be on account of sonication inducing a dramatic local increase
in temperature at the solute—solvent interface (i.e., by affecting
the reaction temperature term, T) since the sonoreactor is
robustly thermostated. As a result, local heating, even if it
occurs, is expected to be rapidly dissipated into the cooling
water circuit ensuring that macroscopically isothermal
conditions are maintained. As such, it can be concluded that
sonication in the manner applied herein (i.e., under relevant
conditions of frequency, and power) imparts energy to the
solute’s surface atoms which eases their extraction into the
solvent (i.e., dissolution): an effect that scales with the solute’s
bond energy. It should moreover be noted that, as noted in
Figure Sc, for solutes with Ey, < 365 kJ/mol, under sonication,
E,s < 20 kJ/mol. This should not however be considered as a
switch of the dissolution mechanism, i.e.,, from interface to
transport controlled dissolution, since as shown by Rimstidt
and Barnes,** and Rimstidt and Dove,* the magnitude of the
activation energy alone is not a reliable indicator of the
dissolution mechanism, or changes therein. Note that,
however, by analyzing the dissolution data within the Eyring
formalism, we find that the activation enthalpy (and the change
therein upon sonication) closely mimics the trends in the
activation energy and is accordingly reduced in a similar
fashion upon sonication (not shown). This confirms that the
decrease in the activation energy is not attributable to an
artifact of the Arrhenius analysis.

Coming back to the case of calcite, i.e., the softest mineral
that should be most affected by surface area effects, the effects
of sonication can be rationalized as follows. Under the effect of
sonication, the surface area increase that results for calcite
particulates is nominal, ie., 1.94X for calcite particulates. On
the other hand, the measured increase in the dissolution rate
(i.e., dissolution enhancement) for calcite particulates is on the
order of 11.1X (see also Section 2.3). Since dissolution rates
are proportional to surface area (i.e., assuming reactive surface
area scales with total surface area;™* although this does not
have to obey a 1:1 scaling), at best, the increase in surface area
should produce an increase in dissolution rates, of calcite
particulates, of 1.94X, i.e., a mismatch of nearly 5.7X. Second,
while it is likely reasonable to conclude that cavitation may
result in modest local heating® and hence kinetic acceleration
of dissolution rates, based on the activation energy of calcite
dissolution at circumneutral pH, i.e, around 35 kJ/mol, a
sustained temperature on the order of 65 °C would be needed
to induce a dissolution enhancement on the order of 11.1X, for
calcite. Given that the sonoreactor is robustly thermostated
and that the solution therein is well-mixed, any temperature
rise, even if produced, is expected to be rapidly dissipated into
the circulating coolant water.

Based on this reasoning, the effects of acoustic perturbation
can be explained from an energy landscape perspective under
macroscopically isothermal conditions as follows. Specifically,
it is postulated that cavitation and the resultant transmission of
shockwaves/microjets that contact the solute impart focused
energy to the solute’s surface. (This implies that a few kT of
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focused energy applied to the solute’s surface is a far more
effective means of stimulating dissolution than increasing
surface area.) This results in a perturbation (i.e., wherein the
atomic displacement produced scales with the energy input,
see Figure Sa) of surface atoms from their equilibrium
positions. Consequently, under sonication, the system achieves
a higher-energy metastable state that is closer to the transition
state (see Figure 6). It should be noted that although our

Sonicated

Unsonicated \

Energy (kJ/mol)

_—

Reaction coordinate”

Figure 6. Schematic which shows how sonication eases the
dissolution process as a result of which excited reactant solute
atoms need a smaller amount of energy vis-a-vis unsonicated atoms to
achieve their transition state resulting in mineral dissolution (not to
scale).

analysis shows that the activation energy is decreasing (see
Figure Sc), such a decrease may, in principle, result from (i) an
increase in the energy of the solute (as postulated herein), or
(ii) a decrease in the energy of the intermediate transition
state. Although we are unable to irrefutably clarify which of
these is dominant, the fact that the magnitude of the decrease
in activation energy and attempt frequency is fairly constant
over all the minerals evaluated suggests that sonication indeed
destabilizes the mineral (i.e., rather than changing the nature of
the intermediate transition state formed during dissolution). As
a result, the “excited” atoms of the mineral solute then need
only a small amount of energy for dissolution to proceed by
the rupture of atomic bonds. It is important to note that the
amount of energy imparted is subcritical, ie, sufficient to
motivate dissolution, but insufficient to directly induce bond
rupture (i.e., fracture, which would manifest in the form of an
increase in surface area proportionate to the level of dissolution
enhancement, see also Figure 4). This subcritical energy
imparted by sonication results in a lowering of the activation
barrier of dissolution under sonicated conditions such that E g
< E,p (see Figure Sb,c). Herein, assuming that the metastable
excited state remains locally harmonic, the decrease in the
curvature of the local energy basin (see Figure 6) is associated
with a concurrent decrease in the oscillation attempt frequency
with increasing energy of the solute atoms (i.e., following
Kramers’ formalism**”), as espoused by the compensation
rule®® (note that, implicitly, this also suggests a difference in
the Maxwell-Boltzmann distribution of the energies of solute
atoms under sonicated as compared to unsonicated con-
ditions). Indeed, this is expected, as the relationships shown in
Figure Sa—c require that if the activation energy reduces by a
fixed amount from unsonicated to sonicated conditions, this
has to be accompanied by a correspondent reduction in the
attempt frequency of a chemical reaction wherein the extent of
reduction scales with the bond energy. It should be further
noted that an inherent assumption in this reasoning is that the
structure and free energy of the transition state remain
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unchanged under both sonicated and unsonicated conditions.
This assumption is made on the basis that the effects of
sonication are ballistic; i.e., sonication imparts momentum to
surficial atoms, but does not induce electronic effects.
However, if sonication were to induce electronic effects, e.g.,
by altering chemical bonding in the solvent environment vis-a-
vis the solute, e.g, at the solute—solvent interface and thereby
stabilizing alternate transition states, it is indeed conceivable
that the effects of sonication create an alternate (low-energy)
pathway along the potential energy hypersurface (e.g, by
accessing otherwise forbidden states) as a result of which
dissolution is eased and facilitated. If so, these effects would be
similar to those observed in heterogeneous catalytic reactions
wherein microporous solids and/or cosolvents increase the
rates of chemical reaction by inducing a lower activation
barrier pathway via selective solvation of transition states
relative to the reactants.””*" In any event, it is suggested that it
is shockwave/microjet-imparted energy (momentum) transfer
that produces a reduction in the activation energy that is the
primary mechanism by which acoustic perturbation results in
elevating mineral (solute) dissolution rates under macroscopi-
cally isothermal conditions.

4. CONCLUSIONS

Acoustic perturbation, e.g., ultrasonication, offers a means to
control and expedite a range of interfacial reaction processes
including dissolution, precipitation, and particle agglomeration.
Herein, acoustic perturbation is demonstrated as a means for
isothermal stimulation of mineral dissolution processes across
a range of mineral compositions with widely differing
hardnesses and bond energies. Specifically, it is shown that
the dissolution enhancement (D,) induced under acoustic
perturbation ranges between 11.1X for calcite (Mohs hardness:
3) and 1.06X for quartz (Mohs hardness: 7). It is shown that
the extent of dissolution enhancement is described by an
Arrhenius-like expression of the form D, = C exp((—f/RT)E,),
where the product fE, reveals the energy imparted by acoustic
stimulation to atoms on the solute’s surface. The analysis
indicates that sonication in the manner applied herein reduces
the energy barrier to mineral dissolution by a fixed amount
such that AE, = E,; — E,s ® 34 kJ/mol, an outcome that is
supported by separate measurements of the activation energies
of a variety of solutes under sonication action. From an energy
landscape perspective, it is proposed that sonication results in
the perturbation of the solute’s surface atoms from their
equilibrium positions. As a result, upon contact with a solvent,
such excited atoms need only an incremental amount of energy
to achieve their transition state and for dissolution to occur by
the rupture of atomic bonds on the solute’s surface. Therefore,
the activation energy of dissolution under sonication is
substantially smaller than that under sonication-free con-
ditions. It is this nature of atomic excitation that explains how
acoustic perturbation enhances mineral dissolution processes
under macroscopically isothermal conditions.

On the basis of observations on a wide range of mineral
solutes it is noted that acoustic perturbation offers a means for
unparalleled stimulation of mineral dissolution processes.
However, there appear to be limits to the success of this
approach. For example, acoustic perturbation is broadly unable
to excite the dissolution of halite and gypsum, soft, rapidly
dissolving minerals. This suggests a lower bound and upper
bound of mineral hardness (and bond energy), below and
above which dissolution cannot be appreciably stimulated.
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Nevertheless, the extent of stimulation produced is significant
for the following reasons: (a) it does not require the use of
stoichiometric chemical additives that cannot be reused or
recovered (easily), (b) broadly speaking, the extent of
enhancement is more substantial than that typically achievable
using stoichiometric additives, and (c) it can be accomplished
at macroscopically isothermal conditions. Furthermore, while
the present approach has only considered monochromated
sonication (i.e., at 20 kHz, 250 W), it is indeed expected that
acoustic perturbation, if applied at the resonance frequency of
the solute, may be an energetically even more eflicient, and
further improved, means of dissolution stimulation, e.g., by
inducing harmonic amplification of atomic perturbation and
surface area creation by causing solute fracture in addition to
atomic perturbation. From a more practical perspective, the
extent of dissolution enhancement produced offers a means to
mobilize reactant species in solution at near ambient and
isothermal conditions across a diversity of reactants. While
unarguably this requires the expenditure of energy (e.g.,
electricity from renewable sources) for acoustic perturbation, it
offers a means to bypass thermal activation and/or intensive
grinding, i.e., the typical and potentially far more energy
intensive pathways that are followed to ensure the rapid
mobilization of ionic species in aqueous dissolution from
mineral reactants. For example, acoustic stimulation of the
nature proposed herein could be applied to create new routes
for the low-temperature synthesis of cementation agents from
geological precursors (rocks), new routes for chemical—
mechanical polishing, and routes for creating alternatives to
mechanical grinding as a pathway for particle comminution
and reactivity enhancement.
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