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ABSTRACT OF THE DISSERTATION

Agueous Degradation of Materials:

Studies on Steel Corrosion and Acoustically Stimulated Mineral Dissolution

By
Shigi Dong
Doctor of Philosophy in Materials Science and Engineering
University of California, Los Angeles, 2020
Professor Gaurav Sant, Co-Chair

Professor Mathieu Bauchy, Co-Chair

This work probed the two types of solid degradation in agueous environment: steel
corrosion, and acoustically stimulated mineral dissolution.

First, the steel corrosions in gas/oil wells and nuclear power plant environment were
studied. The inhibition of corrosion of API-P110 steel by Ca(NOs)2 was first studied using
vertical scanning interferometry (VSI) in halide-enriched solutions. The results indicate that, at
low concentrations, Ca(NOs)2 successfully inhibited steel corrosion in the presence of both
CaClz and CaBr.. Statistical analysis of surface topography data reveals that such inhibition
results from suppression of corrosion at fast corroding pitting sites. Built on the methodology
established from above, the effect of grain orientation on the corrosion rates of austenitic AlSI
316L stainless steel was studied. The oxidation rates follow a scaling that is given by: {001} <

{101} < {111} for grains undergoing both active and transpassive oxidation. The corrosion



tendencies of {001} and {101} grains indicate that the activation energy of dissolution follows a
scaling similar to that of the surface energy. However, the high corrosion rates of {111} grains,
which featured a surface energy lower than those of the {001} and {101} grains, is attributed to
their lower tendency to adsorb passivating species, from solution, that leads to a net reduction in
the activation energy of oxidation.

Second, this work further investigated the low-temperature pathway of aqueous
activation of minerals and industrial alkaline wastes using acoustic stimulation, as an alternative
to calcination process in cement production. It is revealed that the 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, a unifying model was created that
comprehensively describes how cavitation and acoustic stimulation processes affect mineral
dissolution rates. On the basis of the mechanisms described above, the effectiveness and
efficiency of applying acoustic stimulation in dissolving industrial alkaline wastes were further
analyzed. Ultrasonication promoted dissolution of air-cooled blast furnace slag (ACBFS) in a
significant and more energy-efficient manner, compared to traditional methods, such as grinding
the solute, heating, and/or convectively mixing the solvent. The advantages of acoustic
stimulation for dissolution enhancement and for energy savings are also observed for Si release
from stainless steel slag (SSS), Class C fly ash, and Class F fly ash. The results demonstrate the
wide applicability of acoustic processing, and the outcomes offer new insights into additive-free
pathways that enable waste utilization, circularity, and efficient resource extraction from

industrial wastes that are produced in abundance globally.



The results yielded from this work provide enhanced understanding of corrosion
inhibition and suggest processing pathways for improving the oxidation resistance of steels in
different industry scenarios. In addition, the results provide insights of additive-free pathway by

using acoustic stimulation to enable fast elemental extraction from mineral species into aqueous

solution.
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Chapter 1. Introduction

1.1 Background and Motivation

This work probed the two types of materials degradation in aqueous environment: steel
corrosion, and acoustically stimulated mineral dissolution.

Corrosion is a common chemical attack to metals and alloys by reaction with its
environment, which could lead to property degradation of materials and failure of metallic
components.! Studies of national cost of corrosion revealed that the total estimated direct cost of
corrosion in the US was about 3%-4% of the nation’s gross domestic product (GDP).? For
example, in 2002, the US Federal Highway Administration (FHWA) reported that the annual
cost of corrosion in the US was US$276 billion, and in 2017 the global cost of corrosion was
estimated to be US$2.5 trillion.2® The cost of corrosion in the oil and gas production industries
accounted for more than half of cost of all US industries.*® Currently, many components used
for oil and gas extraction are made from carbon steel-based alloys.® The complex aqueous
environment in the well makes the steel susceptible to different types of corrosion including
crevice corrosion, pitting corrosion, and stress corrosion cracking (SCC).% Stainless steels are
widely found in the majority of the components holding radioactive water or gas in the nuclear
power plant.” Supercritical water reactor (SCWR) is a strongly aggressive oxidizing
environment, where the steels of structural materials and fuel elements of reactor are susceptible
to general corrosion and stress corrosion cracking. In boiling water reactors (BWR), the coolant
water at the core exhibits strong oxidizing properties, which makes the steel susceptible to
transpassive corrosion.® In both cases, the passive film on stainless steel is broken down, and the

steel dissolves progressively.1?



The rock-forming minerals widely occur in Earth’s crust.!! They are potent sources of
alkali, alkaline-earth, and silicon species, the aqueous liberation of which through dissolution
enables various applications, such as calcium extraction for CO2 mineralization and silicon
recovery for fertilizer.!>'® Acoustic stimulation via ultrasonication offers pathways to expedite
and control chemical reactions of relevance to element extraction.!* It is referred to as ‘green
technology’ because the ultrasonic processing mitigate the requirement on energy and chemicals
that are harmful to environment.'® Acoustic perturbation has been shown to yield an significant
enhancement in the kinetics of mineral dissolution, which scales with the mineral’s hardness and
average bond energy, and therefore could offer potential application to aqueous mobilization of
mineral and industrial alkaline wastes, as an alternative to calcination process in traditional
cement production which features the high energy and carbon footprint.®

Surface energy of a solid is the excess free energy compared to the bulk of the material
resulted from the broken bonds at the surface.!” The surface energy is a function of both bond
energy of the material and broken bond number at the solid surface.'® For monophasic
polycrystalline solids, e.g., metals and alloys,'® the variation in energy over the entire solid
surface is caused by the randomly oriented grains that are embedded in the solid. Due to the non-
uniform surface energy, most solids exhibit chemical heterogeneity, even though the grains have
the same chemical composition and crystalline structure.?® The surface energy influences the
kinetics of the interfacial processes such as adsorption, etching, dissolution, and passivation.?*2®
The research described herein was primarily aimed to answer the following two questions:

e What is the effect of grain-specific surface energy on the corrosion rate of stainless steel

when the passive film is absent?



e How does the surface energy of minerals control their increases in dissolution rate
induced by acoustic stimulation?

In order to drive the answers to these questions, two hypotheses were proposed initially:

e When the passive film is absent, the corrosion of stainless steel becomes more of uniform
dissolution. Grains with a higher surface energy are less stable thermodynamically and
therefore tend to corrode at a faster rate.

e The collapse of cavitation bubble formed under acoustic stimulation causes atomic bond-
breaking of the mineral species. The surface energy can serve as an indicator of the
easiness of which bond-breaking occur along the surface of minerals, which lead to

processes such as fracture, and thin slice flake-off.

1.2 Steels and Steel Corrosion
1.2.1 Materials selection

Steels are classified by composition and application into four categories: carbon steels,
alloy steels, stainless steels, and tool steels.?* The grades of steels are designated by
organizations such as American Society for Testing and Materials (ASTM), American Iron and
Steel Institute (AISI), Society of Automotive Engineers (SAE).? In this study, the selection of
steel materials is based on two specific use cases in industry, i.e., carbon steel (type API 110,
Chapter 2) in the petroleum production and stainless steel (type AISI 316, Chapter 3) in the

nuclear power plant.?®?’



1.2.1.1 Carbon steel

Carbon steels, typically with carbon content less than 1.5%, are widely used in various
applications, such as industrial pipes, and structural components.? In AISI/SAE standards,
carbon steels are designated with four-digit number, with the last two digits indicating the
approximate middle of the carbon range expressed in hundredth of one percent, and the first two
digits indicating a subcategory of carbon steels, such as nonresulfurized high-manganese and
free-machining resulfurized.?* Particularly in oil and gas industry, the steel is graded by
American Petroleum Institute (API) standard based on the minimum yield strength. For example,
API1 P110, with minimum vyield strength 110 ksi, is a high strength steel grade and can endure
high pressure, and thus is used in deep wells.?® The yield strength of carbon steel typically varies

from 300-700 MPa.%°

1.2.1.2 Stainless steel

Stainless steels contain a minimum of 11% chromium that prevents the iron from
corrosion attack by forming a passive protective film.3! Stainless steel is classified by crystalline
structure into: austenitic, ferritic, martensitic, and duplex.®? Austenitic stainless steels (200 and
300 series) possess a face-centered cubic crystal structure, with a basic composition of 18%
chromium and 8% nickel.>®* Addition of elements such as molybdenum, e.g., AISI 316 stainless
steel, renders austenitic stainless steel more resistant to pitting corrosion.®* Ferritic stainless
steels possess a body-centered cubic ferrite crystal structure, containing only chromium and little
nickel.® Martensitic stainless steels possesses a body-centered tetragonal structure. The low
chromium and high carbon content renders high strength while low corrosion resistance

compared to other stainless steels.®” Duplex stainless steels possess a mixed structure of ferrite
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and austenite, and as a result exhibit the combination properties of the two phases, e.g., the

toughness and weldability of austenite and the strength and corrosion resistance of the ferrite.®2

1.2.2 Steel corrosion

1.2.2.1 Thermodynamic aspects of steel corrosion

Metallic corrosion is an electrochemical process where electrons are released by the
metal being oxidized and then consumed by the oxygen or proton being reduced. When expose
to an aqueous environment, there is a strong thermodynamic-driving force for steels and most
metals to corrode.®® The Pourbaix Diagrams is a potential-pH diagram and indicates certain
regions of potential and pH where the metal undergoes corrosion and other regions of potential
an pH where the metal is protected from corrosion.® The regions or fields in a Pourbaix diagram
between the various lines, i.e., horizontal line (which are for reactions involving only the
electrode potential but not the pH), vertical line (which are for reactions involving only the pH
but not the electrode potential), and slanted line (which pertain to reactions involving both the
electrode potential and the pH), where specific chemical compounds or species are
thermodynamically stable.®® The Pourbaix Diagram for iron suggests that iron can undergo
corrosion in acid or neutral solutions in two different oxidation states, i.e., Fe?* or Fe3*.40
Passivity is provided by oxide films of Fe*0* or Fe?0?, and corrosion in alkaline solution occurs

at the complex anion HFeQ? .40

1.2.2.2 Kinetic aspects of steel corrosion
Corrosion rates of metals undergoing uniform corrosion can be determined by various
methods, including weight loss method, weight gain method, chemical analysis of solution,
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electrical resistance probes, electrochemical techniques.**~*2 Based on the absolute reaction rate
theory developed by Glasstone, Laidler, and Eyting,* the electrochemical kinetics is described

by the Bulter-Volmer equation:*®

j = Jo {exp |25 (B = Eeg)| — exp [~ “Z2 (B — Ee)|}. (1-1)
Here, j is the electrode current density, jo is the exchange current density (i.e., current density at
open circuit potential), E is the electrode potential, Eeq is the equilibrium potential (i.e., open circuit
potential), T is absolute temperature, z is the number of electrons involved in the electrode reaction,
F is the Faraday constant, R is the universal gas constant, ac is the cathodic chare transfer
coefficient, aais the anodic charge transfer coefficient, and E - Eeq is defined as the overpotential.
Typically, the charge transfer coefficient follows the relation of ac = 1- aa. The Bulter-VVolmer
equation describes how electrical current through an electrode depends on the voltage difference
between the electrode and the bulk electrolyte for a simple, unimolecular redox reaction,
considering that both a cathodic and an anodic reaction occur on the same electrode.*¢-*® Plots of
log j vs. E or vs. (E - Eeq) are called polarization curves, also called Tafel curves, which are the
basic kinetic law for any electrochemical reaction.®® Determined by the magnitude of the

overpotential, there are two limiting cases of the Bulter-Volmer equation. When the overpotential

is low (polarization resistance), i.e., when E=Eeq, the Bulter-Volmer equation is simplified to:

j = Jome (E = Eeg). (1-2)
The Tafel curve is not linear near the open-circuit potential, (i.e., zero overvoltage). This is
because the other half-cell reaction is still appreciable and contributes to the total current.®®
When the overpotential is high, the Bulter-Volmer equation is simplified to the Tafel equation:

E —E.q; =a.— b.logj for cathodic reaction when E < Eg, (1-3)



E —E.q = aq + bglogj for anodic reaction when E >> E,, (1-4)

where a and b are constants (for a given reaction and temperature) for the Tafel equation.*®

1.2.2.3 Passivity of steels

As noted by Macdonald, the ‘passivity’ of metals, where they react with water and/or
with oxygen to form stable passive oxide films, is the key to the metals-based civilization, as the
metals (such as iron, chromium, and aluminum) are all inherently reactive.>® The passive film on
stainless steel tend to be very thin, i.e., in the range of 10-50 A.5%5? The active-passive transition
of stainless steel can be identified in the anodic polarization curve, where the current density
decreases with the further increase in potential after a critical point, i.e., the Flade potential,
indicating the formation of passive film.3 The structure and chemical composition of the passive
oxide film on iron has been described in the well-known bilayer model, which states that the
passive film on iron consists of an inner layer of FesO4 adjacent to the metal and an outer layer
of y-Fe203.5-%° Modification of this bilayer model that has been proposed states that the outer
layer contains hydroxyl groups®® and is y-FeOOH,>"8 or is a mixture of FesOa, y-Fe203, and
hydroxide or oxyhydroxide.>® As for stainless steel, the outer region of the passive film contains
oxide of Cr®*, while the inner and outer regions contain both oxides of Cr3* and Ni?*.%® When the
stainless steel contains molybdenum as an alloying element, Mo*" is incorporated into the inner
region of the passive layer, whereas Mo®* is incorporated in the outer layer.®*°2 When the
aqueous solution contains CI, the chloride ions also participate in the formation of the passive
film, both in the hydroxide and oxide layers.®® Herein, the beneficial effect of Mo in stainless
steel, e.g., type AISI 316 stainless steel, is that it forms soluble complex with ClI- and thereby
lowers the amount of CI- in the film, making the steel more resistant to pitting.®® Nevertheless,
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studies have suggested that Mo is beneficial to passivity only when Cr is present, as Mo does not

help passivity of Fe54% but help with the passivity of Cr and Fe-Cr alloy.%%%7

1.2.2.4 Types of steel corrosion

Uniform corrosion of steel occurs when the protective oxide layer is absent, e.g., in
aggressive environment.®® In uniform corrosion, the steel attacked evenly over its entire surface.
The localized anodes and cathodes still exist but change over time and spread over the metal
surface so that the overall effect is that the metal is attacked uniformly.

Crevice corrosion occurs in geometrical clearances, such as between overlapping metal
sheets, or under bolt heads, or occurs under deposits, such as corrosion products or dust particles.
Within the crevice oxygen is consumed and then depleted rapidly due to either cathodic reaction
or passivation, which leads to the formation of a concentration cell.%® Thus, the metal exposed in
the crevice has a more negative (i.e., less positive) potential for oxygen reduction due to the
lower concentration of oxygen, which results in the initiation of crevice corrosion.® In addition,
acidification of the crevice area can take place as a result of anodic reaction and hydrolysis of the
metal ions, which in turn enhances the corrosion within a crevice.”™

Pitting corrosion is one of the most serious and troublesome forms of localized corrosion,
where the passive film on the metal surface breaks down locally and the underlying metal is
exposed to the corrosive environment.’® Pitting is a dangerous form of corrosion attack as pits
can be the initiation sites for stress-corrosion cracking in the presence of an applied stress."
Pitting potential, or breakdown potential, is defined by the American Society for Testing and
Materials (ASTM) as the potential beyond which pitting propagates.” Once corrosion pits

initiate, they usually propagate rapidly, as shown by the sharp rise in current density at electrode
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potentials right beyond the pitting potential.” Pitting corrosion has been mostly associated with
the presence of chloride ions (CI) in the aqueous solution.”"® Study has found that the pitting
potential decreases as the chloride concentration increases, i.e., more susceptible to pitting
attack.” Three mechanisms have been proposed to describe the pit initiation process: the
penetration mechanism, the film thinning mechanism and the film rupture mechanism.8-82 |n the
penetration mechanism, aggressive anions are transported through the passive oxide film,
possibly through oxygen vacancies as depicted by the point defect model, to the underlying
metal surface where they participate in localized dissolution at the metal/oxide interface.8-% In
the film thinning mechanism, the aggressive ions (chloride or others e.g., Br-, that are larger in
size) first adsorb on the oxide surface and then form surface complexes with the oxide film
which leads to the local dissolution and thinning of the passive film.8%8 In the film rupture
mechanism, chloride ions penetrate the oxide through cracks or defects in the oxide film, and the
presence of a high electric field in the oxide can lead to an electromechanical breakdown of the
passive film.88 The propagation of pitting involves the formation of a highly corrosive internal
electrolyte, which is acidic (caused by the hydrolysis of accumulated metal cations that cannot
diffuse out into the bulk electrolyte due to confined geometric volume) and concentrated in
chloride ions and in dissolved cations of the metal or alloy.8%%°

Transpassive corrosion is closely related to passive film breakdown and localized
corrosion phenomena.®! Transpassive corrosion occurs in the presence of strong oxidants such as
chlorine dioxide or hydrogen peroxide, such that the valence state of the chemical species
produced in transpassive corrosion is higher than that in the primary passive film formed on the
material.®2~°* Transpassive corrosion of stainless steel is known to be due to oxidation of solid

Cr(I11) oxide in the passive film to soluble Cr (V1), i.e., CrO4%, which depletes the protecting



element Cr and leaves the iron exposed to the aggressive anions.®® Using electrochemical
impedance spectroscopy (EIS) method, a generalized model of the transpassivity has been
proposed, where the transpassive film is a highly doped n-i-p structure, the injection of negative
defects at the transpassive film/solution interface leads to the accumulation of negative surface
charge, and the dissolution of Cr as Cr(V1) and Fe as Fe(lll) through the transpassive film via
parallel reaction paths.®! In the anodic polarization curve of electrochemical test, the transpassive
region lies beyond the passive region, featuring an increase of current density with increasing
potential.

Stress-corrosion cracking (SCC) occurs in susceptible alloys by the joint effects of a
corrosive environment and sustained tensile stress.®® In the supercritical water environment of
power plant where the operating conditions call for a core coolant temperature up to 620 °C at a
pressure of 25 MPa, problems of steel corrosion and stress corrosion cracking are
pronounced.®”*8 It has been found that ferritic-martensitic steel generally have the best resistance
to stress corrosion cracking but suffer from the worst oxidation, while austenitic stainless steel
and Ni-based alloys have better oxidation resistance but are more susceptible to stress corrosion
cracking.®® Particularly, grain boundary engineering, by means of thermomechanical processing,
is promising approach to address corrosion and stress corrosion cracking issues as shown to

reduce spallation in Alloy 800, an austenitic steel.%°

1.2.3 Steel corrosion inhibition
Theoretically, three corrosion control measures can be derived from the Pourbaix
diagram of iron: (1) If the electrode potential is changed in the negative direction to a value

below -0.7 V vs. SHE, the iron electrode is forced into a region of immunity; (this process is
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called cathodic protection) (2) If instead, the electrode potential is changed in the positive
direction to values above approximately 0.0 V vs. SHE, the iron electrode is forced into a region
of passivity; (this process is called anodic protection) (3) The third method of protection is to
change the pH of the aqueous solution. If the solution is increased to approximately 8 or higher,
the iron electrode will then also reside in a region of passivity.®

Practically, metals and steels are usually protected from corrosion with a protective
coating at the surface. In terms of metallic coatings, there are two types that are used to protect
the underlying metal substrates: sacrificial and noble metal coatings. Sacrificial coatings function
by cathodic protection of the substrate, e.g., protect the steel substrate by the sacrificial corrosion
of zinc outer layer as zinc has a more negative electrode potential than steel in most corrosive
environment.® Study has shown that the zinc-aluminum coating provides a longer lasting
protection of the underlying steel than the conventional zinc galvanized coatings.'® The noble
metal coating on to top of has been demonstrated by a coating of nickel, which is more corrosion
resistant though possessing a more positive potential than steel.®® In terms of organic coatings,
they are formulated by three components: pigment, vehicle or binder, and additives intended to
be relatively permanent to serve specific protection of dry film.1%2 Pigments provide colorant or
other functions. Polymeric binders, e.g., polyaniline, have been widely used in coatings on the
surface of materials, especially metals for the protection against corrosion.%3-1%° When the
polymer binder is in an electronically and ionically insulating form, it acts as a physical barrier to
corrosion.% When electroactive-conjugated polymer is used in the binder, enhanced corrosion
inhibition can be achieved via the formation of a passive layer on the metal as the conjugated
polymer coating stores large quantity of charge at the interface.°> However, the organic coatings

are not robust enough is they can be penetrated by water, oxygen and ions (e.g., Cl-) and thus
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corrosion may occur beneath the organic coating at the coating/metal interface.® Adding
corrosion inhibitors (usually in low concentration) into the aggressive solution, on the other
hand, is also a commonly used approach to increase the corrosion resistance of metals,106-108
Generally the corrosion inhibitors fall into two categories: adsorption inhibitors and film-forming
inhibitors.®® Adsorption inhibitors form a chemisorptive bond with the metal surface and impede
ongoing electrochemical dissolution reactions.®® The film-forming inhibitors mitigate corrosion
either by promoting the formation of a passive film on the surface (e.g., chromates)*° or by
participating the precipitation reaction that deposits a three-dimensional barrier film on the metal

surface (e.g., phosphates).'*!

1.3 Minerals and Mineral Dissolution

1.3.1 Materials selection

1.3.1.1 Minerals

Herein, the term mineral refers particularly to rock-forming minerals, which are typically
found in Earth’s crust.!* The naturally occurring minerals can be generally divided into silicate
minerals and non-silicate minerals based on the composing elements. Silicate minerals makes up
to 90% of all minerals in Earth’s crust.!'? Silica tetrahedron, the primary building block of
silicate minerals, can be arranged and linked together in different ways, forming a series of
subgroup of silicate minerals with a variety of Si-O frameworks, such as nesosilicates,
sorosilicates, cyclosilicates, inosilicates, phyllosilicates, and tectosilicates.'*® The non-silicate
minerals generally include carbonates, oxides, sulfides and sulfates.*2 The carbonate minerals
are made up of COs? anion and 2* cations, and are found as calcite (CaCOs), magnesite
(MgCOs), dolomite ((Ca,Mg)COs), and siderite (FeCO3).1** The selection of minerals species in
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this work (Chapter 4) is based on the abundancy of minerals in the nature and also covers a wide

range of mineral classes and crystal families.

1.3.1.2 Slags and fly ashes

Herein, the term slag refers particularly to ferrous slag, given that iron and steel makes
up more than 90% of the total metal processing industry.*® In the iron and steel production
process, different types of slags can be generated, as shown in Figure 1-1. Blast furnace slag is
generated when iron core is melted in a blast furnace.'® Depending on the rate and method of
cooling, there are two major types of blast furnace slag: air-cooled blast furnace slags (ACBFS)
formed when the molten iron slag is slowly cooled under atmospheric conditions, and granulated
blast furnace slag (GBFS) when the slag is quenched with high-pressure of water.*'’ In steel
production, steel slag is generated during the conversion of hot metal to crude steel or during the
melting of scrap in various kinds of furnaces.!!® Electric arc furnace slag (EAFS) and basic
oxygen furnace slag (BOFS) are steel furnace slags produced when iron and/or scrap metals are
oxidized either by applying electric current or by adding large amounts of pure oxygen,
respectively.'!’ In the electric arc furnace, two types of slags can by produced: carbon steel slag
(CSS) and stainless steel slag (SSS).11811° |_adle slag (LS) is produced by further refining molten

steel from electric arc furnace slag or basic oxygen furnace lag slags.**’
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Figure 1-1: Different types of slags obtained in iron and steel production.

Fly ash (FA) is produced in the industrial production of energy which involves
combustion of coal.*?° Two major types of fly ashes are classified by the ASTM C618 standards:
Class F fly ash possessing pozzolanic properties and Class C fly ash possessing pozzolanic and
additional cementitious properties.!?* The two types of fly ash differ in composition, e.g., Class
C fly ash contains higher fraction of calcium oxide than Class F fly ash does.'?> Nowadays, fly
ash find its application in various fields, such as soil amelioration, construction industry, ceramic
industry, environmental protection, zeolite synthesis, and valuable metal recovery, 22129

In this study, the selection of slags and fly ashes is based on the abundancy, mineralogy,
and chemical composition. For example, air-cooled blast furnace slag makes up over 90% of
blast furnace slag due to the simplicity of cooling method. All the slags and fly ashes selected
contain mostly oxides of silicon, the element of interest to study in Chapter 5, with variable

amount of calcium, aluminum, and magnesium, and iron.!’
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1.3.2 Dissolution of minerals

1.3.2.1 Dissolution rate
The mineral dissolution reaction generally described by Eq. 1-5.

Ay, B

vps)

vaAley + UsBiay (1-5)
The rate of reaction is expressed in amount of solid solute (in mol) reacted per unit time per unit
volume.**® The dissolution rate is commonly measured by the rate at which the concentration of
dissolved species increases over time, or by the rate at which solute surface is recessing or mass
is lost into the aqueous phase.!3! Typically, dissolution rates decreases over time due to multiple
factors, such as increased reverse reaction with increased products concentration, and the
nonstroichiometric dissolution of minerals.!3? For silicate dissolution, the area-normalized
release rates of the solute components are found to change over time given by:

r =kt0> (1-6)
which gives rise to the term characteristic kinetics of parabolic kinetics.'33134 The fast
dissolution at the initial stage, e.g., dissolution of fine particles or sites with high surface free

energy, is thought to be the cause of the parabolic kinetics of silicate dissolution.!®

The temperature dependence of dissolution rate is modeled by Arrhenius equation:
k= Alexp (—-2) (1-7)
where A’ is the pre-exponential factor, Ea is the activation energy, R is the gas constant and T is
the temperature in degrees Kelvin.!3 The activation energy is the energy barrier between the

reactants and products to overcome to initiate a reaction, and can be calculated from the slope of

a plot of In k versus 1/T.1%
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1.3.2.2 Rate limiting steps of dissolution reaction

The full picture of dissolution reaction may include the following four processes: (1) the
hydrated ion diffuses to the solid-liquid interface, (2) the hydrated ion forms a complex with the
solute, (3) the surface atom of the solid is detached by desorption, and (4) detached atom (in ion
form) diffuses away from the solid-water interface.'® Dissolution rate of highly soluble and
highly insoluble minerals tend to transport-limited and interface-reaction-limited, respectively.'*
The rate limiting step can be roughly indicated by the activation energy of dissolution reaction.
For example, rate of dissolution reaction with activation energy as low as 5 kcal/mol is thought
to be limited by the diffusion of reactants to the mineral or products away from the mineral.3
The mass transport control of mineral dissolution can be tested by varying the agitation or flow
rate of the reactor.® In contrast, rate of dissolution with activation energy as high as 20 kcal/mol
is believed to be limited by bond-breaking in the reaction.*® Both transport and interface
limitation of dissolution have been studied for calcite, the most common carbonate mineral, with
the dominance of rate-limiting step varying with pH.24° The following reactions are thought to

occur in parallel during calcite dissolution under ambient condition:4°

CaC0;3 + Hfyqy = Calyyy + HCO3(aq) (1-8)
CaC03 + HyCO3qq) = Caflyy + 2HCO34 (1-8b)
CaC03 + Hy0qq) = Calyy + HCO3(4q) + OHgg (1-8c)

Typically, the fastest reaction among all that take place in parallel is the rate controlling reaction,
whereas the slowest step between mass transport and interface reaction is the rate-limiting step.
For calcite, in the low-pH region, i.e., pH < 3.5, dissolution possesses a low activation energy

and the rate is limited by mass transport; when pH is higher than 3.5, the interfacial reaction is
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slower than transport and rate is interface-controlled; when above pH 5.5, the effect of

precipitation reaction cannot be neglected.4

1.3.2.3 Theoretical models describing the variation of dissolution rate

Calcite, as an abundant and widely distributed mineral as well as an important component
in the formation of many rocks, has received considerably research focus.'3:140-143 Qver the past
three-decade years of study, there has been accumulated a large dataset regarding dissolution rate
of calcite, where discrepancy in the dissolution rate, particularly at neutral to basic region, has

been observed, with variation larger than one order of magnitude.*®

The dissolution rate of mineral is typically studied under far from equilibrium
conditions.®*%144 Therefore, three approaches have been taken to treat the mineral dissolution: (1)
treat the crystal dissolution rate as independent of undersaturation, (2) treat system as reaching
near-equilibrium condition quickly (assumed by many natural studies), or (3) treat the kinetic
rate law as a linear relation between rate and deviation from equilibrium.1*® In the third case,
which considered the decreasing undersaturation impact on the temporally evolved dissolution

rate, the rate law is given by:

Rate = A(1 — e"‘%) (1-9)
where A and « are general constants, which could vary with pH, temperature T, or inhibitor
molecules. 4G (<0) is the Gibbs free energy of the dissolution reaction, and R is the gas
constant.46147 Specifically, the driving force for the reaction, 4G, is defined as AG = RTIn(Q),
where (2 is the ratio of the reaction activity quotient, Q, and the equilibrium constant, Keq, for the

reaction at the specified temperature and pressure.*® When the undersaturation is low, i.e, close
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to equilibrium, etch pits will not open up because nucleation of pits is not energetically favored.
Defect sites will not lead to stepwaves forming far from the localized etch pit so that steps only
form at edges.!3%14 Therefore, the dissolution rate (e.g., spiral dissolution) is slow. When the
undersaturation exceeded some critical value, i.e, |[4G| > |4Gcrit|, formation of an etch pit
initiates from the hollow core that is opened up either by the zero-dimensional (point) defect or
by one-dimensional (line) defect by the strain field of a dislocation in the mineral
crystal.130148.149 pits initiated at the point defects become flat-bottomed quickly because the
defect is etched away.*° Particularly at the highest degree of undersaturation, homogeneous
nucleation occurs everywhere on the perfect surface.** Pits formed at the line defects continue to
deepen along the dislocation line and can potentially grow into large pits laterally.**%1%° The
Burton Cabrera Frank (BCF ) model has been developed to quantify the values of the critical
concentration that defines where pitting occurs at defects.'4%1511%2 Assuming the pit consists of a
cylindrical hole of radius ¢ and depth a, then the free energy of formation of this small pit is
composed of volume, surface and elastic strain energy terms given by:

ne2aRTin(HAL)

Ae b2
AGgisiocation = % +2meay — = ~In (i) (1-10)

Here, 7 is an energy factor related to the dislocation, b is the Burger’s vector describing the
dislocation, €o is the dislocation core radius, V is the molar volume, [A] and [Aeq] are the aqueous
concentration and equilibrium concentration of species A in solution, and vy is the surface energy
of the crystal-water interface.*® The pits under large undersaturation are the source of a train of
steps, which move away from the defect into the surface and lead to dissolution stepwaves.'*®
The dissolution stepwaves can travel throughout the mineral surface and eventually control the

bulk dissolution rate.*> With the aid of absolute height reference of the dissolving surfaces, it
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has been shown that the entire crystal surface is retreating in a global dissolution, i.e., the etch
pits are masking the widespread dissolution of the overall surface,**® and such global retreat has
agreed well with the measured bulk dissolution rate or anorthite.*® Taken all these together,
spiral dissolution is not applicable in the high undersaturation region because step retreat occurs
from all the sites in parallel.}*

Generally speaking, steps nucleated at crystal edges, at dislocation etch pits, at impurity
etch pits, at point defects, and at perfect surface dominate from low to high undersaturation
respectively because the rates of reaction at these sites differs, and the relative number of these
sites varies. The nonuniform dissolution rates at different active sites and the variation in the
density of the active sites result in the discrepancy of in calcite dissolution rate existing in
literature, which is thought to be amplified as the grain dimension, or particle size decreases.**!
Furthermore, a formulation has been developed and validated based on the defect-generation
dissolution stepwaves of the variation of dissolution rate with the degree of undersaturation for
the case of etch pitting dominated dissolution on smooth calcite crystal terraces.* Specifically,

the step velocity on an etching pitting site with dislocation center is governed by:

av  u(r)v
1—e rkTe KT
v(r) = Vgpep[l — ——5—] (1-11)

1—ekT

where v(r) is the modified step velocity with defect and v, is the velocity of a series of
straight steps, o is the surface free energy, v is the molecular volume, k is Boltzmann’s constant,

and u(r) is the strain field of dislocation defects.'*®
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1.3.3 Dissolution enhancement induced by acoustic stimulation

The acoustic stimulation of aqueous reaction stems from the cavitation effect. Cavitation
can be defined as small gas bubbles being grown, oscillated and collapsed in a fluid while being
affected by ultrasound waves.** When sound waves propagate in the liquid media, the liquid
vibrates at a rate determined by the frequency of oscillating sound waves and exhibits high-
pressure (compression) and low-pressure (rarefaction) cycles.™® During the rarefaction cycle,
high-intensity ultrasonic waves create small vacuum bubbles or voids, which normally nucleates
from dissolved gas in the liquid.*>® When the bubbles attain a volume at which they can no
longer absorb energy, they collapse violently during high-pressure cycle.*>® During the collapse
of cavitation bubble, an extreme micro environment is created locally, with high temperature up
to 5000 K (i.e., creation of ‘hot spots’) and pressure up to 1000 atm.>” The acoustic cavitation
may induce physical and chemical effects, typically observed as high heating and cooling
rates,*® luminescence of bubbles,*>*%! high strain rates near the bubble wall,*®? microstreaming
of liquid around the bubble,®® formation of microjet, 641 and production of radicals via lysis of
solvent molecules.'®%17 Sych effects may lead to augmentation of chemical reaction rates,
erosion of solid surfaces or pitting, fragmentation of agglomerated powders in solution and
particle breakage.'%8-172 Acoustic perturbation reduces the activation energy to mineral
dissolution, and thus has been demonstrated as an effective approach for isothermal stimulation
of mineral dissolution across a range of mineral compositions with widely differing hardness and

bond energy.®
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1.4 Topographical Analysis Using Vertical Scanning Interferometry (VSI)
1.4.1 Basics of vertical scanning interferometry

The vertical scanning interferometry, a combination of white light interferometry and
microscope in principle, provides a powerful solution to perform quantitative three-dimensional

surface structure analysis.'’®

light source
reference beam
surface splitter
dy
detector
d;

Figure 1-2: The light path through an interferometer. Image adopted from ref 1’417

Figure 1-2 shows the light path through a interferometer.’* A single incoming beam of
coherent light is split into two identical beams by a beam splitter (a partially reflecting mirror).

Each of these beams travels a different rout, reflected by the reference surface and test surface,
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respectively, and combine at the half-silvered mirror to reach the detector. The combination of
the two light beams follow the superposition of waves:

Wy + W, = I,cos(kx — wt) + I,cos(kx — wt + @) (1-12)
where W is wave amplitude, I is peak amplitude, k is wavenumber, w is angular frequency, tis

propagation time and ¢ is phase difference. Phase difference is given in Eq. (1-13),

dy—d;

- (1-13)

@ =2m
where d, and d, are the optical paths of the light beams reflected by the reference surface and
test surface, respectively, and A is the central wavelength of the light beam. The combined light
beams may either interfere constructively (strengthening in intensity) if their light waves arrive
in phase, or interfere destructively (weakening in intensity) if they arrive out of phase, depending
on the exact distances between the three mirrors. In other words, the optical path difference
(OPD), given by d, — d; determines whether the detector sees a bright or a dark spot.

The schematic diagram of a typical white light interferometric microscope can be found
elsewhere.!’®. The microscope integrated in the VSI system enables the examination of small
objects. The objective directs light to test surface and creates interference. A piezoelectric (PZT)
motor produces fine linear motion of the objective to realize ‘vertical scanning’. Coherence
length of light beam, given by Eq. (1-14), is inversely proportional to the bandwidth, or the

spread of different frequencies, of the light.1”” White light interferometer is more commonly used

than laser interferometer due to the longer coherence length of white light.’®

2In2 A?
I, = /Tnﬁ (1-14)

The interferograms of both laser and white light are shown in Fig. 1-3. The short coherence

length of the white light compared to laser light reduces the intensity of the interference rapidly
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as the OPD increases from zero. Outside the coherence length the light loses the ability to
interfere in an observable way. Thus, the maximum of intensity occurs at the zero OPD point. In
laser light interferometer, however, pixels with OPD = 1/4n are of similar intensities and cannot

be distinguished. Therefore, white light interferometer is more powerful in resolving a rough

surface.1®

Intensity

Zero OPD
Optical Path Difference

Figure 1-3: Interferogram of laser light (blue) and white light (red).

The topographical mapping of VSI follow the given steps:

1) Scan the objective in the z-axis.

2) Measure the intensity of the fringes over the entire range of the interferogram. Determine

the point of zero OPD.

3) Create a relative height map of the entire field of view (FOV) for every pixel.
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Principally, the zero OPD points map the surface of the test part.’® Larger area mapping is
enabled by the stage translational motion. The neighboring frames are ‘stitched’ with certain area

overlap (e.g., 20%) to correlate relative height of each frame.'"

1.4.2 Sample preparation and workflow for topography measurement

The planar samples of steel and minerals are embedded in epoxy to facilitate handling. In
order to obtain the absolute height recess in corrosion or dissolution reaction, an unchanged
surface, either using an inert material or partially covering the sample surface to preserve an
unreacted area, is required to serve as a height reference. Figure 1-4a shows the top view of a
steel specimen adjacent to an inert material, polytetrafluoroethylene (PTFE) as the height
reference. A kinematic mount was used for positioning and aligning the steel samples on the VSI
sample stage over the course of experiment, as shown in Figure 1-4b, so that the same areas on
the samples surface and be located and repeatedly imaged over the duration of the test. The
typical workflow of topography measurement for determining height change due to corrosion or
dissolution is shown in Figure 1-4c. The topography of as-polished samples surface was initially
measured to obtain the time-zero surface height. Following immersion test in corrosive solution
or solvent, the steel or mineral surface was cleaned and then measured again to obtain absolute

height change with the aid of reference (i.e., unchanged) surface.
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Figure 1-4: (a) Representative photo of a steel sample embedded in epoxy with the PTFE height

reference. (b) Photo of the setup of topography measurement. (c) Workflow of the immersion

corrosion test and topography characterization.
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1.4.3 Topographical image processing and data analysis

The topography measurement by VSI outputs a 3-channel data detailing the lateral
positions (i.e., X,y-coordinates) on the measured surface and vertical height (i.e., z-coordinate),
with lateral resolution determined by the objective being used and vertical resolution on the order
of 2 nm. For example, the lateral resolution rendered by a 5% and 100x Mirau objective is 0.163
pm and 0.081 um, respectively. Therefore, the height level of a given area (reacting steel or
mineral surface, or the reference surface) can be obtained by spatially averaging over all the
pixel points measured within that area. The topographical measurement at each time gives the
relative height information among pixel points over the entire surface. The absolute height values
represent the vertical positions of objective when focusing at the tested surface and cannot be
directly used for height change determination. Alternatively, the absolute height change of the
sample surface, 44, can be quantified by aligning the average reference height levels from

consecutive measurements, as shown in the schematic diagram in Figure 1-5.
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Figure 1- 5: Schematic diagram illustrating the methodology to quantify spatially averaged

surface retreat relative to the unchanged reference surface.

1.5 Organization

This document is developed into six chapters.

Chapter one provides a broad overview of the motivation of this work, and gives a

general introduction to the important concepts involved in the following chapters, i.e.,

materials selection for respective study, reaction mechanisms for steel corrosion, mineral

dissolution, the acoustic cavitation mechanism which promotes the dissolution reaction in

aqueous environment, the working principle of topography measurement and data analysis

approach, and lastly the layout and organization of this manuscript.
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Chapter two introduced the methodology establishment of drive statistical insights of
steel corrosion from topographical analysis, with a case study of the steel corrosion inhibition
effect by calcium nitrate (Ca(NOs)z2, CN) in the halide concentrated completion fluid
environments. The results indicate that, at low concentrations (= 1 mass %), Ca(NO3)2
successfully inhibited steel corrosion in the presence of both CaCl2 and CaBr». Statistical
analysis of surface topography data reveals that such inhibition results from suppression of
corrosion at fast corroding pitting sites. However, at higher concentrations, CN’s effectiveness

as a corrosion inhibitor is far less substantial.

Chapter three answered the first research question proposed at the beginning of this
chapter: What is the effect of grain-specific surface energy on the corrosion rate of stainless
steel when the passive film is absent? It also demonstrated how topographical analysis can be
coupled and superimposed with the microstructural information to analyze the grain-specific
corrosion behavior and the corrosion rate of austenitic stainless steel. The results showed that
surface energy control both the dissolution reaction of metals and adsorption of aqueous
species forming a barrier layer to corrosion, and resulted in a corrosion rate following the
scaling given by: {001} < {101} < {111} for grains undergoing both active and transpassive

oxidation.

Chapter four turned to answer the second research question proposed at the beginning
of this chapter: How does the surface energy of minerals control their increases in dissolution
rate induced by acoustic stimulation? Leveraging both experimental and computational
methods, the study revealed a dual mechanism on the enhancement of mineral dissolution by

acoustic stimulation. An empirical model was proposed unifying the processes of particulate
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fracture and creation of dislocation by sonication, with the probabilities controlled by the

surface energy and stacking fault energy, respectively.

Chapter five took a preliminary step in evaluating the acoustic stimulation in
application in industrial waste dissolution. The results demonstrate the wide applicability of
acoustic processing, and the outcomes offer new insights into the creation of additive-free
pathways that enable waste utilization, circularity, and efficient resource extraction from

industrial wastes that are produced in abundance globally.

Chapter six summarized work described in this document, revised the initial
hypotheses proposed at the beginning of this Chapter to reach the general conclusions, and

recommended future work on related topics.
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Chapter 2. Steel Corrosion Inhibition by Calcium Nitrate

in Halide-enriched Completion Fluid Environments

2.1 Introduction and Background

High-density brines have brines long been used during drilling, completion, and
workover operations during oil and gas production.*8 Concentrated aqueous solutions of halide
salts of alkali and alkaline earth metals, which provide high fluid density while minimizing cost,
are commonly used in these applications.® However, such high concentrations of halides,
particularly chloride (CI") and bromide (Br°), are likely to result in significant corrosion of the
steel pipe (sheath) that conveys fluid hydrocarbons to the surface.'®-18 Halides induce steel
corrosion by a variety of processes including: break down of the air-born oxidation film,
accelerating pit formation, and facilitating pit growth.*®*-18 Chloride ions are considered to be
more aggressive than Br- due to their higher electron affinity and stronger adsorption on the
oxidation film surface.”

Inhibitors such as calcium nitrite (Ca(NO2)2) and calcium nitrate (Ca(NO3)z) are known
to retard the corrosion of reinforcing steel 28"~ While Ca(NO3): is cheap and abundant, its
ability to inhibit corrosion in highly-concentrated halide environments is not known.
Nevertheless, it has been suggested that nitrate inhibits corrosion by facilitating the formation of
ferric hydroxide (Fe(OH)s) in the anodic corrosion region, decreasing the extent of iron
migration as aqueous ferrous/ferric chlorocomplexes, and thereby reducing iron dissolution. 8819
While corrosion inhibition by Ca(NO3)2 has been studied using electrochemical methods®11%2 —
direct observations of corroding surfaces from the nano- to micron- scales, that can be

rationalized against electrochemical studies have remained broadly unavailable.
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Vertical scanning interferometry (VSI) can be used to study the kinetics of reactions at
solid-liquid interfaces, including mineral dissolution, precipitation and metallic corrosion at
unparalleled resolution.451731% The high lateral and vertical resolution®* of VSI makes it
ideally suited to monitor small changes in the topography of steel surfaces, due to processes such
as the dissolution of steel,'* precipitation of corrosion products'®® and the growth of the passive
films'®’, from the nano- to micron- scales. This capability offers significant advantages over
electrochemical methods which, most often, can only measure bulk behavior.***1% Furthermore,
the capability to probe spatially localized corrosion over large sample areas (10s of mm?),
presents advantages over scanning probe techniques which are most often restricted to examining
small, very localized surface areas.!%1%

Herein, the retarding effect of Ca(NOs3)2 on the corrosion of American Petroleum Institute
(API1) P110 steel is examined in the presence of brines composed using calcium chloride (CaCl2)
or calcium bromide (CaBr2).202% Vertical scanning interferometry is used to quantitatively and
statistically analyze three-dimensional (3-D) surface topographies, and their evolution, in time to
reveal the mechanisms by which Ca(NOs): alters and suppresses halide-induced corrosion. The
outcomes support the use of Ca(NOs)2 based brines in completion and workover fluid

environments and provide insights into its behavior as a corrosion inhibitor.

2.2 Materials and Methods
2.2.1 Materials: Preparation of steel surfaces and brines

Commercially available API P110 steel (McMahon Steel Supply) with a nominal
composition of C (0.25% This study investigated the effectiveness and energy efficiency of Si

dissolution enhancement using acoustic stimulation, using air-cooled blast furnace slag
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(ACBFS), Ca-poor Class F fly ash (FA), stainless steel slag (SSS) and Ca-rich Class C FA as
representative alkaline waste materials in order to probe the under-developed additive-free
pathway for Si extraction. The ACBFS and Class F species exhibited parabolic Si dissolution
kinetics while dissolutions of SSS and Class C FA approached to saturation rapidly. Based on the
case study of the parabolic dissolution of ACBFS, ultrasonication provided the most significant
enhancement in the apparent Si release rate, as compared to traditional reaction acceleration
approaches, i.e., mechanical grinding, mixing, and heating. Under sonication, the activation
energy of dissolution reaction was reduced, lowering the energy barrier for Si-extraction and
improving the energy efficiency of ultrasonic processing. The energy savings were primarily due
to the shortened reaction time enabled by the higher rate enhancement by ultrasonication.
Furthermore, the relative energy savings were correlated with the ratio between the ultrasonic
effect and thermal effect, represented by AEa/RT. The kinetic benefit of a reduction in apparent
activation energy led to a reduction in energy intensity of the overall dissolution process. The
findings in this study demonstrate the potential of ultrasonic processing as an additive-free
pathway for utilization of industrial alkaline wastes from both a kinetic (rate enhancing via
reduction in activation energy) and practical (overall energy consumption) perspective.), Si
(0.36%), Mn (1.24%), P (0.013%), S (0.004%), Cr (0.50%), Al (0.03%) and Fe (97.6%) was
used. During its processing, this steel is quenched, giving rise to a microstructure that is
characterized as monophasic martensite. The steel was machined into coupons having
dimensions of 6 mm x 6 mm x 4 mm (length x width x height) and then embedded in epoxy
resin to facilitate handling, while leaving only the top surface of the steel exposed. The steel
surface was then polished successively using SiC sandpaper and diamond paste until it featured a

surface roughness (Sz) of 1 um. Thereafter, the sample was ultrasonically rinsed with ethanol and
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deionized (DI) water for 3 minutes, and then stored in a desiccator after being dried under an air
stream. The epoxy-mounted samples were secured on kinematic mounts (Thorlabs) to maintain
imaging positions within + 3 um and + 1 microradians over the course of the experiments.

Brines were prepared by adding ACS reagent grade CaClz, CaBrz, and Ca(NO3)2 to
deionized (DI) water to produce 10% CaClzor 10% CaBr2 solutions that contain 0%, 0.1%, 1%,
and 10% Ca(NOs3)2 (mass basis). The measured pH’s of these solutions are listed in Table 2-1.
These concentrations were chosen to encompass a wide range of Ca(NOz3)2 concentrations to
assess the effect(s) of a diversity of dosage levels, and potential changes in inhibition

mechanisms and the resulting effects on corrosion evolutions.

Table 2-1. The pH’s of the solutions used in the corrosion analysis.

0% Ca(NOs)2 0.1% Ca(NOs)2 1% Ca(NOs)2  10% Ca(NOs)2

10% CaCl: 6.09 6.16 6.21 6.25

10% CaBr2 8.91 8.98 8.9 8.87

2.2.2 Methods

2.2.2.1 Surface topography evolutions captured using scanning interferometry

Corrosion behavior under brine immersion was monitored for up to 7 days at 25 + 0.2 °C
in a temperature-controlled environment. The surfaces of the steel samples were exposed to brine
volumes on the order of 135 £ 2 mL resulting in a nominal surface-to-volume ratio (s/v, mm-1)
of 1/9000. Prior to immersion, approximately half of the sample surface was covered with a

peelable silicone mask (Silicone Solutions SS-380) to preserve a portion of the steel surface in a
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pristine state, which serves as the reference surface. As a result, absolute height changes can be
ascertained by comparing the reference surface with the reacted (i.e., exposed to brine) surface.
The effectiveness of this procedure is illustrated in Figure 2-1, which shows VSI images of a
steel surface before and following immersion. To assess the chemical stability of the silicone
mask, concentrations of dissolved silicon in contact with brine were measured using a Perkin-
Elmer Avio 200 inductively coupled plasma optical emission spectrometer (ICP-OES).
Measured Si concentrations ranged from 0.13 — 1.14 ppm, with an average value of 0.64 ppm.
This level of silicon abundance and negligible changes in the silicon mask’s surface topography

following immersion indicate that it is inert up on exposure to the brine environment.
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Figure 2-1: Representative VSI topography maps of APl P110 steel surface obtained (a) as-
polished, and (b) following immersion in 10 mass % CaCl: brine for 7 days. The boundary
between the unreacted (“masked”) surface and reacted surface is labeled by the dashed line. The

scale bars represent a length of 2 mm.
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The steel’s surface topography was monitored following its contact with the brines at
time intervals of 0, 1, 3, 5, and 7 days. At each time point (except O days), any corrosion
products which may have formed on the steel surface were removed following ASTM G1.26
Thereafter, the silicone adhesive was peeled cleanly and the surface topography was examined
using vertical scanning interferometry (VSI). The interferometer used, a Zygo NewView 8200
VSI was fitted with a 5x Mirau objective having a numerical aperture of 0.13 and offering a
lateral (in the x and y directions) resolution of 1.63 um. The lateral resolution is determined by
both the objective and the spatial sampling of the camera (1024 pixel x 1024 pixel in one field of
view (FOV), i.e., 1.67 mm x 1.67 mm). The resolution in the z-direction is estimated to be on the
order of £ 2 nm based on analysis of a NIST traceable step-height standard. Imaging of the entire
steel surface that encompassed an area on the order of 12-to-15 mm2 was carried out by stitching
multiple overlapping sub-images that were acquired sequentially along a grid map. It should be
noted that the use of kinematic mounts as described above enabled repeatability in lateral
positioning on the order of £ 3 um which is similar to the resolution of images acquired using

this specific (5%) Mirau objective.

2.2.2.2 Analysis of 3D-surface topography data
The three-dimensional (3-D) surface topography images (i.e., height maps) obtained
using VSI were processed and analyzed using Matlab® R2017b and rendered using Gwyddion.
Quantification of corrosion rates from average height change: The absolute surface
height change at time t, Az,, was determined from the difference in average heights of the
reacted (s) and reference (r) surfaces, z; and z{, respectively, at time t, as compared to that at
time 0, as given by:
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Azy = (zf — z¢) — (25 — 2p) (2-1).

Hence, at time t = 0, the absolute height change, Az, = 0, whereas a negative Az, would
imply a net decrease in surface height at a given pixel location, i.e., loss of metal due to
corrosion. Although corrosion is expected to result in the deposition of corrosion products which
have a higher molar volume compared to the native alloy, and hence result in a height increase,
the removal of corrosion products before each imaging sequence eliminates ambiguities in the
interpretation of height change — resulting in a height decrease, in time.

Frequency distribution of height change: In addition to surface height changes, the spatial
distribution of height change was assessed — pixel by pixel — across a given surface. This offers
insights into the frequency distributions of reaction (corrosion) rates. The 3-D images, following
alignment in the vertical direction using the known reference surface were each subtracted pixel-
by-pixel from that obtained at t = 0, to give the height change map. The frequency distribution of
height changes, normalized to the total number of pixels — which is on the order of 107 pixels — is

then plotted for each time interval.

2.3 Results and Discussion

2.3.1 Corrosion inhibition by calcium nitrate in the presence of halide-containing brines
Figure 2-2 shows representative height change maps of the steel surfaces following

immersion in brines consisting of 10 mass % CaClz and 10 mass % CaBr: solutions for 0, 1, 3,

and 7 days. Expectedly, characteristic general corrosion features are observed following

exposure to halide brines. This includes processes encompassing the initiation, propagation, and

accumulation of corrosion pits. Quantitative evolutions of the average surface height change of

API P110 steel over time as a function of Ca(NOs)2 dosage in the presence of 10% CaClz and

36



10% CaBr2 brines are shown in Figures 2-3(a,b). A linear function fitted to the data set reveals
the net reaction rate, i.e., including steel dissolution and corrosion. The uncertainty in rates is
estimated to be around 15% based on replicate experiments. The relative corrosion rates in the

presence of various dosages of Ca(NOs)2, RCRy, Were calculated as:

RCRgy = 2N (2-2)

where CR.y and CR,, refer to corrosion rates in the presence and absence of Ca(NO3)2,

respectively (see Figures 2-3c,d).
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Figure 2-2: Representative height change maps of AP1 P110 steel surfaces obtained using
vertical scanning interferometry after immersion in a 10 mass % CaClz brine for: (a) 1 day, (b) 3
days, (c) 5 days, and (d) 7 days. The height change maps following periods of exposure to a 10
mass % CaBr2 brine are shown in (e) to (h) for the same reaction times, respectively. The height
change is calculated with respect to the initial, pristine (unreacted) steel surface. The scale bars

represent a length of 2 mm.
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The average height change and corrosion rate data reveals that steel corrosion is
enhanced and accelerated in CaCl2 as compared to CaBr2. This is also evident from the VSI
images in Figure 2-2, which highlight the smaller dimensions and shallower depths of pits in the
latter case. This behavior is expected to be on the account of the somewhat lower pH of the
chloride solutions than the bromide solutions (see Table 2-1), and the higher electronic density,
and smaller anion size of Cl" ions as compared to Br~ ions which facilitates their penetration into
and subsequent disruption of the air-formed oxide film that is present on steel surfaces.”™ "’

The corrosion rate data also reveal that, in general, lower concentrations of Ca(NOs)2 are
generally more effective at inhibiting corrosion than higher concentrations. Also, at low nitrate
concentrations (< 1 mass %), the extent of inhibition enhances with increasing Ca(NOs):
concentration. Indeed, a minimum in the corrosion rate is observed at a Ca(NOs3)2 concentration
of 1 mass % following exposure to both CaClz and CaBr2 brines. This result is consistent with
previous findings that indicate that lower concentrations of Ca(NOs)2 are suited for ensuring
inhibition.* Increasing the dosage of Ca(NO3)2 to 10 mass % decreased the effectiveness for

inhibition in both halide-containing solutions. This observation is further discussed below.
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Figure 2-3: The (a-b) average surface height change and (c-d) relative and absolute corrosion

rates of APl P110 steel surfaces over time in (a, c) 10 mass % CaClz, and (b, d) 10 mass % CaBr:

brines containing 0, 0.1, 1, and 10 mass % Ca(NOs3)2. The dashed lines in (a, b) indicate the best-

fit lines for each data set, whose slope reveals the net corrosion (reaction) rate shown by the

secondary y-axis in (c, d). The ratio of corrosion rates in the presence and absence of Ca(NOs3)z,

i.e., relative corrosion rates, are also shown in (c, d) on the main y-axis. The dashed lines in (c, d)

indicate the corrosion rates and relative corrosion rates when Ca(NOs)2 is absent. The error bars

represent the standard error of the mean.
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2.3.2 The mechanism of corrosion inhibition by Ca(NOs): is revealed by statistical analysis
of surface height evolutions and microstructural observations

Statistical analysis of corroding surface topographies was carried out for steel samples
exposed to CaClz brines — both in the absence of and in the presence of Ca(NOs)2. The
representative frequency distributions of surface height change of steel surfaces corresponding to
the height change maps in Figures 2-2(a-d) are shown in Figure 2-4(a). The frequency values in
the distribution plots are normalized to the total number of pixels — thereby indicative of the

percentage of the total surface area that is occupied by a given corrosion feature.
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Figure 2-4: The frequency distributions of height change for API P110 steel surfaces following
exposure to: (a) 10 mass % CaCl2 brine up to 7 days, and (b) 10 mass % CaCl2 brine containing
0, 0.1, 1, and 10 mass % Ca(NO3)2 for duration of 7 days. The frequency is normalized to the
total number of pixels in the image. In (a), the secondary peaks representing pitting are labeled
with dashed lines. The horizontal (orange) arrow indicates pit growth in the vertical coordinate
and the vertical (green) arrows indicate lateral growth (and coalescence) of existing pits, and the
formation of new pitting sites. The corresponding height change maps of (b) are shown in (c).
The height change is calculated with respect to the initial, pristine steel surface. Selected areas
marked with red box in (c) are shown in more detail in (d). The scale bars represent lengths of (c)

2 mm and (d) 500 pm.
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To offer quantitative analysis and the significance of the (height change) frequency

distributions, first, the data were fitted using a 2-term Gaussian function of the form:

f(x) =a,exp (— (x;bl)2> +a, - exp (— (x_b2)2> (2-3)

C2

where X, a, b, and ¢ denote height change, a scaling factor for frequency, mean height change,
and the spread in height change, respectively. The subscripts 1 and 2 denote the main peak and
secondary peak, respectively. The fitting exercise revealed main peaks, centered at -0.53, -0.88, -
1.52, and -1.86 um for reaction times of 1, 3, 5, and 7 days, respectively. These peak values are
smaller than the average surface height change, i.e., -1.04, -2.72, -4.44, and -6.10 pm (Figure 2-
3a) at the corresponding reaction times. Indeed, the main peaks represent slowly corroding areas
(lighter brown shade) shown in Figures 2-2(a-d). The areas identified by the main peak
encompass 40-t0-60% of all pixels — indicating that a majority of the steel surface is only slightly
affected by corrosion. A broader distribution to the left (i.e., more negative values of height
change) of the main peak is observed that is labeled by dashed lines in Figure 2-4(a). The
secondary peaks correspond to height changes in the range of -8 to -20 um, consistent with
localized regions undergoing much higher surface retreat (darker brown in color scale) as
compared to the bulk surface seen in Figures 2-2(a-d). As time elapsed, the positions of the
secondary peaks shifted by around 5 um to more negative values as denoted by the horizontal
orange arrow, suggesting that localized sites — e.g., pits — serve as fast reaction zones that recess
at a rate that is much higher than the bulk alloy surface. In addition, it should be noted that the
normalized frequency of pixels increased (as marked by vertical green arrows; see Figure 2-4a)
implying that the extent of the surface affected by corrosion increased due to growth and
coalescence of existing pitted areas, and the formation of new pits. As such, section loss due to

corrosion results from both: (1) general recession of the steel surface to a small extent (by <2 um
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after 7 days), and, (2) fast localized corrosion that manifests by the deepening and lateral growth

of pitting sites.
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Figure 2-5: A summary of the Gaussian fitting parameters: (a) peak positions b1, b2, and (b)
peak widths c1, c2 for the frequency distributions of height change for steel surfaces following
exposure to 10 mass % CacClz brine containing 0, 0.1, 1, and 10 mass % Ca(NOs)2 for 7 days.
The subscripts 1 (blue) and 2 (red) denote the main peak and secondary peak, respectively. The

blue and red horizontal dashed lines identify baseline values in Ca(NOz)2-free systems.

Figures 2-4(b-d) illustrate the effects of Ca(NOs)2 dosage on corrosion rates for API-
P110 steel exposed to 10 mass % CaCl: brine. Foremost, at low dosages of Ca(NOz)2 (i.e., 0.1
mass % and 1 mass %), the frequency distribution curves differ from the case with no nitrate in

several significant ways. First, both the main and secondary peaks are shifted to less negative
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values upon Ca(NOz3)2 additionFi, consistent with the decrease in average height change shown
in Figure 2-3(a). Based on analysis of the fitting parameters b, and b, (see Figure 2-5a) it is
suggested that Ca(NOs3)2 reduces corrosion rates by suppressing both general recession (i.e., bulk
dissolution) and fast localized corrosion at pitting sites, although the influence on localized
corrosion is more pronounced. In addition, peak widths given by the parameters c¢; and c, also
decreased, as shown in Figure 2-5(b), suggesting a decrease in uniform corrosion with Ca(NQOz3)2
dosage. A comparison of the frequency distribution curves in the absence of nitrate and in 1
mass % Ca(NOs)2, highlights a shift of the secondary peak towards less negative values by
around 7 um, simultaneous with a decrease in the normalized frequency by more than one order
of magnitude. Significantly, this indicates that low concentrations of Ca(NO3)2 inhibit corrosion
processes by reducing the rate of vertical and lateral expansion of pits. Notably, further
increasing the nitrate ion concentration to 10 mass % resulted in a frequency distribution that
closely resembled that of the nitrate-free conditions evidencing that increasing [NOs] beyond an

optimal value is detrimental.
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Figure 2-6: SEM micrographs of: (a) an as-polished APl P110 steel surface, showing its

martensitic microstructure, and, (b) a representative pit that forms on a steel surface reacted with

10 mass % CacCl:2 brine for 20 hours showing a radial depression that forms around a central

pitting site. VSI topography images of a representative pit and its vicinity formed following

contact with: (c) 10 mass % CaCl: brine, and, (d) 10 mass % CaClz + 1 mass % Ca(NOs3):

solution for 20 hours, corresponding line profiles along the central lines are shown in (e) and (f)

with inserted profiles of pit bottoms. The VSI images were acquired using a 20x Mirau objective

with a lateral resolution of 0.47 um. The scale bars represent lengths of (a) 10 um, (b) 30 pum,

and (c,d) 50 um.
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To better elucidate the functions of Ca(NOs)2 as a corrosion inhibitor, the VSI
observations were augmented by SEM visualizations of corroding surfaces. First, as shown in
Figure 2-6(a), API1-P110 steel presents a single-phase martensitic microstructure with a grain size
of around 10 pm. Visualization of corroded microstructures reveals that pits are localized at pre-
austenite grain boundaries, e.g., as shown in Figures 2-6(b) and Figure 2-7, consistent with
previous observations.?%22% |t is generally thought that in the presence of CI- ions, surface defect
sites, e.g., grain boundaries, and secondary-phase inclusions are most vulnerable to
pitting.82203.206 Ag pitting initiates, the release of iron in the form of Fe?* promotes local
acidification within the pit following the reaction: (1) Fe — 2e™ — Fe?*, (2) Fe** + H,0 -
Fe(OH)* + H*,and (3) Fe(OH)* + H,0 — Fe(OH), + H™, resulting in an acidic pH in the
bottom of the pit.2°7-21% The high local H* and Fe?* activities at the bottom of the pit — and the
corresponding gradient that develops — results in the transport of anions towards the pitted area.
The concentration gradient of ions induces the development of an electrochemical potential
difference between the pit bottom and the surface of the steel that can be as high as hundreds of

millivolts.8%211
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Figure 2-7: A representative SEM micrograph of API P110 steel following reaction with 10
mass % CacClz brine for 20 h showing localized corrosion (red arrows) at the pre-austenite grain

boundaries (dashed yellow lines). The scale bars represent lengths of 30 pm.

The pit morphologies observed in Figure 5 are significantly smaller than stable pits that
form on surface of passivated steels.?'? Further, as shown in Figure 2-6(b), herein, a rapidly
corroding zone is noted to form around a central pit whose radius is several times larger than that
of the pit itself, i.e., in terms of its radial dimension. A line profile (Figure 2-6e) drawn through
the center of the pit — using the VSI topography image (Figure 2-6¢) — shows that the
surrounding radial area (“basin”) encompasses a radius of 80 um whereas the central pit only
achieves a maximum radius of 17 pm (and a depth of around 3.5 pum). It is the formation of such

radial basins that explains the secondary peaks evident in the frequency distribution curves.
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Figure 2-8: (a) A schematic showing the pit geometry and the applied potential profile, (b) the

simulated potential distribution with isopotential contours in the steel and in the vicinity of the
pit, (c) the simulated electric field strength distribution with isofield contours, the arrows indicate
an electric field concentration at the pit mouth due to a convexity, and (d) The morphology

evolution of an “arrested” pit.
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By simulating the effects of anodic corrosion on the evolution of the pit geometry, we
attribute the formation of these radial basins as being the result of near-surficial, lateral
expansion of the pit mouth (e.g., see Figures 2-6b-f), e.g., as observed in the corrosion of AlSI
1045 steel by Guo et al.?*3 As such, Figure 6 shows the simulated local potential distribution and
resulting electric field strength distribution and the implications on the formation of the radial
basin using a finite element approach (COMSOL Multiphysics, ver. 4.4). The simulation
considers a hemispherical pit as shown in Figure 2-8(a). This represents a typical morphology for
a pit®? and resembles the central pit shown in Figures 2-6(b,c). Upon the initial formation of the
hemispherical pit (e.g., perhaps at a MnS site), fast dissolution results in development of an
electrochemical potential difference between the pit bottom and pit mouth. Herein, the pit bottom
serves as the anode with an assumed potential that is 100 mV more anodic relative to the pit
mouth that serves as a cathode. The potential along the pit wall is assumed following a simple

linear distribution written as:

- ((pbottom_‘pmouth)
d)wall - L X = (Dmouth (2'4)

where @, is the potential of the pit wall at a depth of x, ®y,ttom 1S 100 mV at the pit bottom
where x = L, and &, iS referenced as zero. Figures 2-8(b,c) show the simulated spatial
distributions of the potential and normalized electric field governed by the harmonic condition:
V2® = 0, in both the solution and the adjacent steel surface, respectively. The simulation
indicates that the development of an electric field concentration at the pit mouth results from its
convexity or curvature, e.g., similar to a stress concentration (see arrows in Figure 2-8c).
Significantly, Figure 2-8(c) highlights that the electric field concentration affects both the steel
surface at the pit mouth and the solution in the vicinity. In unpassivated alloys, this forebodes the

fast expansion of the pit mouth due to an electrostatically induced change in interfacial tension at
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the steel-solution interface.?!* At later times, however, such lateral expansion is expected to
hinder pit deepening due to attenuation of the local concentration gradients of ions in the pit.
This suggests that in simply oxidized, i.e., non-passivated systems, the pit morphology shown in
Figure 2-6 is unlikely to sustain a mass-transport limiting current that is required for stable pit
growth. Therefore, the potential and concentration gradients will disappear following the
discontinuance of the pit growth, and a general corrosion rate can be applied to both the pit wall
and the pit mouth. Figure 2-8(d) shows the morphology evolution of an “arrested” pit with the
same dissolution rate (5 A/m?)’® along the pit wall and the open surface. This indicates that the
expansion of the pit mouth is induced as a function of its high surface to volume ratio, i.e., local
curvature. This suggests that the corrosion pits that form will eventually transition into “recessed
basins” rather than the stable pits that are observed in passivated alloys. 82212215

The radial basins discussed above were also found on steel surfaces reacted with 10
mass % CaClz containing 1 mass % Ca(NOs)2 solution following 20 hours of contact (Figure 2-
6d). Although the central pit depths are similar across Ca(NOz)2-free and Ca(NO3z)2-dosed
systems (i.e., 3.5 um), the central pit features a much smaller opening (8 um in diameter) when
Ca(NO0:s): is present. Furthermore, unlike the case with no added Ca(NO3)2 (Figures 2-6c,e), the
pits formed in Ca(NOzs)2-dosed environments are less well-developed. For example, first, the
region of enhanced corrosion around the central pit is smaller (20 pum vs. 80 um in radius).
Second, the average vertical depression of this area is considerably smaller, i.e. 0.8 umvs. 1.8
pum. It is interesting to note that a slight increase in height around the pitting area is also
apparent, e.g., due to localized formation and attachment of corrosion/oxidation products. This is
consistent with the proposed corrosion inhibition mechanism of NOz™ ions. Specifically, nitrate is

thought to consume released Fe?* species by oxidizing it to Fe3*. This results in the precipitation
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of solid corrosion products such as Fe-oxides and hydroxides.'®81% Consequently, the pitting site
is isolated by the deposition of such precipitation products and thereby protected from further
corrosion by reducing its access to electrolytes in solution. The deposition of corrosion products
at the pit mouth is also expected to reduce its convexity, and electrical field concentration at the
pit mouth — resulting in the formation of more diffuse, albeit shallower basin depressions as
evidenced in Figures 2-6(d,f). Furthermore, the migration and concentration of NOs™anions
towards the anodically corroding regions is expected to follow the electrical field intensity and
compete with the transport of CI" to the same sites. These actions alleviate the CI- concentration
at anodic sites and mitigate Cl-induced localized corrosion around pitting sites in the presence of
Ca(NO03)2.28217 This explains why shallower pits, and smaller basins develop in Ca(NOs)2
containing systems at moderate dosages. This interpretation is consistent with the trends obtained
from the frequency distribution curves above which highlight: (1) a shift in the position of the
secondary peak towards less negative values, and (2) a reduction in normalized frequency of
pixels associated with secondary peaks. Contrastingly, when the Ca(NOz)2 concentration is
further increased, however, the oxidizing potential of the bulk solution also increases. It is for
this reason that high dosages of Ca(NOs)2 (10 mass %) enhance the oxidative dissolution of iron
and compromise the corrosion inhibition effect that is offered by Ca(NOzs)2 additions at lower

concentrations.?'8

2.4 Summary and Conclusions
This paper has comprehensively examined the corrosion of API P110 steel in
concentrated halide environments in the presence of Ca(NOs3)z as a corrosion inhibitor. Special

focus is placed on examining the evolution of corroding topographies — at unparalleled resolution
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—across large fields of view using vertical scanning interferometry (\VSI) for samples reacted in
a controlled environment under isothermal conditions. Careful analysis of surface topographies,
pixel-by-pixel, indicates that while moderate concentrations of Ca(NOs3)2 can effectively inhibit
corrosion in the presence of CI" and Br, such inhibition is compromised at higher dosages which
induce a significant oxidizing potential of the bulk solution. By statistical analysis of surface
height data (“frequency distributions”), it is highlighted that Ca(NOs)2 suppresses localized
corrosion primarily, although a measurable effect on general corrosion was also observed.
Localized corrosion is manifested by a fast dissolution zone (i.e., basin) which forms in the
vicinity of central pitting sites. Simulations of the electrochemical evolutions within a pit suggest
that these features arise from the fast expansion of the pit mouth whose local curvature results in
the concentration of an electric field distribution. The mechanism of NOs™ inhibition is consistent
with this model such in the presence of nitrate the oxidation of Fe?* to Fe®* leads to the
precipitation and deposition of Fe oxides and hydroxides, hindering further pit expansion. To the
best of our knowledge, this is the first time that the inhibition effect of Ca(NOz3)2 has been
evidenced from quantitative and statistical analysis of corroding surfaces. These findings provide
new insights regarding the role of the water chemistry and inhibitor dosage to suppress steel

corrosion evolutions in aggressive halide-rich environments.
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Chapter 3. Elucidating the Grain-orientation Dependent Corrosion

Rates of Austenitic Stainless Steels

3.1 Introduction and Background

Austenitic alloys such as 304L and 316L stainless steels, and nickel-based alloys are
often used in core-reactor internal components in nuclear power plants.?*® These alloys, as a rule,
exhibit a face-centered-cubic (FCC) lattice structure and feature excellent high-temperature
oxidation resistance.??® However, the degradation of these alloys, e.g., due to mechanisms such
as stress corrosion cracking (SCC) renders these components susceptible to hyperbolic failure,
and to violate the “leak-before-break” criterion.??! So far, considerable efforts have been made to
uncover the effects of grain boundary structures on SCC susceptibility 8222224 However, less is
known about how crystallographic orientations may influence electrochemical (i.e., oxidation)
degradation of such alloys.

Crystallographic orientation is well-known to affect surface reactions including:
dissolution, adsorption, oxidation, and pitting that are of relevance to both single-crystal, and
polycrystalline metals and ceramics.'®?25-228 |n each of these cases, the anisotropy of atomic
arrangements on the surface results in spatially and temporally non-uniform reaction kinetics —
even for chemically equivalent reactions — amongst grains with different orientations. For
example, for austenitic alloys oxidized in simulated reactor environments, the morphology and
thickness of the oxide layers formed show a strong dependence on the orientation of the
underlying grains.??® Furthermore, in the case of 316L stainless steel, the substantial difference in
oxidation rates between diversely oriented grains results in the formation of a “step structure” at

grain boundaries that could lead to crack initiation and a reduction in service-life.?*
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Many studies have attributed the dependence of corrosion rates on grain orientation to
differences in the surface energy. The prevailing theory depicts the corrosion rates following the
surface energy scaling, i.e., the higher the surface energy the greater the corrosion
susceptibility.?2"231.232 However, in the majority of studies, grain-specific corrosion behavior is
examined only for a few grains which feature a limited diversity of (families of) crystallographic
planes.?3-235 Furthermore, corrosion susceptibility is often ranked through the analysis of line
profiles which show a height difference across adjacent grains,?3®2%" i.e., instead of presenting a
spatially averaged corrosion rate that applies to the entire exposed surface of a grain. Therefore,
this study undertakes analyses of a large number of grains (>100 unique grains) to reveal
statistically relevant insights into how grain orientation affects oxidation rates.

The equilibrium potential of reactor components, which is influenced by the radiation
fluence and water chemistry, can vary from -0.9 to 0.2 Vagiagc.2*® Across such wide potential
range, both active and transpassive corrosion may occur; the former takes place at lower
potentials and results in oxidation products having lower valence (e.g., Fe?*, Cr¥*, etc.), whereas
the latter is driven by strong oxidants (e.g., radiolytic radicals 2%) and produces metal species
with higher valence (e.g., Fe** and HCrO4).%824 Therefore, the effects of crystallographic
orientation on both active (i.e., potential-free) and transpassive (i.e., potential-promoted)
oxidation of AISI 316L stainless steel were systematically examined by coupling topographical
measurements using vertical scanning interferometry (VSI) with microstructural analyses using
electron backscatter diffraction (EBSD). The VSI analysis allows access to representative
scanning areas (0.5 mm x 0.5 mm) at lateral and height resolutions of £80 nm and +2 nm,

respectively,?** allowing superposition of orientation-specific oxidation rates onto an EBSD-
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derived grain orientation map. The outcomes unambiguously reveal the effects of grain

orientation on corrosion sensitivity and its mechanistic origins.

3.2 Materials and Methods
3.2.1 Sample preparation

A commercially available 316L stainless steel (McMaster-Carr) was used. The elemental
composition of the steel used as given by the manufacturer is noted in Table 3-1. Herein, the
steel sections were solution-annealed using a vacuum tube furnace at 1000 °C for 1 h and then
furnace-cooled to room temperature. Annealing produced a monophasic austenitic microstructure
with easily distinguishable grains. The annealed steel was then sectioned in to smaller coupons
of 6 mm in diameter and 6 mm in height. Thereafter, the coupons were embedded in epoxy, and
then wet-polished using SiC abrasives and diamond paste, and finally polished using a 50 nm

colloidal silica suspension.

Table 3-1. The chemical composition of the 316L stainless steel used (mass %).

Fe Cr Ni Mo Mn N C Si Cu

bal. 16.630 10.070 2.080 1.530 0.054 0.025 0.550 0.490

3.2.2 Crystallographic analysis

The crystallographic orientations of the grains were determined using a Scanning
Electron Microscopy (SEM: TESCAN MIRA3) equipped with an EBSD detector (Oxford
ULTIM MAX). The acceleration voltage and step size used were 20 kV and 0.5 pm,

respectively. The EBSD data were analyzed using OIM Analysis® and the MTEX toolbox in
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MATLAB® R2017b.242243 The averaged Euler angles over all pixels within individual grains
provided by the EBSD analyses were used to represent the rotations for each grain. The Miller

indices, h, k, | of each individual grain were computed using:

h =n-sing, - sin® (3-1)
k =n-cos, - sin® (3-2)
l=n-cos® (3-3)

where ¢, and ® are the Bunge’s notation of Euler angles (¢4, ®, ¢,) and n is a scaling factor to

attain integer indices.?**

3.2.3 Oxidation (corrosion) rate analysis

Active corrosion was Induced by immersing the steel coupon’s surface in a 0.5 M H2S04
+ 0.1 M LiCl solution for up to 80 h in a temperature-controlled chamber (45 + 0.2 °C).
Transpassive corrosion was induced by immersing the surface of the steel coupon in a 10 mass %
oxalic acid (H2C204, Fisher Scientific) solution for 45 s while imposing a constant current
density of 1 A/cm?. The surface topographies of corroding sections were examined using a Zygo
NewView 8200 vertical scanning interferometry (VSI). A 20x Mirau (numerical aperture, NA =
0.4) and a 100x (NA = 0.85) interferometric objective were used. The former, and latter
objectives provide spatial resolutions (i.e., single pixel size in x and y directions) of 410 nm and
80 nm, respectively. The vertical (height) resolution of both objectives is equivalent and on the
order of 2 nm. The surface topographies were analyzed using Gwyddion, v2.54.2% A surface area
(500 um x 500 pum) of the as-polished steel coupon was analyzed using EBSD and VSI, and then
partially covered by a peelable room-temperature vulcanizing (RTV) silicone mask (Silicone
Solutions SS-380). The mask was removed after each corrosion test to expose the unreacted

57



surface, which reveals the zero surface height (“pristine”) position. The topography of the same
area was then measured, and the corrosion-induced height change, i.e., surface retreat, was
determined by comparing the corroded surface with the preserved surface that remained
unchanged beneath the masked region.?*® The corrosion rate (Rc, nm/s) is simply represented, as
a spatial average of all the pixels that constitute a single grain as: Ah/At, where, Ah is the average

surface retreat and t is time period over which oxidation occurred.

3.2.4 Data analysis workflow

The workflow of data analysis used in this work is summarized in Figure 3-1. The entire
exercise was performed in two steps. First, overlap EBSD measurement with VVSI measurement
to obtain the average height change of individual grain on the scanned region. Second, compute
the surface energy pre-factor using the surface indices provided by EBSD analysis and construct
the dependence of corrosion kinetics on surface energy pre-factor. All data processing and

computing were performed in Matlab® R2017b.
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Figure 3-1: Workflow of data analysis employed in this chapter.

3.3 Results and Discussion
3.3.1 Grain orientation impacts on the potential-free active corrosion of 316L

The microstructure of an as-polished 316L stainless steel was examined using EBSD and
is shown in Figure 3-2. The solution-annealed sample only consists of austenite grains and is free
from deformation-induced features. Over 100 grains were identified within the selected area,
with their orientations mapped by EBSD as shown in Figure 3-2a. The orientations of these
grains are plotted in the inverse pole figure (IPF) triangle of Figure 3-2b, which shows grains

having diverse orientations within the examined area.
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Figure 3-2: EBSD analysis showing the microstructure of the solution-annealed 316L stainless
steel surface: (a) The grain orientation map of the analyzed surface, with the color code shown in
the inverse pole figure (IPF) as the inset, and (b) The distribution of grain orientations over the
examined surface area. The grain orientations are given with respect to the surface normal

direction.

First, unstimulated (potential-free) corrosion studies were carried out by immersing the
316L steel ina 0.5 M H2SO04 + 0.1 M LiCl solution at 45 °C for up to 80 hours. The equilibrium
potential of 316L in the solution is around -400 mVagagci,?*’ i.e., equivalent to about -150
mVswe which is within the range of stainless steels in reactor environments.?3® Moreover, the
immersion solution resembles the solution present in crevices (or cracks) in reactor environments
wherein high concentrations of chlorine (CI") and protons (H*) are attained.?*® In this
environment, 316L is expected to undergo active corrosion and be oxidized to lower valence
oxidation products (e.g., Fe?*, Cr¥", etc.).%824% Subsequently, the actively corroded surface was

characterized and its (dissolution-precipitation) corrosion rates were determined using VSI (see
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Figure 3-3). The topography map (see Figure 3-3a) of the same area as mapped by EBSD shows

that the uncorroded polished surface has an overall height variance of around £80 nm.
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Figure 3-3: Representative VSI topography images of (a) an as-polished 316L stainless steel and
(b) a corroded steel surface following corrosion reaction for 20 h. (c) A shallow pit, i.e., basin
formed at the junction of three grain boundaries (G.B.) (d) The “step structure” (marked by the
arrows) formed between adjacent grains resulting from the difference in crystallographic

orientation. An EBSD map of the same area is shown in the inset figure.

On the other hand, the height difference between adjacent grains is on the order of a few
nanometers. Following immersion/corrosion in a 0.5 M H2SO4 + 0.1 M LiCl solution at 45 °C
for 20 hours the surface recessed by up to 2.0 um (Figure 3-3b), suggesting the onset of active
corrosion. The morphology of the corroded surface indicates that active corrosion occurred in

two forms: localized corrosion and general surface retreat. Localized corrosion sites resemble
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saucer-shipped shallow pits (i.e., the basins) and are represented by dark brown regions in the
topography map (see Figure 3-3c). Pitting corrosion took place following the local breakdown of
an air-formed passive film, and the formed semi-spherical pits evolve into basins during the
transition from pitting to general corrosion.?324 The rest of the steel surface experienced
general corrosion. Surface recession rates in the areas undergoing general corrosion are lower,
but are more evidently dependent on grain orientation. For example, the “step” structure
resulting from distinct corrosion rates of differently oriented grains is seen in Figure 3-3d. The
height difference between the adjacent grains which is on the order of £5 nm prior to solution

exposure increased to around 1.0 um after 20 h of active corrosion in the immersion solution.
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Figure 3-4: (a) The average surface height change, and (b) the corrosion rate of the actively
corroding 316L surface over time. (c) The grain-averaged surface height change frequency
distributions of surfaces corroded for 20 h, 65 h, and 80 h. The black curve represents the
frequency distribution of the as-polished steel surface that is centered at 0.0 um (mean), and
spread over a range of 20 nm (standard deviation). The sample was corroded in a 0.5 M H2SO4 +

0.1 M LiCl solution at 45 °C.

The average height of the steel surface progressively decreased with prolonged
immersion as shown in Figure 3-4a. Note that the active corrosion rate followed an exponential
decay and attenuated to an asymptotic (“steady-state”) rate (see Figure 3-4b). Faster corrosion at
the initial stage can be explained by the steel dissolution under large undersaturation
accompanied by localized corrosion (e.g., pitting).2*° The long term surface recession, i.e., at t >
20 h reveals the steady-state active corrosion rate of 0.019 um/h or 170 pm/year (see the fittings
in Figure 3-4a and 3-4b), suggesting a completely depassivated surface, i.e., no intermediate or
metastable passive films were formed.® The average heights of individual grains were obtained

by overlapping the VSI topographies and EBSD microstructure maps. The frequency
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distributions of the grain-averaged surface height (Figure 3-4c) were fitted using a Gaussian
function written as:

fay = a-exp [-(5)7] (3-4)
where x is the height change, a, b, and c are fitting parameters denoting the scaling factor for
frequency, mean height change, and the spread in height change, respectively. Up to 20 hours of
corrosion, the average surface retreat (i.e., as averaged over the exposed surface area of the
grain) is around 0.82 um (Figure 3-4c) and the variance in height of most grains is £0.35 pum.
With increasing reaction time, the dissolution/corrosion rates of the differently oriented grains
diverge. The broadening of the distribution profiles over time implies that the numerous grains,

which feature a variety of surface orientations, corroded at different rates.
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Figure 3-5: EBSD analysis of the microstructure of the solution-annealed 316L stainless steel
surface showing: (a) grain orientation map with the color code shown in the inverse pole figure
(IPF) as inset, and (b) collective orientation distribution of around 200 grains investigated herein
The grain orientations are given with respect to the surface normal direction. (c) The same area

after transpassive corrosion in oxalic acid, and (d) the grain-averaged surface height change

frequency distributions of the corroded surface. The black curve in (d) represents the surface
height change frequency distribution of the as-polished steel surface, which is centered at 0.0 um
(mean), and spread over a range of 20 nm (standard deviation). The sample was corroded in a 10

mass % oxalic acid solution at 20 °C for 45 s while imposing to a constant current density of 1

Alcm?,
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3.3.2 Grain orientation impacts on the potential-induced transpassive corrosion of 316L
The “potential-free” corrosion of 316L steel once again indicates that its corrosion rates
are dependent on crystallographic orientation with respect to the surface normal direction. But
herein, the “step-structure” is less pronounced due to the formation of recessed basins. To better
understand 316L corrosion under conditions of electrochemical stimulation, a potential was
applied to the steel surface to induce transpassive corrosion. When a high anodic potential is
applied, the surface-proximate passivation layer breaks down instantly, and steel dissolves
transpassively to form high valence species including Fe** and HCrO4".%8 Although these
oxidation products differ from those produced during the initial oxidation of stainless steel in
reactor environments, such products do form, in time in reactor environments, due to interactions
with oxidants that represent radiolytic products (e.g., hydroxyl radical and H202).2%° Therefore,
anisotropic corrosion of about 200 randomly oriented grains (Figure 3-5a,b) as promoted by an
applied potential was analyzed. Following transpassive corrosion in oxalic acid, the surface
topography showed prominent grain contours (Figure 3-5c¢) arising from the formation of steps at
grain boundaries with the average surface height having recessed by about 1.1 um in just 45
seconds. Since the height variations within individual grains are much smaller compared to the
actively corroded surface, the variance of £0.25 um as shown in Figure 3-5d dominantly resulted

from differences in corrosion rates among grains which feature diverse orientations.

3.3.3 Correlating corrosion rates with grain orientations
By combining EBSD and VSI analyses, the corrosion rates of individual grains were
extracted and then correlated with their respective orientations. Both the active and transpassive

corrosion rates of grains are presented in inverse pole figure (IPF) plots. The scatter in the active
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corrosion rates (see Figure 3-6a) is unexpectedly, substantial. Since remnant corrosion products
were not observed on the corroded surface, this scatter is attributed to the formation of
orientation-independent basins on the corroding surface 24621, which affect an individual grain’s
average corrosion rate. Nevertheless, orientation dependence is evident in the dashed circles
which show grains that are slightly oriented to the basis directions (i.e., <001>, <101>, and
<111>). Indeed, the corrosion rates of these grains scaled as: {001} < {101} < {111}. In
addition, because the {111} grains corrode the fastest, the orientation-specific corrosion rate was
examined as a function of the angle (0) between the surface normal and the <111> basis

direction, as shown in Figures 3-6b that was computed as follows:

h+k+l

Oaan) = €05~ (7 ) (3-5)

where h, k, I are the Miller indices of the surface normal. Interestingly, despite the large scatter,

the corrosion rates show a decreasing trend as 6,14y increases.
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Figure 3-6: (a) Active and (c) transpassive corrosion rates plotted in inverse pole figures
showing grain orientation dependence. (b) Active and (d) transpassive corrosion rates as a
function of 6¢111). Note that all data and results are presented with respect to the surface normal

direction.

Far more convincingly than the active corrosion rate map, the transpassive corrosion rate
map (see Figure 3-6¢) shows that the grains strongly associated with the {111} planes rapidly
dissolve, whereas the grains oriented close to the {001} planes show the highest resistance to
corrosion. The scatter in the grain-averaged corrosion rates is significantly reduced, so that a
more pronounced linear trend in corrosion rates is seen in grains with orientations intermediate
between {111} and {001} (see Figure 3-6d). In general, the transpassive corrosion rates confirm
that the general corrosion susceptibility ranks from {001} grains having the lowest to {111}
grains having the highest susceptibility. Taken together, these findings indicate that
crystallographic control of corrosion rates is, in fact, independent of the applied potential and the

nature of solubilized species that may be mobilized due to alloy dissolution; i.e., the pathway by
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which corrosion may be stimulated — so long as no transport (mass transfer) limitations are

present.

3.3.4 Effects of surface and activation energies on corrosion rates

The initial step in corrosion is expected to require alloy dissolution. Therefore, simply
speaking, in analogy to the traditional dissolution of other solutes, corrosion is expected to
initiate by the provision of the energy that is needed to overcome the energy barrier between the
reactants and products, i.e., the activation energy (AG?) in Arrhenius-type Kinetics.222% This
requires that the steel surface oxidizes to form aqueous ions; which involves the removal of
surface atoms, in turn exposing the underlying planes. Thus, some of the energy cost for
corrosion is associated with overcoming the interatomic forces between the surface atoms and
their nearest neighbors. Such energy demands are inversely proportional to the surface energy
(SE), which reflects the excess free energy resulting from dangling bonds *” and that has been

previously estimated as follows 236:254-25;
2|n|+k|  Ep

SE= 2 4mmn o (3-6)

where hkI are the Miller indices of a given grain that are arranged as h > k> 1, E}, is the bond
energy for a representative atomic bond and d,, is the bond length. The absense of nearest

neighbors of the surface atoms resulted in dangling bonds.?” The dangling bond density is given
as the number of dangling bonds (2|h| + |k|) per unit surface area (% do’Vh? + k2 4 [2). 25426

In Equation 3-6, E;, and d, are constants for a given material and independent of grain
orientation assuming that the alloying elements randomly occupy lattice sites on the grain

surfaces and in the bulk alloy. Therefore, for the same material, the surface energy is solely
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determined by the pre-factor (unitless): T

which is proportional to both the dangling

bond density and the surface energy. Figures 3-7a and 3-7b show the distribution of the pre-
factor for grains featuring diverse orientations for grains which were exposed to both active and
transpassive corrosion processes. The surface energy scales as: {101} > {001} > {111}. In
general, the corrosion rates of {001} and {101} grains follow intuitively from their surface
energy scaling, whereas the {111} grains exhibited the fastest corrosion rates although they
feature the lowest surface energy.

These observations imply that surface energy is not the sole factor influencing the
activation energy, and rates of alloy corrosion. Typically, a solute in contact with a solvent that
contains, e.g., solvated ions tends to minimize its surface energy via adsorption of species on its
surface. In turn, higher rates and extents of adsorption are usually attained on surfaces having
high surface energies.?#2°® The adsorption of reactive site-blocking species (e.g., anions,
oxygen, and other surfactants), from solution, impedes surface-solution interactions, and can
enhance the activation energy of dissolution/corrosion, as previously observed for nickel or steel
in contact with corrosion inhibitors.?6%261 Thus, the high corrosion rate of {111} grains despite
their low surface energy can be explained by the lack of blocking layers containing adsorbed
ionic species.?®®2%° Evidence for such behavior is shown by the {111} surfaces of FCC-gold and
FCC-cobalt which have been shown to have a lower affinity to many adsorbates because of their

compact atomic arrangement and low dangling bond density.26263
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Figure 3-7: The calculated surface energy pre-factor (unitless), \/% for grains having

different orientations correlated with their: (a) active and (b) transpassive corrosion rates. The

grain orientations are given with respect to the surface normal direction.

Consistent with our observations of 316L surfaces undergoing active corrosion (Figure 3-
6a), the adsorption of chlorine ions (CI") on the {001} surfaces of FCC-platinum has been shown
to strongly inhibit surface reactivities whereas CI- adsorption was barely observed on the {111}
surfaces, which possesses high surface reactivity.?84 Other work has shown that adsorbed oxygen
on the {001} surfaces of FCC-nickel prevented its oxidation, while {111} surfaces, which were
characterized by low extents of oxygen adsorption, underwent the fastest oxidation.?¢%2 In fact,
nickel is an important constituent of 316L stainless steel that stabilizes the FCC-Fe phase at
room temperature.?%® Moreover, the anisotropic oxidation rates of Ni-based alloys follow the
same scaling as compared to the corrosion rates observed in this work,236:260265.267 gjggesting the
corrosion of 316L is kinetically analogous to the Ni oxidation process. Under conditions similar

to the transpassive corrosion of 316L in oxalic acid (see Figure 3-6b), the anodic adsorption of
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corrosion-inhibiting 268:2%° oxalate (C204%) and bioxalate (HC204) anions, has been shown to be
weaker on {111} than on the {001} and {101} surfaces of FCC-gold single crystals.?”
Therefore, the apparent activation energy of oxidation, which reflects both the direct (solute
dictated) and indirect (solution imposed) influences of surface energy, produces an energetic
scaling that follows as: AG?%013 > AG%013 > AG?{1113, consistent with the observed corrosion
rates. This in turn explains why the lower energy {111} surface corrodes somewhat faster than
the higher energy {001} and {101} surfaces which, intuitively, i.e., on account of their more

unstable nature might be expected to show faster dissolution (corrosion) kinetics.

3.4 Summary and Conclusions

This work has examined the corrosion rates of 316L stainless steel by examining
hundreds of grains which feature diverse crystallographic orientations. A 316L stainless steel
was corroded under active and tranpassive conditions, which respectively represent reactor steel
corrosion in crevices and as promoted by radiolytic products that serve as oxidants. The absolute
active and transpassive corrosion rates were quantified by measuring the surface height retreat in
conditions wherein the formation of overlying corrosion products was restricted. The grain-
specific corrosion rates decrease as the surface plane progressively deviated from the {111}
direction (i.e., with respect to the surface normal). Particularly, the corrosion rates follow the
scaling {001} < {101} < {111}, whereas surface energy, which is expected to negatively
correlate with the activation energy of corrosion and thus its rate, increased according to {111} <
{001} < {101}. The rapid oxidation of {111} planes, despite their lowest surface energy, is
postulated to be on account of minimal ion adsorption and reactive-site barrier formation on

these planes. As a result, the activation energy of corrosion of the {111} planes is lower than that
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of the {001} and {101} grains. The approach presented herein is significant in that it establishes
the mechanisms by which grain orientation affects the rate of general corrosion; on account of
effects that are imposed not simply by the solute (alloy), but also its interaction with its
surrounding solvent, and ions contained therein. Our findings highlight a microstructural linkage
to corrosion sensitivity and suggest that metallurgical processing that produces surface textures
that promote exposure of {001} planes may yield improve oxidation resistance. Moreover, the
findings indicate that the orientation dependence (mismatch) of corrosion rates of adjacent grains
indeed causes the formation of “step structures” (see Figure 3-3d), which could result in stress
concentration and localization in components subjected to mechanical loading. Not only could
the presence of step structures result in the formation of localized weak planes, but it may also
amplify local reaction rates (i.e., due to the effects of applied stress on enhancing reaction

rates,>’*2"3 and the tendency for stress-corrosion cracking (SCC) in such regions.
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Chapter 4. Atomic Dislocations and Bond-rupture Govern

Dissolution Enhancement under Acoustic Stimulation

4.1 Introduction and Background

When high-intensity (i.e., energy per unit volume) ultrasound is transmitted through a
liquid, microscale bubbles form, grow, and collapse.?’#?” 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)?’® and impart mechanical energy (up to dozens of mJ per
bubble)?’” onto adjoining surfaces and interfaces. This can damage the surfaces of immersed
solids,?"827% e.g., ship propellers and hydraulic turbines.?®® On the other hand, such energetic
perturbations offer a cost-efficient, reagent-free route to promote mineral dissolution, radical
formation while mitigating energy consumption and toxic reagent requirement,>281-283
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, to promote CO2 mineralization, for rare-earth element extraction
used as precursors for zeolite synthesis, etc.?4285 Each of these approaches is foundational to
achieve waste utilization, 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.?®®28” For example, the increase in reactivity upon sonication has often been

attributed to a “temperature effect,” which arises from the high temperature achieved within
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cavitation bubbles.® However, recent results have suggested that, even under isothermal (i.e.,
macroscopically thermostatic) conditions, the effects of sonication are substantive.'® 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.?®® Finally, the increase in dissolution
kinetics upon sonication has been postulated to be on account of improved mass transfer in
solution, especially at solid—liquid interfaces due to mixing.?®° 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.®?%® 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.® Towards this end, and building on the work of Wei
et al.,'® we offer a new theoretical framework to describe the effects of bubble cavitation on
interfacial dissolution processes. 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 non-equilibrium MD simulations.?’%2%129 |n addition, the dynamics of the collapse of
nanobubbles formed upon sonication can also be described by MD simulations.2%3:2%

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 Kkinetics. To this end, we identify the key material properties that govern the potential

for sonication to accelerate dissolution. Specifically, we show that the acoustic stimulation
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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.

4.2 Materials and Methods
4.2.1 Materials

We considered a selection of naturally occurring minerals sourced from Ward’s Science
(see Table 4-1). 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-t0-600 um. 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 Figure 4-1 and Figure 4-2, respectively.
The calcite and quartz surfaces feature an initial root mean square (RMS) roughness (Sa) of

around 5 and 10 nm, respectively.
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Table 4-1. List of the minerals considered in the study, together with their chemical

composition, mineral family, crystal system, and tracing element used for dissolution tests.

Measured
Minerals Chemical formula Mineral family | Crystal system element
Albite NaAlSi3Os Tectosilicate Triclinic Si
Anorthite CaAl2Si20s Tectosilicate Triclinic Si
Antigorite Mgs(Si205)(OH)4 Phyllosilicate Monoclinic Si
Calcite CaCOs Carbonate mineral Trigonal Ca
Dolomite CaMg(CO0:s)2 Carbonate mineral Trigonal Ca
Fluorite CaF, Halide mineral Isometric Ca
Orthoclase KAISi;Og Tectosilicate Monoclinic Si
a-Quartz SiO2 Quartz Trigonal Si
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Figure 4-1: Topography maps of as-polished calcite surfaces before dissolution reactions under
(a) non-sonicated and (b) sonicated conditions. The surfaces feature a surface roughness on the

order of 5 nm.

Quartz, Non-sonicated 0 min Quartz, Non-sonicated 0 min

() (b)

Figure 4-2: Topography maps of as-polished quartz surfaces before dissolution reactions under
(a) non-sonicated and (b) sonicated conditions. The surfaces feature a surface roughness on the

order of 10 nm.
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4.2.2 Experimental methods

4.2.2.1 Batch dissolution

Batch dissolution experiments were conducted in a manner similar to Wei et al.'® by
adding 0.1-0.5 g ground mineral samples into 100 mL of 18 MQ-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 amount of solute dissolved yields a linear
expression as a function of time. Non-sonicated dissolution analyses were conducted in
environmental chambers. Dissolution under conditions of sonication were carried out by
circulating cooling water in a water-jacketed batch reactor.® In the case of non-sonicated
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-inch
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% HNOs (v/v) for elemental analysis following filtration through a 0.2 um filter. The
elemental analysis was carried out using a Perkin ElImer Avio 200 inductively coupled plasma-
optical emission spectrometer (ICP-OES), 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 uncertainty in the dissolution rates is determined
based on two replicated experiments (which has been found to be large enough for monophasic
minerals®), which, on average, yields an uncertainty of 15% and 10% for non-sonicated and

sonicated conditions, respectively.
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4.2.2.2 Particulate analysis

The particle size distributions (PSDs) of the particulate samples were measured using a
LS13-320 Beckman Counter static light scattering analyzer based on three replicate experiments.
One gram of ground and sieved particulates for each mineral species were analyzed prior to
dissolution to obtain their particle size. The median diameter, dso, the dispersion range, and the
specific surface area (SSA) of the samples, estimated based on the assumption of spherical
particulates are presented in Table 4-2. It is noted that antigorite forms sheet-like grains upon
grinding (see Figure 4-5), 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. 4-1). Following a desired period of
dissolution, the particulates were retrieved from the reaction solution using a sieve with a 10 um
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 carbon tape and characterized using scanning

electron microscope (SEM), model Phenom G-2.
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Table 4-2. Median diameter, dso, dispersion range and specific surface area (SSA) of the

particulate-based mineral samples used in dissolution batch experiment.

Minerals dso (um) Dispersion range (um) SSA (cm?/g)
Albite 541.9 309.6 — 1255 76.3
Anorthite 583.4 309.6 — 1143 59.5
Antigorite 310.5 6.2 —-1143 652.0
Calcite 493.6 234.0 — 1255 74.6
Dolomite 560.1 282.1 -1041 78.8
Fluorite 555.7 282.1-1041 494
Orthoclase 493.6 282.1-1041 80.2
a-Quartz 373.1 234.0 — 653 59.2

4.2.2.3 Surface topography characterization

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

MATLAB® R2017b.246:2%
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4.2.3 Molecular dynamics simulations

4.2.3.1 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 forcefield. Although using a universal
interatomic potential for all the minerals would be desirable, such a forcefield 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 a-quartz,?®® fluorite,?’ calcite,?® and dolomite?®®*—wherein the
forcefield parameters can be found each relevant reference. On the other hand, we adopted the
ClayFF classical forcefield®®® for the other minerals. In both cases, Coulombic interactions are
resolved by using the particle-particle particle-mesh (PPPM) method.3® Each system comprises
about 2,000-t0-9,000 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 4-3 for more detail). 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.3™
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Figure 4-3: Simulated (a) stacking fault energy and (b) surface energy as the function of system

size. The length L refers to the initial dimensions of the simulated box.

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 forcefields. Towards this end, starting from initial crystal structures sourced from
experiments (see Table 4-3), 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 Nosé—Hoover thermostat®°23%% was used for temperature control. For all
simulations, the timestep was fixed as 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 4-4, the mineral densities calculated from the MD simulations
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agree well with experimental data. Moreover, the relative errors of the predicted lattice constants
are well below 3.5% (see Table 4-3). 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 forcefields are typically parameterized 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 forcefields in
predicting such properties, we compared the simulated surface energy obtained for quartz with
available experimental results. Available experimental data suggests that the surface energy data
of quartz range from 1.8 to 2.4 J/m2 depending on the surface orientation,*** 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,®® which is fairly close to the value
obtained herein (i.e., 1.82 J/m2). This suggests that the forcefield 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.3%® We find that the surface energy predicted by the present forcefield

(i.e., 0.48 J/m2) indeed exhibits a close match with the ab initio data (i.e., 0.47 J/m2).

4.2.3.2 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 y_surf
associated with this plane was calculated as AU/AA, where AU is the variation in the potential

energy of equilibrated structures before and after cleaving, while AA is the surface area created
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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 4-4). 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
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Figure 4-4: Comparison between the mineral densities computed from molecular dynamics

simulation and experimental values.
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Table 4-3. Lattice parameters of the minerals considered herein computed by molecular
dynamics (MD) simulations. These values are compared with reference experimental data.

Minerals a(d) [ bA) | cA) | a® | CO) | 7 Forcefield | Ref.
Exp. 8.2 12.9 7.1 935 116.5 90.3

Albite MD 8.1 12.6 7.1 95.2 117.2 90.1 ClayFF 307
Error (%) | 0.7 1.7 0.3 1.7 0.7 0.2
Exp. 8.2 12.9 14.2 93.1 115.9 91.3

Anorthite MD 8.1 12.6 | 140 | 934 6.6 90.4 ClayFF 308
Error (%) 14 2.0 14 0.3 0.6 1.0
Exp. 43.5 9.3 7.3 90.0 91.3 90.0

Antigorite MD 443 | 9.3 73 | 900 | 91.3 | 90.0 ClayFF 309
Error (%) | 1.9 1.0 0.1 0.0 0.0 0.0
EXp. 5.0 5.0 17.1 90.0 90.0 | 120.0

Calcite MD 4.9 4.0 17.1 90.0 90.1 120.0 | Buckingham | 3%
Error (%) | 0.9 0.9 0.4 0.0 0.1 0.0
Exp. 4.8 4.8 16.0 90.0 90.0 120.0

Dolomite MD 4.8 4.8 16.2 | 931 | 883 | 121.4 | Buckingham | 3!
Error (%) 0.5 1.2 1.3 3.4 1.9 1.1
Exp. 55 55 55 90.0 90.0 90.0

Fluorite MD 5.5 5.5 5.5 90.0 | 90.0 | 90.0 | Buckingham | 32
Error (%) | 0.2 0.2 0.2 0.0 0.0 0.0
Exp. 8.6 13.0 7.2 90.0 116.1 90.0

Orthoclase MD 8.5 12.8 7.2 90.0 | 116.2 | 90.0 ClayFF 33
Error (%) | 1.4 1.8 1.8 0.0 0.1 0.0

a-Quartz EXp. 4.9 4.9 5.4 90.0 | 90.0 | 120.0 ClayFF 314

87



Table 4-4. Orientations of the cleavage planes considered for each mineral and associated

surface energy values (yqurs)-

Surface 1 Surface 2 Surface 3 Surface 4
Minerals Plane Ysurf Plane Ysurf Plane Ysurf Plane Ysurf
Albite [001] 0.48+0.01 | [010] | 0.33+0.01 | [100] | 0.71+0.01
Anorthite [001] 0.93+0.02 | [010] | 0.88+0.03 | [100] | 1.14 +£0.02
Antigorite [001] 0.32+0.01 | [010] | 0.76 +0.01
Calcite [001] 147 +£0.04 | [104] | 0.65+ 0.03
Dolomite [001] 1.18 £ 0.02 | [104] | 0.78 +£0.03
Fluorite [100] 2.65+0.04 | [010] | 2.724+0.04 | [001] | 2.11+0.04 | [111] | 0.48 £ 0.01
Orthoclase [001] 1.21 +£0.03 | [010] | 0.83+0.02 | [100] | 0.85+ 0.02
a-Quartz [100] 296 +0.04 | [010] | 2.93+0.03 | [001] | 1.82 +0.02

4.2.3.3 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.3™® The computation of the stacking fault energy was performed as follows. Starting from

the equilibrated crystal structure, the structure is 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
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along the slip line with an increment of 0.1 A 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 y.iack Of the selected slip plane was
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 4-5 for more details) and identified the slip plane as 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.
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Table 4-5. Orientations of the slip planes considered for each mineral and associated stacking

fault energy values (Vstack)-

Slip plane 1 Slip plane 2 Slip plane 3 Slip plane 4
Minerals Plane Vstack Plane Vstack Plane Vstack Plane Vstack
Albite [001] | 2.51+0.00 | [010] | 10.48 + 0.00
Anorthite | [001] | 2.03 +£0.00 | [010] 5.03 £ 0.00
Antigorite | [001] | 0.79£0.00 | [010] 1.58 + 0.00
Calcite [001] | 0.94 +0.00 [104] 1.47 £ 0.00
Dolomite [001] | 0.91+0.00 | [104] 1.73 £ 0.00
Fluorite [001] | 1.55+0.00 | [010] 1.73+0.00 | [001] | 0.95+0.00 | [111] | 1.03+0.00
Orthoclase | [001] | 1.68 +£0.00 | [010] 4.58 + 0.00
a-Quartz | [001] | 7.04+0.00 | [010] | 7.59+0.00 | [001] | 4.89 + 0.00

The orientations of cleavage and slip planes that are identified herein for each mineral are

listed in Table 4-6, and the calculated surface energy and stacking fault energy of minerals

considered herein are listed in Table 4-7.
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Table 4-6. Orientations of the cleavage and slip planes that are identified herein for each

mineral. The list of the interatomic bonds crossing the planes is provided. Results are compared

to previous experimental observations whenever available.

Cleavage plane

Slip plane

This | Crossing This Previous
Minerals study bond Previous results | study | Crossingbond | results
Al-O,
Albite [010] | Al-O [010]36 [001] Na-O [001]*
_ Si-0,
Si-0,
Anorthite | [010] | AI-O [010]™° [001] | Al-O,Ca-O
Antigorite | [001] | Mg-OH [001]38 [010] Mg-OH
Calcite [104] | Ca-O [104]%%° [001] Ca-0
Ca-0,
Dolomite | [104] | Mg-O [104]3%° [001] Mg-O [001]**
Fluorite [111] | Ca-F [111]3%2 [001] Ca-F [001]*%
Si-0, Al-0,
Orthoclase | [010] Al-O | [001] or[010]*# | [001] K-O
a-Quartz [001] Si-0O [001]3% [001] Si-0
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4.2.3.4 Calculation of the average bond energy

The average bond energy, Syonq, iS calculated based on the dissociation enthalpy D° of
each bond crossing the cleavage plane as: Sponq = Y0eq x;D°, Where N is the total number of
chemical bond types on the cleavage plane, i represents the type of chemical bond, and x_i are the

fractions of each type of bond. The dissociation enthalpy D° values are obtained from Ref.3%

4.2.3.5 Calculation of the average degree of covalency

The average degree of covalency fcov Of the bonds crossing the slip plane of each mineral
is calculated as: f,,, = XN, x; exp(—0.25AE?) , where N is the total number of chemical bond
types on the slip plane, i represents the type of chemical bond, x; are fractions of each type of
bond, and AE; is the associated difference in the electronegativity of the pair of elements forming

the bond.
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Table 4-7. Surface energy and stacking fault energy computed from molecular dynamics

simulations.
Minerals Surface energy (J/m?) Stacking fault energy (J/m?)
Albite 0.33 251
Anorthite 0.88 2.03
Antigorite 0.32 0.79
Calcite 0.65 0.94
Dolomite 0.78 0.91
Fluorite 0.48 0.95
Orthoclase 0.83 1.68
a-Quartz 1.82 4.89

4.3 Results and Discussion
4.3.1 Effect of sonication on dissolution kinetics

We focused on 8 archetypical minerals (see Table 4-8)—chosen based on their
abundance in Earth’s crust®?® and so as to cover a wide range of mineral families and crystal
classes (see Table 4-1). We measured their far-from-equilibrium dissolution rates both under

sonicated (acoustically stimulated) and non-stimulated conditions (see Methods section). To
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quantify the effects of acoustic stimulation on reactivity, we ascertained the relative increase in

dissolution rate under stimulation as:

ks—ko
ko

D.(%) = X 100% (4-1)

where ks and ko 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 4-8). 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 14x increase). In line with previous observations,® this
demonstrates that the magnitude of stimulation-induced dissolution acceleration is strongly
solute-dependent. Note that, to enable meaningful comparisons: (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).'® When considered within this context, the data in Table 4-8
highlights that the dissolution amplifications produced by acoustic stimulation are not on account

of bulk heating and/or convection, as previously suggested.3?7328
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Table 4-8. Minerals studied herein along with their dissolution rates under non-sonicated and

sonicated conditions, and their relative increases in dissolution rate upon sonication. Dissolution

rates are averaged over two independent measurements.

Minerals

Non-sonicated

dissolution rate

Sonicated

dissolution rate

Relative increase

(25°C, 1 bar) in dissolution
(x10° mol/m?/s) | (x10° mol/m?/s)
Albite (NaAlSizOs) 3.80+0.42 189+20 400% =+ 86%
Anorthite (CaAl>Si2Og) 9.10 £ 0.67 224+15 150% + 22%
Antigorite (Mgs(SizOs)(OH)s) |  4.50 +0.52 60.9 + 5.8 1300% + 270%
Calcite (CaCO:s) 1950 + 190 9400 £ 680 380% =+ 65%
Dolomite (Ca,Mg(CO3)2) 256 + 49 1590 + 190 520% + 160%
Fluorite (CaF>) 491 + 28 1960 + 210 300% * 50%
Orthoclase (KAISi;Og) 451 +0.52 19.7+1.3 340% + 62%
a-Quartz (SiOy) 271.0+1.7 28.8+1.0 6.50% * 0.63%

4.3.2 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.®?® Therefore, we first examined,

superficially, the shape, size and morphology of solid particulates (i.e., around 4-6 particulates of

antigorite, calcite, and quartz, shown in Figure 4-5) prior to and following 30 min of dissolution

under conditions of acoustic stimulation; for solids which show high-, intermediate-, and low-
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sensitivity to acoustic stimulation, respectively (see Table 4-8). We observed that antigorite and
calcite particulates have small “chips” broken off, and that the edges and corners of the antigorite
and calcite particulates tended to become smoother following stimulation due to interactions with
high-velocity microjets.®*° In contrast, the quartz particles appear virtually unaffected by
sonication (see Figure 4-5). While qualitative, these observations—although coarse—are
consistent with the fact that the dissolution kinetics of quartz are broadly unaffected by acoustic

stimulation.

Antigorite

Calcite

Figure 4-5: Evidence of fracture under sonication. Polarized light microscope images of
solute particulates for antigorite, calcite, and quartz, both before and after 30 min of dissolution
under sonicated conditions. The red circles highlight that the particulates have small “chips”
broken off, and the blue circles highlight that the edges and corners of the particulates tended to

become smoother.
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The morphology changes of calcite particulate following dissolution are augmented by
scanning electron microscope (SEM). Following non-sonicated dissolution, calcite particulates
exhibit well-defined cleavage edges and planes, which are formed during sample preparation,
i.e., mechanical grinding (see Figure 4-6a). However, these edges and corners become
smoothened after dissolution under sonication (see Figure 4-6b). One the one hand, the
implosion of cavitation bubbles tends to break the calcite particulates into smaller pieces. For
example, in Figure 4-6b, the dimension of the majority of the particulates becomes lower than
300 um, wherein many particulates have a size below 50 um. The smaller sized pieces are likely
to be flaked off from the corner and/or edges of the original particulates—as shown in Figure 4-
6¢, which highlights a newly-formed sharp concave corner (red circle) of a particulate present in
Figure 4-6b (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®!. These
observations suggest that sonication-induced fracture—and resulting changes in the surface of

the particles—might impact their dissolution kinetics.
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Figure 4-6: Morphology images of calcite particulates following 30 min of dissolution under (a)
non-sonicated and (b,c) sonicated conditions, as observed by scanning electron microscope
(SEM). The corner of one particulate labeled with a red square in (b), is enlarged and shown in

(c) and exhibits smoothened edges and newly-formed sharp concave corner (red circle).
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Figure 4-7: Cumulative volume distribution of calcite particulates before and after 30 min of
dissolution under non-sonicated condition. The overlap of the two curves indicates neglectable

changes in particulate size due to dissolution reaction.
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To more quantitatively validate our visual observations, we measured the particle size
distribution (PSD) of stimulated, and non-stimulated dissolving particulates (see Methods).
First, we note that the PSD of the solute remains effectively unchanged over the time period of
non-sonicated dissolution (see Figure 4-7). For example, even for calcite (i.e., the mineral that
exhibits the fastest dissolution kinetics among the solutes considered herein, see Table 4-8), 30
min of non-sonicated dissolution reduces the size of a median particle (dso ~ 493.6 um) by at
most 0.13 um, which is negligible as compared to its pristine dimension. In contrast, as shown in
Figure 4-8a, the PSD features a considerable leftward shift upon sonication, which is indicative
of particle size reduction. For example, for calcite we note a reduction in particle diameters of
nearly 100 um (see Figure 4-8a). Based on the dissolution rate measured under sonicated
conditions (9.40 x 10® mol/m?/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 fracture results in a 20% increase in specific surface area (SSA) of calcite (see Figure 4-8a;
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 4-8 (see below). For reference, herein (20 kHz ultrasound), the collapsing
cavitation bubbles are estimated to have an average diameter of ~150 pm,*! as labelled with a
black vertical dashed line in Figure 4-8a. 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.6:331:332 |t js noted

that the shift in the PSD curve in the small particle diameter region might be underestimated, as
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the small flakes (see Figure 4-6b) cannot be completely retrieved from solution. Nevertheless, in
contrast with calcite, the PSD of quartz shows a surface area increase of only around 1% (see
Figure 4-8b), which could also be due to variations within samples. This begins to explain, 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.
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Figure 4-8: Effect of particulate fracture on dissolution enhancement. Cumulative volume
distribution of solute particulates following 30 min of dissolution under non-sonicated and
sonicated conditions for (a) calcite and (b) quartz. The vertical dashed line in (a) indicates the
estimated average size of collapsing bubbles.®*! (c) 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 (c), the data is fitted by an equation of the form: log(Dr) = -
2.27log(ysurt) + 4.50, where ysurf (J/m?) is the surface energy of the solute. The error bars

represent the standard deviation.
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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 approximately equal to the
energy needed to create new surfaces (i.e., 2 times the surface energy; ysurf).3*® For a fixed energy
provided via cavitation (i.e., 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 4-8c, 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..?%* This
indicates that, besides fracture, additional acoustic stimulation-activated mechanisms are

operative.

4.3.3 Role of localized expedited dissolution Kinetics
To further probe how sonication affects the solute’s surface, we used vertical scanning

interferometry (VSI) to examine the evolution of the surface topography of calcite and quartz
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under sonicated and non-sonicated conditions (see Methods). We first focus on calcite. As shown
in Figure 4-1, pristine calcite surfaces (i.e., before dissolution) are rather smooth—with a root
mean square (RMS) roughness that is on the order of 5 nm. After 30 min of non-sonicated
dissolution, we find that the surface roughness increases up to 10 nm. As shown in Figure 4-9a,
we observe the formation of a few deep etch pits (i.e., 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 4-9e, blue bar plot). We observe that these
distributions are largely symmetric. Importantly, we note that non-sonicated 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 non-sonicated 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 formed**>—as labeled with red

circles in Figure 4-9a.
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Figure 4-9: 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)
non-sonicated and (b) sonicated conditions. Etch pits developed under non-sonicated dissolution
are marked with red circles in panel (a). (c) Associated surface height frequency distributions,

wherein the solid lines show Gaussian fits. (d) 3D topography map and (e) surface height line
profiles of representative pits that are marked with white boxes in panel (b). The mean height in

each topography profile is normalized to be 0 nm. (f) The 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 is fitted by an equation of the
form: log(Dr) = -2.06log(yfaurr) + 6.30, where yrauit is the stacking fault energy (3/m?) for a given

solute. The error bars represent the standard deviation.

In contrast, sonicated dissolution results in the formation of a significantly higher number
of characteristic rhombohedral etch pits (see Figure 4-9b). For example, Figure 4-8c illustrates
the local topography of a typical etch pit that shows a depth of about 800 nm and a lateral (equi-
axed) width of around 5 um (see Figure 4-9d), 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 4-9b). In line with the stepwave model, these areas are formed by dissolution waves
emanating from an etch pit.}* An example of this behavior is illustrated in Figure 4-9d (Line 2),
which shows a fast-dissolving area up to 200 nm deep that is around 10x 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
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apparent from the distribution of the pixel-wise surface height (Figure 4-9¢e, orange bar plot),
which exhibits a wide, non-symmetric 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 4-10 for
more details). Overall, the notable difference in the topographies of the calcite and fluorite
surfaces—in the presence and absence of acoustic stimulation—suggests that the enhanced
propensity for pit formation largely explains the sonication-induced dissolution acceleration.
This is further confirmed by the fact that quartz does not exhibit any notable signature of pit
formation under sonication (see Figure 4-2 and Figure 4-11), which echoes that the dissolution

Kinetics of quartz are very weakly affected by sonication (Table 4-8).
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Figure 4-10: Representative topography images of fluorite surfaces (a) before dissolution and

following 1.5 h dissolution under (b) non-sonicated and (c) sonicated conditions.
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Figure 4-11: Topography maps of quartz surfaces following 30 min dissolution reactions under
(a) non-sonicated and (b) sonicated conditions. The changes in topography compared to the as-

polished surfaces are negligible.

The effect of sonication on pit formation can be understood as follows. Under sonication,
shock waves or micro-jets induced by the collapse of cavitation bubbles cause severe local
plastic deformations. It should be noted that such plastic deformations differ from the fracture
effects illustrated in Figure 4-5, since they consist of spatially-distributed atomic dislocations
rather than crack propagation. These spatially-distributed dislocations serve as initiation sites for
dislocation etching and, eventually, etch pit formation and growth.139:334 The strain energy
resulting from such irreversible deformations results in a Gibbs free energy penalty, which, in
turn, promotes local dissolution.45271:33% |n contrast to the formation of vacancy islands (i.e., pits
forming on an atomically smooth surface),*** dislocation etch pits are more likely to develop

alongside preexisting defects and result in the formation of deeper (than typical) pits; for
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instance, see the comparison of the calcite dissolving surfaces in Figure 4-9a,b.**° Based on this
mechanism, we propose that 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 on sonication-induced dissolution
acceleration, we compute using MD simulations the stacking fault energy of the minerals
considered herein (see Methods). The stacking fault energy quantitatively captures the propensity
for a mineral to form dislocations under an applied surface stress,*> 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 4-9f, we observe a strong negative correlation (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 4-9f—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 4-12 for more details). Rather, the large
dissolution enhancement exhibited by albite is on account of its low surface energy (see Figure
4-8c). This illustrates the importance of simultaneously considering the surface and stacking

fault energy to understand the effect of sonication on minerals’ reactivity.
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Figure 4-12: Representative topography images of albite surfaces (a) before dissolution and

following 1.5 h dissolution under (b) non-sonicated and (c) sonicated conditions.

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 4-13);
therefore, these properties capture two distinct contributions of the sonication-induced

enhancement in the dissolution kinetics.
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Figure 4-13: Surface energy vs. stacking fault energy values computed by molecular dynamics.
The absence of correlation between these quantities (at the exception of quartz, which
simultaneously exhibits high surface and stacking fault energy) confirms that both of these
properties capture two distinct, independent contributions to sonication-induced dissolution

enhancement.

4.3.4 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 4-14). First, the collapse of cavitation bubbles in proximity
to mineral surfaces results in shock waves or micro-jets, which locally generate high stresses on

mineral surfaces; i.e., due to the “water hammer” effect.3*¢ Due to the stochastic nature of the
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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.33"3% Here, for
simplicity, we assume for the frequency and power of acoustic stimulated applied herein (20
kHz, 30W) that the shock energy follows a Gaussian distribution (see Figure 4-15a). Since the
sonication frequency and power are fixed, the average value u and standard deviation o of the
shock energy distribution are invariant and do not depend on the solute. Note that the parameters
u and o are not easily assessed a priori and, herein, are determined a posteriori by fitting the

experimental data of sonication-induced dissolution enhancement (see below).
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Figure 4-14: An illustration of the atomistic mechanism of dissolution amplification under

acoustic stimulation.
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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
probabilities 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
Ysurf @Nd stacking fault energy ysiack, respectively (see Figure 4-15a). The probability to trigger
fracture (psrac) and dislocation (pg;s) 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:

= (e (222) w2
) w2

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 (D) resulting from the increase in surface area due to fracture

is given by:

Drfrac — D1 (% — %erf (YS;;\;Z_”)) (4—3)

where D1 is a non-dimensional 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 tend to increase minerals’ dissolution Kinetics by affecting their Gibbs free

111



energy.>¥-3*1 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 (DJis) resulting from dislocation events is proportional to the

surface density of dislocations as follows:

Ddis = p, (5 — Jerf (Lct)) (4-4)

where D2 is a non-dimensional 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 for these two
mechanisms can be expressed as:
D, = Dfrac 4 pdis (4-5)

This analytical basis yields four currently unknown parameters (i.e., D1, D2, i, and o),
wherein the parameters p and o are the average and standard deviation 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 dimensionless equivalent
of the Kelvin impulse.?’"342343 However, experimentally measured distributions of shock
energies, e.g., as shown in Figure 4-1a, strongly depend on the system and process parameters.3**
Therefore, we ascertain these four parameters (D1, D2, u, and o) by fitting Eq. (4-5) to our
experimental dissolution enhancement data (Dr) across all minerals considered using a least
squares method-i.e., by solving 8 equations, with 4 unknowns that are the same across all
minerals: D1 (3.4, unitless), D2 (9.9, unitless), u (0.86 J/m?), and o (0.063 J/m?). Note that, due to
the nonlinear nature of the error function, this fitting is carried out using the trust-region-
reflective and Monte Carlo algorithms®#°*46 to ensure that the optimization is not trapped in a

local minimum. Figure 4-15a shows the distribution of the microjet energy a posteriori inferred
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from this fitting. To assess the accuracy of this model, Figure 4-15b shows the comparison
between the sonication-induced increase in dissolution rates estimated by Eq. (4-5) and the
experimental values presented in Table 4-8. In general, we observe excellent agreement between
predicted and experimental values—with a coefficient of determination R? of 0.993. This
supports the ability of our model to offer a realistic description of sonication-induced dissolution
enhancement.

Also shown, in Figure 4-15c, 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 of 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
4-15c¢, 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 (u) 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 4-15c¢). 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 4-15c). 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 enhancement is

simultaneously governed by fracture and dislocation events (“mixed region” in Figure 4-15c).
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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

4-15c). 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 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 4-15c) 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 2"-order features of minerals that may affect their

dissolution rates, e.g., point defects, chemical impurities, porosity, etc.
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Figure 4-15: Combined effects of bond breaking and dislocation on dissolution enhancement.
(a) The probability distribution of the microjet energy resulting from the collapse of cavitation
bubbles, as inferred from Eq. (4-5). The red vertical line indicates the surface or stacking fault
energy for a given solute, which is a 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 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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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 4-16a, 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
4-16b). 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 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 and stacking fault energy (which are used as inputs for the present

model) simultaneously capture the effects of interatomic bonds and crystalline structure.
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Figure 4-16: Relative dissolution increase upon sonication as a function of (a) the average bond
energy over the cleavage surface and (b) the average degree of covalency of the bonds over the

slip plane of each mineral.

4.4 Summary and 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 explains 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
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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 forcefield 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. However, its cost and energy
efficiency 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 most effective.
For instance, minerals characterized with high surface energy and stacking fault energy are only
very weakly affected by sonication—which limits the use 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 non-thermostated systems). As such, sonication offers a promising
route to stimulate reactivity in a cost- and energy-efficient manner.3*” 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
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in temperature, #8349 which, in turn, would increase the efficiency of sonication (i.e., even for
minerals that are largely insensitive to sonication at room temperature). 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. 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 CO2.3%° Finally, sonication offers a
promising pathway to accelerate the dissolution of industrial waste by-products (e.qg., fly ash or
slag), which could facilitate their recycling and beneficial use—which is key to create a

meaningful circular economy for industrial waste.
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Chapter 5. Additive-free dissolution enhancement of industrial

alkaline wastes using acoustic stimulation

5.1 Introduction and Background

Industrial wastes, such as slags and fly ash (FA), are potent sources of oxides of silicon
(Si) and light metals, such as sodium, potassium, calcium, magnesium, and aluminum. These
wastes are produced in large volumes annually, estimated at 130 Mt of slag®* and 750 Mt of
FA,352 globally. If they could be readily solubilized (“dissolved”) at sub-boiling temperatures and
ambient pressures into aqueous solution, they could serve as feedstocks for applications
including Ca-extraction for CO2 mineralization, Si-recovery for fertilizer production, etc.'?*
Most studies thus far, however, have typically sought to improve elemental extraction from such
wastes using additives such as acetic acid (CH3COOH), ammonium acetate (CH3COONHa4), and
ammonium chloride (NH4Cl).253%* Because these additives are produced in substantially inferior
quantities as compared to the volume of waste produced, as well as their high costs (e.g., $1,000
per ton for CHsCOONH4 and $8,000 per ton for NH4CI),3%3% and the substantial carbon
intensity associated with their production, it has remained infeasible, practically, to beneficially
utilize or otherwise valorize these wastes as raw materials in the production of other materials
even wherein the additive could be fractionally recovered and reused in elemental extractions.®
An additional challenge associated with industrial wastes is their highly heterogeneous manner
of dissolution. In other words, since their dissolution is typically incongruent; some elements are
liberated in larger quantities, while others are released in much more modest quantities (e.g., Ca

is often released much more abundantly than Si or AI*S"-3%). For this reason, while Ca-extraction
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is often a topic of interest, fewer works have examined the extractions of species such as Si or
Al

Beyond additive-based methods (e.g., using mineral acids, or lixiviants),>3% the
reactivity (i.e., agueous dissolution rate) of a solute can be increased by: (a) stirring (i.e.,
convective mixing) which enhances ion transport (e.g., away from the dissolving surface, into
bulk solution) in solution, (b) grinding the solute into increasingly finer particles to increase the
interfacial surface area (i.e., at the solute-solvent interface) available for dissolution, and (c)
heating the solute-solvent system given the strong dependence of chemical reaction rates on the
temperature. While indeed capable of affecting dissolution rates, these interventions imply
significant (unsustainable) energy expenditure that makes them unviable in practical industrial
applications. Recently, acoustic stimulation has been shown to be effective at greatly enhancing
the dissolution rates of inorganic minerals (e.g. calcite dissolution rate was enhanced 11x)¢ and
glassesl®¥43% (¢ o obsidian’s dissolution rate was enhanced 2.7x).18 This has been attributed to
the ability of acoustic energy to: 1) induce solute fracture, 2) activate dislocations on the solute’s
surface, and 3) reduce the activation energy of the dissolution reaction. While the mechanisms of
dissolution enhancement by sonication have been clarified, the energy intensity of acoustic
stimulation — as an approach for enhancing dissolution and elemental extractions — has not been
ascertained.

Herein, we examine the potential for dissolution activation of four industrial wastes: air-
cooled blast furnace slag (ACBFS), stainless steel slag (SSS), a Ca-poor Class F fly ash, and a
Ca-rich Class C fly ash in deionized (DI) water. We examine the effectiveness of different
methods, e.g., grinding of the particulates, convective mixing of the solution, heating of the

solute-solvent system and acoustic stimulation, to enhance dissolution kinetics. Special focus is
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paid to elaborate the pathway by which dissolution is enhanced (e.g., increase of surface area in
the case of grinding) and to quantify the amount of energy that is expended to obtain target Si
concentrations via different dissolution activations. The outcomes of this work have implications
on identifying optimal process pathways to enable waste utilization, as feedstocks, in practical

industrial operations.

5.2 Materials and Methods

5.2.1 Materials and sample preparation

The slags and fly ashes were sourced from TMS International, and Boral Resources,
respectively. The chemical composition of the alkaline solids (represented as simple oxides) is

given in Table 5-1.
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Table 5-1. The chemical composition (in mass %) of the air-cooled blast furnace slag (ACBFS),
Class F fly ash (FA), stainless steel slag (SSS) and Class C fly ash (FA) tested in this study, with

undetected components (i.e., <0.1 mass %) indicated by ‘-°.

ACBFS Class F FA SSS Class C FA
SiO; 32.7 50.7 26.3 39.5
CaOo 36.8 2.2 48.7 18.1
Al,O3 8.8 23.4 1.5 17.4
Fe.03 4.9 16.7 5.9 6.8
MgO 9.2 1.0 7.3 9.1
Na,O - 15 - 2.0
K20 - 2.6 - 0.5
Cr203 2.0 - 4.0 -
MnO 0.5 - 1.2 -
TiO, - 1.2 - 1.7
SrO - 0.1 - 0.6
BaO - - - 0.9
P.Os - 0.1 - 1.0
SO3 2.7 0.5 0.3 25
Others 24 0.0 4.8 0.0
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The mineralogy of the waste species was determined by X-ray diffraction (XRD). The
crystalline ACBFS was composed of melilite ((Ca,Na)2(Al,Mg,Fe?")[(Al,Si)SiO7], sorosilicate)
in the forms of akermanite (Ca2Mg[Si20O7]) and gehlenite (Ca2Al[AISiO7]). The stainless steel
slag primarily contained calcium carbonate and calcium silicates including larnite (Ca2SiOs) and
cuspidine (CasF2SiO7), The fly ashes, following a pre-wash (explained below), were comprised
primarily of amorphous aluminosilicates (for Class F FA) and calcium aluminosilicate (for Class
C FA) glasses. Furthermore, crystalline quartz (SiO2), mullite (3[Al203]2[SiOz],
2[Al203][SiO2]), and magnetite (FesO4) were observed in the XRD patterns of both FAs.

The slag samples were dried in an oven at 45 °C for 72 h and then ground in a ball mill
(at 4000 rpm) for 20-60 min. The ACBFS particulates were then sieved in series into four
particle size fractions: (1) 300-600 pum, (2) 180-300 pum, (3) 53-180 pum, and (4) <53 pum. The
cumulative particle distributions for the slag samples, prepared in this manner, and measured
using a LS13-320 Beckman Coulter static light scattering analyzer, are shown in Figure 5-1. The
median diameter, dso, the 80"-percentile particle diameter, dso, and BET surface area of the slag
particles for each particle size fraction measured using nitrogen (N2) adsorption (Micrometrics
ASAP 2020 Plus I system) are summarized in Table 5-2. Initially, the FAs were washed (in
deionized water, at a solid-to-liquid (s/l) ratio of 1:1000 [mass basis], while being shaken at 200
rpm, 50 °C, 50 min) prior to the dissolution experiments to remove readily-soluble components
(e.g., CaO: free lime). Both washed FAs exhibited small native particle sizes (<20 pm) and thus

were examined as received.
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Figure 5-1: Cumulative particle size distribution of the air-cooled blast furnace slag (ACBFS)

samples with four size fractions.

Table 5-2. dso, dso of the slag fractions estimated from the particle size distributions and BET

surface area measured by nitrogen (N2) adsorption

Particle size fraction BET Surface area
dso (M) dgo (M)
(Mm) (m?/g)
<53 18.9 36.3 75
53-180 101.1 146.8 6.8
180-300 241.6 309.6 6.7
300-600 449.7 594.8 4.3
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5.2.2 Batch dissolution experiments

Batch dissolution experiments involved reacting 0.1 g, 0.2 g, 1.0 g, 2.0 g, or 10.0 g of the
particulate solids with 100 mL of 18 MQ-cm deionized water in a 250 mL beaker; yielding solid-
to-liquid ratios (s/l; mass basis) of 1:1000, 1:500, 1:100, 1:50 and 1:10. The (acoustic)
stimulation-free dissolution experiments were carried out in a jacketed beaker using water as the
thermal fluid to maintain isothermal conditions at 25 + 0.2 °C, 35 + 0.5°C, 50 + 0.5°C, or 60 +
1.0 °C, in a static or stirred (1.0 inch magnetic stir bar, 350 rpm) environment. Under
acoustically stimulated conditions, a horn type ultrasonic system (Fisher Scientific 505 Sonic
Dismembrator; 500 W; 1/2-inch tip diameter) was immersed into the DI water within the
jacketed beaker to induce dissolution enhancement. The stimulated reaction temperature was
maintained at the same isothermal conditions as in the stirred experiments (25 £ 0.5 °C, 35 £
0.5°C, 50 £ 1.0°C, or 60 % 1.0 °C) by circulating cooling water through the jacket. In general,
dissolution was monitored for no more than 3 h. Aliquots were taken from the solution (1.0 mL)
at designated time intervals and then filtered through 0.2 um filters for analysis of total dissolved
Si concentrations. Si was used to assess dissolution as it forms the dominant network-forming
species in these solutes (i.e., the presence of Si in solution indicates solutal-network rupture).
Elemental analysis was carried out using a Perkin EImer Avio 200 inductively coupled plasma
optical emission spectrometer (ICP-OES), with calibration standards prepared from more

concentrated (1000 ppm) standards (Inorganic Ventures).
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5.3 Energy intensity

The energy analysis for each dissolution activation method considers the net quantity of
energy delivered into the system, i.e., solute and water. In other words, we do not consider the
inefficiency that is associated with a specific method (e.g., the combustion of fuel to generate
heat and/or electricity). For consistency, we apply this energy analysis to a liquid-reaction
volume of 100 mL (i.e., representing the size of the dissolution reactor), although the findings

may be scaled to larger reactor sizes and reaction volumes.

5.3.1 Grinding (surface area enhancement)
The energy needed for mechanical grinding of mineral particulates can be generally

described using the Bond Work Index:

_ . i _

where, W; is the work index, and F80 and P80 are the 80% passing sizes of the feed and product
particles.® The work index for slag is estimated as 15 kWh/t.*" Here, F80 is taken as 1.0 cm,
i.e., the estimated size of slag particles as received. We do not consider any grinding energy for
the fly ash particulates since, as received, they present a median diameter, dso ~ 2.50 for the
Class F fly ash. While Eq. 5-1 is not truly applicable for particle sizes smaller than 100 pm, 368369
we make no attempt to offer a correction since grinding, generally, is not as effective at
enhancing dissolution as the other methods as is elaborated below and grinding energy is around

3 orders of magnitudes lower than energy intensities of heating and sonication.
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5.3.2 Convective mixing
The energy input for mechanical stirring of a solution (i.e., a solute-solvent mixture) can
be estimated using a Reynolds number, Re, induced by a given impeller as:

Re = NL?p/u (5-2)
where, N is the number of rotations per second, L is the impeller length (m), and p and p are the
density (kg/m®) and dynamic viscosity of the solution (taken as water, given the low s/I¥7%)
(Pa-s).%"* The viscosity is temperature-dependent whereas N was fixed at 350 rpm and L was
fixed at 2.54 cm. The calculated Reynolds number indicates that flow was near-turbulent (Re =
4000) or fully turbulent (up to Re = 10°) across all temperatures.®’*3"2 Thus, the power (Pmixing)
was calculated from the turbulent mixing power equation:

Prixing = NppN3L? (5-3)
where, N, is the power number which has a value of 2.0 in the turbulent region for paddle-type
stirrers.3"! At a stirring speed of 350 rpm and a temperature of 25 °C, the power required to mix
100 mL of water is 2.14x10° W. The density of water varies ~1% across the temperature range

studied, and thus the mixing power was considered to be independent of temperature.

5.3.3 Heating

The energy required to heat a solute-solvent mixture, E;, encompasses: (a) the heat
required to raise the temperature of the reactants (water and slag) to the desired temperature, Q,
and (b) the energy required to maintain isothermal conditions (estimated from the heat loss to the
surroundings from the reactor surface) during the reaction, Q.. The first component was not

considered, as this value was unchanged whether or not acoustic stimulation was applied, and
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thus cancels out during energy comparison (see Figure 5-9). The second contribution in the
unstimulated case can be determined using Eq. 5-4:

Qc=h-A"(Tar —T) (5-4)
where Q, is the heat loss per unit time, h is the convective heat transfer coefficient, taken as 20
W/(m?-K),3337 4 is the surface area of the system that is open to the atmosphere (taken as 132.7
cm?, the area of the top opening of the jacketed beaker, assuming no heat losses through the
thermal fluid over the course of reaction), and T,;, is estimated as 25 °C. As Q. is a rate, its

cumulative value depends on the reaction time.

5.3.4 Acoustic stimulation

Acoustic energy was transmitted into the aqueous solution through the high-frequency
vibrations transmitted into the solution by the ultrasonic horn tip.3”® The ultrasonic power, Py,
and its accumulated energy over time were output by the signal generator. As energy was
constantly withdrawn from the reactor — to maintain macroscopically isothermal conditions — by
the cooling water the net consumed power was calculated by Eg. 5-5:

P=P,—P (5-5)

where, Pc is the rate at which heat is transferred into the cooling water to maintain isothermal
conditions, and thus it is equivalent to the rate at which the aqueous solution is heated by

acoustic energy at a given temperature, i.e., the calorimetric power,*’®3" as given by:

aTr
P = (E) * Cwater " Mwater (5-6)
In Eq. 5-6, dT is the increase in temperature over an infinitesimally small time period dt by
sonication without isothermal control, and ¢, 4z (4.18 J/g.K) and m,,, 4z (100 Q) are the heat

capacity and mass of water, respectively. The contribution of the solute to Pc was neglected
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because the solute represented at most 9 mass % of the system, and the heat capacities of the
solutes were less than one-fifth that of water.3’83"° The slope, dT/dt, at each temperature was
determined from the slope of a temperature vs. time curve during the sonication of DI water in
the same reactor without temperature regulation. The calorimetric power reflects the combined
effects of sonication and convective heat loss. At low solid-to-liquid ratios as for the systems
studied herein, the majority of calorimetric power was consumed to maintain isothermal

conditions rather than to induce dissolution activation.

5.4 Results and Discussion
5.4.1 Si dissolution Kinetics of air-cooled blast furnace slag

Batch-scale dissolution of all four alkaline wastes deviated from linear kinetics (i.e., far-
from-equilibrium dissolution with a first order rate expression) within 10 min of reaction, and
showed a temporal-decrease in the rate of Si release into solution (e.g., see representative curves
shown in Figure 5-2). For longer term dissolution experiments, i.e. up to 3 h, of the crystalline
ACBFS and Class F FA, the concentration of dissolved Si (C) from ACBFS and Class F FA was
found to increase linearly with the square root of time, sometimes referred to as parabolic
kinetics for silicate dissolution.38 Thus, the apparent Si dissolution kinetics were modeled by Eq.
5-7:

C=a-t (5-7)

where, a is the apparent rate constant of Si release into the aqueous solution.
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Figure 5-2: Representative silicon release over time from (a) air-cooled blast furnace slag

(ACBFS), and (b) Class F fly ash (FA), (c) stainless steel slag (SSS), and (d) Class C fly ash

(FA) under stirred and sonicated conditions. The curves show that Si release rate decreases over

time, exhibiting non-linear dissolution kinetics.
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Figure 5-3: Representative parabolic plots of dissolved silicon concentration from (a) air-cooled
blast furnace slag (ACBFS) at 25 °C with 300-600 um slag particle fraction at solid-to-liquid
ratio of 1:100 under static, stirred and sonicated conditions, and (b) Class F fly ash (FA) at 35 °C
at solid-to-liquid ratio of 1:100 under stirred and sonicated conditions. The solid lines represent

the best linear fittings of the parabolic plots.

Figure 5-3 shows representative parabolic plots for the evolution of silicon concentration
in solution over time for dissolving ACBFS and Class F FA particles under static, stirred, and
sonicated conditions. The linear fitting to the parabolic plots reveals the parabolic rate, in
mM/sY2. It is noted that parabolic kinetics held for the long-term dissolution of ACBFS at 25 °C
under static conditions for up to 7 days (see Figure 5-4). The apparent rate constants, a, for Si
release from ACBFS at all tested conditions are listed in Table 5-3. Parabolic dissolution
behavior has been extensively reported for silicates such as feldspar, serpentine, and
olivine. 33380384 |t js generally claimed that ion diffusion within the minerals leads to the
parabolic behavior for cation extraction.t33383 Holdren et al. (1982) further demonstrated that the

apparent parabolic release of silicon could result from the precipitation reactions occurring
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concurrently with the dissolution reaction.3 It is, therefore, noted that the parabolic coefficient

in Eqg. 5-7, a, obtained herein refers to the apparent release rate of Si into the solution.
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Figure 5-4: Representative parabolic plot of dissolved silicon concentration from ACFBS at

25 °C with <53 um slag particle fraction at solid-to-liquid ratio of 1:100 under static condition

for up to 7 days. The solid line indicates best linear fittings of the parabolic plot.
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Table 5-3: The apparent rate constant, a (mM/s*?), of Si dissolution from air-cooled blast

furnace slag (ACBFS) at all tested conditions.

Table 5-3a. The apparent rate constant, a (mM/s*?), of Si dissolution from the 300-600 pum
particles of ACBFS with varied solid-to-liquid ratios (s/l) at 25 °C under static and stirred

conditions.
s/l 1:500 1:100 1:50 1:10
Static 1.19E-04 2.26E-04 2.32E-04 2.37E-04
Stirred 2.95E-04 4 59E-04 7.98E-04 9.54E-04

Table 5-3b. The apparent rate constant, a (mM/s'?), of Si dissolution from ACBFS of varied
median particle diameters, dso, with a solid-to-liquid ratio (s/l) of 1:100 at 25 °C under static and
stirred conditions.

dso (M) 449.7 241.6 101.1 18.9
Static 2.26E-04 2.33E-04 2.97E-04 4.49E-04
Stirred 4.59E-04 6.56E-04 6.99E-04 8.61E-04

Table 5-3c.The apparent rate constant, a (mM/s*?), of Si dissolution from the 300-600 um
particle fraction of ACBFS with a solid-to-liquid ratio (s/l) of 1:100 at varied temperatures under

static, stirred and sonicated conditions.

Temperature (°C) 25.0 35.0 50.0 60.0
Static 2.26E-04 3.06E-04 7.77E-04 1.34E-03
Stirred 4.59E-04 7.45E-04 1.57E-03 2.20E-03
Sonicated 9.87E-04 1.44E-03 2.07E-03 2.69E-03
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5.4.2 Rate enhancement by mixing, grinding, heating and ultrasonication

Mechanical mixing, grinding the solute into finer particle sizes, and heating the reactants
are common methods to expedite the accumulation of dissolved species in solution. These
methods function by: facilitating mass transport, increasing the contact area between solute and
solvent, and promoting surface reactions, respectively.'3":38538 ACBFS was the sole solute
considered in this context as its particle size can be altered and a rate constant easily modeled
using parabolic kinetics. The parabolic kinetics equation (Eq.5- 7) was found to apply to the
evolution of silicon from ACBFS at all tested conditions. Therefore, the effectiveness of the four
dissolution accelerating methods was evaluated using a so-called rate enhancement factor (fe),

which is calculated as:

fo== (5-8)

ao
where, a and ao are the apparent rates (i.e., slopes of concentration versus square root of time
curves) at a given condition and at the baseline condition (i.e, static, 25 °C, s/l = 1:100, for 300-
600 um particles), respectively. The rate enhancement factors of Si release from ACBFS slag
upon varying the solid-to-liquid ratio (s/l), mechanical mixing, grinding, heating, and acoustic

activation are shown in Figure 5-5.
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Figure 5-5: Rate enhancement factors for air-cooled blast furnace slag (ACBFS) dissolution by
(a) varying solid-to-liquid ratio (s/l), (b) grinding the slag into smaller particles (i.e. increasing
BET surface area), (c) heating the reactants, and (d) sonicating the solution. The solid lines

represent the best fittings of the data using a linear equation of Y =a *X + b.

Under static conditions, the rate of dissolution was effectively insensitive to the effects of
grinding and changing the solid-to-liquid ratio (Figure 5-5a,b, black curves). Specifically, in
Figure 5-5a, no dissolution enhancement was observed as the solid-to-liquid ratio decreased from
1:100 to 1:50 and 1:10. Unsurprisingly, solutal saturation occurred rapidly near the particle
surface in unstirred systems, as a result of which increasing the s/l was only marginally effective
in increasing the dissolution rate; a common-issue for surface-limited dissolution. For example,
the apparent rate enhancement was only around 1.31 and 1.42 when the median particle size
decreased from 449.7 to 101.1 and 18.9 um, i.e., BET surface area increased from 4.3 to 6.8 and
7.5 m?/g as shown in Figure 5-5b. Two concurrent processes were suggested to produce the
small enhancement under static conditions: slag agglomeration and precipitation of reaction
products.®8387 First, agglomeration — which increased with decreasing particle size —

significantly reduced the effective surface area as the solute particles clumped together.
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Expectedly, the agglomeration effect was found to be less notable at lower solute particle
populations, at lower solid-to-liquid ratio (s/l = 0.002) or with larger particle size (>300 um).
Second, compromised mass transport in solution due to lack of agitation resulted in the
accumulation of dissolved ions near particle surfaces, which favored the formation of secondary
precipitates.38°3% Such precipitation that is evidenced by the decrease of aluminum
concentration after 20 min of reaction (representative curve in Figure 5-6), withdraws dissolved
silicon (along with other solubilized cations) from aqueous solution so that the accumulated Si in
solution does not rise as expected when increasing the solid-to-liquid ratio or dissolving slag
with finer grains. The precipitates in the vicinity of dissolving particles, form upon and mask
reacting surfaces, which decelerates the further release of Si into solution. However, agitation of
the water-slag mixture drastically reduced agglomeration and surface coverage, precipitation,
and resulted in a dissolution enhancement of 4.2 times for s/l of 1:10 (Figure 5-5a, blue curve)
and of 3.8 with particle size <53 um (Figure 5-5b, blue curve). Expectedly, and given the
activation energy of slag dissolution, Figure 5-5¢ shows that substantially greater rate
enhancements were achieved at elevated temperatures, e.g., 6.0 times and 9.7 times at 60 °C
under static and stirred conditions, respectively. This is because heating leads to expedited Si
dissolution by increasing the surface reaction rate and by raising the solubility of SiO2,% and
thus the undersaturation that can be sustained prior to the onset of precipitation. As such, while
both agitation and grinding can accelerate the release of Si from slag (i.e., as compared to
static/unstirred cases) by reducing mass transport limitations and by exposing reactive surfaces,
respectively, heating provides the greatest extent of rate enhancement because of the exponential

dependence of reaction rates on temperature.
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Figure 5-6: Representative aluminum release over time from air-cooled blast furnace slag

(ACBFS) at 25 °C with 300-600 um slag particle fraction at solid-to-liquid ratio of 1:100 under

stirred condition for up to 2h.

Acoustic stimulation produces chemical and physical effects through cavitation and can
greatly expedite dissolution processes®® by reducing activation barriers associated with
reactions.® In the case of slag dissolution, the bubble cavitation is thought to dislodge the porous
silica layer which forms on the solute surface, and thus enhances elemental extraction from
slag.®®! Herein, isothermal slag dissolution was carried out at temperatures from 25 to 60 °C (i.e.,

to match Figure 5-5c¢) for a fixed vibration amplitude, i.c., 60 um, of the horn tip. The rate
enhancement of Si-dissolution by sonication as a function of temperature was shown in Figure 5-
5d. At room temperature, the rate enhancement induced by acoustic stimulation was prominent
compared to stirring, i.e., 4.4 times vs. 2.0 times, respectively. As the temperature increased, the
rate enhancement by sonication also increased, owing to the (additional) effect of thermal

activation, but with a slope slightly inferior to that of heating under stirred conditions (Figure 5-
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5c¢, blue curve). This suggests a reduction in cavitation effects with increasing temperature. At
the highest temperature tested in this study, i.e., 60 °C, the rate enhancement of ACBFS
dissolution by ultrasonication, 11.9 times, was however substantively higher than that of heating
and stirring, 9.7 times, demonstrating the advantage of acoustic stimulation across all conditions
considered. It should be noted that the reduction in cavitation effect with temperature, as
observed elsewhere,3%2-3% js thought to be caused by the increased vapor pressure (i.e. higher
vapor pressure within cavitation bubbles, leading to lower energy release upon bubble collapse)
and the reduction in the amount of dissolved air (in water).3%23% Taken together, these effects
lead to reduction of the cavitation energy, and the number of cavitation events per unit volume,
as a result of which the ultrasonication power, Pu (Eq. 5-5), decreased from 40.7 W to 34.0 W

when temperature increased from 25 °C to 60 °C (see Figure 5-7a).377:392:3%
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Figure 5-7: (a) Breakdown of power consumption as a function of operation temperature for
ultrasonication, as given by Eg. 5-5 and Eq. 5-6. (b) Comparison of power consumption as a
function of operation for sonicated and stirred dissolution, as given by Eq.5-4 and Eq.5-5. The
operation power is equivalent to process 100 mL of solution. In (a), the ultrasonication power is
the total amount transmitted into the liquid from the ultrasonic probe; and the dissipation power
is the heat withdrawn by the cooling agent to maintain the isothermal reaction. The net

consumption power is the difference between the ultrasonication power and the dissipation.

To understand the kinetic origin of rate enhancement by acoustic stimulation, the
activation energy, Ea, was quantified (see Figures 5-8) using the apparent parabolic rates, a (Eq.
5-7), for Si release under static, stirred and sonicated conditions. Without sonication, the Ea of
ACBFS dissolution under static and stirred conditions, respectively, were similar: 41.5 + 0.51
and 37.6 = 0.16 kJ/mol (see Figures 5-8a). Thus, and expectedly, mechanical agitation did not

change the kinetic mechanism of Si release from ACBFS, or fly ash (not shown). Upon
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sonication, the apparent activation energy of Si release decreased to 23.1 kJ/mol for ACBFS

(AEa =-14.5 kJ/mol). For Class F fly ash, a similar, albeit smaller, decrease in the apparent

activation energy was observed between stirred and sonicated dissolution, from 47.4 kJ/mol to

39.9 kJ/mol (AEa = -7.5 kJ/mol). The decrease in the activation energy indicates a lower-energy-

barrier pathway for Si release when exposed to acoustic stimulation.*® In a previous study of the

acoustically-accelerated Grignard reaction, the reduction of the apparent activation energy was

attributed to mechanical activation, i.e., creation of activated dislocations, by the action of the

liquid microjets.¥” Such effects, i.e., fracture and dislocation generation, have been

systematically investigated recently.3%®
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Figure 5-8: Representative Arrhenius plots of parabolic rate vs. inverse temperature to

determine the activation energy of static, stirred, and sonicated dissolution for: (a) air-cooled

blast furnace slag (ACBFS) and (b) Class F fly ash (FA). The solid lines represent the best-fit to

the data and the shadowed regions in (a) indicate the 95% confidence interval.



5.4.3 Energy intensity reductions

The reduction in the energy barrier for Si-release upon sonication leads to higher rate
enhancements as compared to other methods of dissolution activation (see Figure 5-5). This
suggests, perhaps, the most efficient energy usage per unit of dissolution enhancement. Thus, the
rate enhancement of Si release was compared against the power requirements for a single s/I,
across a range of isothermal temperatures, as shown in Figure 5-9a. At temperatures higher than
25 °C, stirring requires energy additions to compensate for heat loss, given by Eq. 5-4, while the
mixing power is around 3 orders of magnitude smaller. At 35, 50 and 60 °C, the power
requirements for sonicated dissolution (given by Eq. 5-5) are similar to those for stirred
dissolution (Figure 5-9a and Figure 5-7b), which suggests that a majority of the ultrasonic power
input compensates for convective heat losses. In spite of this, sonication was able to produce
higher apparent rate enhancement values for Si-release compared to stirring for the same power

input in temperature range of 25 to 60 °C.

Figures 5-9b,c show the processing energy as a function of the amount of dissolved Si
into water for the ACBFS and Class F FA, respectively, for both stirred and sonicated dissolution
at 35, 50 and 60 °C. The processing energy was found to increase with the target Si
concentration while decrease with the reaction temperature. This is because the kinetics of Si
dissolution at higher temperatures was rapid enough to offset the increase in the power
requirement with the reaction (Eg. 5-4, Figure 5-9a), leading to an overall energy reduction.
Increasing temperature more substantively reduced the processing energy demand in the case of
stirred dissolution than sonicated dissolution, as seen by the separation in the blue and red curves

in Figure 5-9b. This is in agreement with the results in Figure 5-5¢,d in which the relative
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enhancement of sonication as compared to stirring decreased with increasing temperature.
Nevertheless, the processing energy for sonicated dissolution was lower than and no higher than
stirred dissolution within the tested temperature range (see shadowed regions, Figure 5-9b,c).
This energy saving stems from the higher rate enhancement rendered by sonication, i.e.,
shortened reaction time, which is consistent with the observations in Figure 5-9a. The relative

energy saving for ultrasonic processing was calculated as:

Relative energy saving (%) = ES“”?_ESO"““W X 100% (5-9)
Stirred

where Estirred aNnd Esonicated are the processing energies required to dissolve a given amount of Si
under stirred and sonicated conditions, respectively. For parabolic kinetics, the relative energy

saving at a given temperature for a solute is given by:

Relative energy saving (%) = (1 — ZSenicated , (_Istirred )2y » 1000, (5-10)

Pstirred ASonicated

where Pstirred aNd Psonicated are the net consumed power by stirred and sonicated dissolutions and
astirred and asonicated Parabolic rate constants (Eq. 7) of sonicated and stirred dissolution at a given
temperature. The relative energy savings of ultrasonic processing for ACBFS and Class F
dissolution across temperatures are summarized in Table 5-4. The relative energy saving for
ACBFS dissolution spanned from 65% to 28% as the temperature increased from 35 to 60 °C
(Figure 5-9d), and are substantially lower for the Ca-poor Class F FA, varying from 28.5% at
35 °C to ~0% at 60 °C (Figure 5-9d). The rate of Si release from Ca-poor FA was an order of
magnitude greater than for ACBFS (Figure 5-9b,c), suggesting that sonication showed a greater
energy savings for a solute with a lower unstimulated dissolution rate; i.e., which has a lower

intrinsic reactivity.
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Figure 5-9: (a) The power supplied during reaction as a function of temperature for stirred and
sonicated conditions as given by Eq. 5-4 and Eq. 5-5, respectively. Processing energy as a
function of the concentration of dissolved Si in solution for both sonicated dissolution and stirred
dissolution at 35, 50 and 60°C for (b) air-cooled blast furnace slag (ACBFS) and (c) Class F fly
ash (FA). (d) The relative energy saving as a function of the ratio of the thermodynamic burden

AES/RT. The values of A4Fa in (d) were obtained from Figure 5-8.
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Table 5-4. The relative energy saving of ultrasonic processing for dissolving Si from air-cooled

blast furnace slag (ACBFS) and Class F fly ash (FA) across different isothermal temperatures.

35°C 50 °C 60 °C
ACBFS 65.2% 39.5% 27.8%
Class F FA 28.5% 9.6 0%

The relative energy saving values were found to strongly correlate with the reduction in
activation energy. For example, 4Ea/RT was plotted against the relative energy saving in Figure
5-9d, where AFEa is the activation energy reduction, i.e., 14.5 kJ/mol for ACBFS and 7.5 kJ/mol
for Class F FA (see Figure 5-8a,b). The reduction in the activation energy of Si release was
solely induced by acoustic stimulation, and RT was indicative of the thermal effect on the rate
enhancement. The positive trends in Figure 5-9d, for each solute, suggest that the relative
significance of the two effects governs the energy saving. The energy required for the surface
dissolution reaction, i.e., heat of reaction, was several orders of magnitude lower than the energy
provided to the system, and thus the energy saving in this system was not directly caused by the
lower activation energy. In determining the activation energy from isothermal reaction data, the
(logarithm of) reaction time may be used as a proxy for reaction rate.3*® As such, a reduction in
activation energy corresponds to a proportional reduction in reaction time, which corresponds to
reduction in energy delivered to the system. Nevertheless, in comparing ACBFS and Class F FA
dissolution, the variation in the 4Ea/RT value is due to the difference in activation energy
reduction, as the thermal contribution of T is the same between the solutes (shown by arrows in
Figure 5-9d). Therefore, the higher energy saving for ACBFS as compared to Class F FA (Table
5-4), is a result of the more significant reduction in energy barrier induced by sonication for the
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dissolution reaction, which is in turn due to the mineralogical differences between the two

species.

5.3.4 Towards the application of acoustic stimulation in industrial waste dissolution

This study has demonstrated the ability of acoustic stimulation to enhance Si (and other
element) dissolution from alkaline wastes. However, further questions remain:

(1) Process conditions — The influence of reaction temperature on processing energy is
shown in Figure 5-9b,c. By coupling slag grinding (three orders of magnitude lower energy
contribution than sonication) or increased s/l with stirring and sonication, the processing energies
for sonicated dissolution and stirred dissolution are both further reduced (see Figure 5-10). The
resultant relative energy saving for ultrasonic processing was increased to 80.5% (Figure 5-11a)
for the smallest particle size (<53 um) and the highest s/l (1:10) studied. The grinding energy
(67.6 J for s/1I=100, 100 ml water) is three orders of magnitude lower than the energy required to
heat or sonicate a system (e.g., 3.0x10° J for sonicating 100 mL solution at 50 °C for 30 min),
while increasing the s/l requires no energetic input. Thus, these low-energy sample preparation
techniques, while leading to minimal rate enhancement in isolation (Figure 5-5a,b), have a
significant impact on the energy savings obtained when coupled with acoustic stimulation. Thus,
further work is needed to optimize the combinatorial method to maximize the dissolution rate,

and to minimize the energy input.
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Figure 5-10: The effect of (a) particle size and (b) solid-to-liquid ratio on processing energy as a
function of amount of dissolved Si into solution for both stirred dissolution and sonicated

dissolution at 50 °C. All energy analyses are based on 100 ml of solvent.

(2) Material selection — The rate enhancement and energy analyses were performed for a
crystalline ACBFS and amorphous Class F FAs. Other types and compositions of slags and fly
ashes can be generated in iron and steel production and coal combustion, respectively.t7400
Herein, the energy saving of ultrasonic processing for dissolution of SSS and Class C FA (see
Figure 5-2c,d dissolution curves) were also investigated and are shown in Figure 5-11b. As the
Si release from these two species does not follow linear or parabolic kinetics in the testing
timeframe, the relative energy saving of ultrasonic processing from SSS and Class C FA was not
constant with varied Si concentration (i.e. Eg. 5-9 does not apply). For SSS a higher energy
saving was achieved at higher Si concentrations as the decrease in dissolution rate occurred less
rapidly under sonicated conditions than under stirred conditions (see Figure 5-2c). This suggests

that for SSS, sonication was able to increase the solubility of Si in solution, while stirred
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dissolution showed a sharp decrease in dissolution rate consistent with approaching the solubility
limit of Si. Contrarily, the decrease in energy saving for Class C FA, following an initial ramp up
with Si concentration, was due to arrival at the saturation level for both sonicated and stirred
dissolution (see Figure 5-2d). Taken together with the energy reduction for ACBFS and Class F
FA (see Table 5-4 and Figure 5-9), energy saving provided by ultrasonic perturbation depends
strongly on the solute, which is consistent with the solute-specific enhancement as observed in
literature.® Nevertheless, this universal relative energy saving demonstrates that sonication can
serve as a viable method for reducing the energetic costs of dissolution for a suitable feed solid.
(3) Si Extractability — The maximum Si fractional release value at 50 °C in this study was
3% (s/l = 1:100) after 3.0 h of dissolution as observed for stainless steel slag. For comparison,
the highest Si extraction from serpentine was 17% (s/l = 1:20) after 1.5 h of dissolution at 100 °C
using NH4S0O4 as an additive.** Therefore, future studies in the area of ultrasonic enhancement
of Si dissolution should improve the fractional extraction of Si while avoiding (or minimizing)
the usage of additives, e.g., by recycling the solute to reduce the (approach to) saturation-induced

reaction rate suppression.

148



100 100_ [ |||||||I [ ||||.|,|,|l [ ||||.|,|,|| [ ||||.|,|,||_
= 4 ACBFS, 50 °C L = J L
s 80 80.5% S 80 SSS, 50 °C

= — o 1 < B
g < Re s/??’:pmoo 3
2] - : «% -
v 60— = 60 ) e o
> = \ é
o . - 5 T ¢ e Y i
o S 404 \ ! »
c - =
g 40 ° | cClassCFA ® ! |
g i - 2 60 °C, <20 pm :
8 20- = S 209 sn=1:1000 , B
& i | 2 - N X
_ | o__l-l'l'l'l'l'lll IIIII'I'I'I'| IIIII'I'I'I| lllll'l'l'll_
300-600 ym <53 ym <53 ym 10° 107 10™ 10° 10’
s/l=1:100 s/I=1:100 s/I=1:10 Si concentration (mM)

(@) (b)
Figure 5-11: (a) The effect of particle size and solid-to-liquid ratio (s/lI) on the relative energy
saving of acoustic processing for air-cooled blast furnace slag (ACBFS)s dissolution at 50 °C.
(b) Relative energy saving of acoustic processing for stainless steel slag (SSS) and Class C fly
ash (FA) dissolution at 50 and 60 °C, respectively, which exhibits dependence on the dissolved

Si concentration.

5.5 Summary and Conclusions

This study investigated the effectiveness and energy efficiency of Si dissolution
enhancement using acoustic stimulation, using air-cooled blast furnace slag (ACBFS), Ca-poor
Class F fly ash (FA), stainless steel slag (SSS) and Ca-rich Class C FA as representative alkaline
waste materials in order to probe the under-developed additive-free pathway for Si extraction.
The ACBFS and Class F species exhibited parabolic Si dissolution kinetics while dissolutions of
SSS and Class C FA approached to saturation rapidly. Based on the case study of the parabolic
dissolution of ACBFS, ultrasonication provided the most significant enhancement in the apparent
Si release rate, as compared to traditional reaction acceleration approaches, i.e., mechanical
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grinding, mixing, and heating. Under sonication, the activation energy of dissolution reaction
was reduced, lowering the energy barrier for Si-extraction and improving the energy efficiency
of ultrasonic processing. The energy savings were primarily due to the shortened reaction time
enabled by the higher rate enhancement by ultrasonication. Furthermore, the relative energy
savings were correlated with the ratio between the ultrasonic effect and thermal effect,
represented by 4Ea/RT. The kinetic benefit of a reduction in apparent activation energy led to a
reduction in energy intensity of the overall dissolution process. The findings in this study
demonstrate the potential of ultrasonic processing as an additive-free pathway for utilization of
industrial alkaline wastes from both a kinetic (rate enhancing via reduction in activation energy)

and practical (overall energy consumption) perspective.
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Chapter 6. Summary and Future Work

6.1 Summary and Conclusion

This dissertation studied the corrosion behavior and inhibition in gas wells and nuclear
power plant environments. It also investigated the additive-free pathway of dissolving minerals
and industrial alkaline wastes using acoustic stimulation to obtain precursor solutions for cement
production, to mitigate the energy and emission problem in the traditional processes.

As research questions, the primary objective of this dissertation is to study the effect of
surface energy (i.e., the extra energy due to the broken bonds at the solute surface compared to
the bulk material) on the corrosion of steels and dissolution enhancement of minerals by
ultrasound. The two hypotheses that are initially proposed in Chapter 1 have been tested as
detailed in Chapter 2 to 5 and are further revised based on the results of the studies to formulate
the general conclusions herein.

Firstly, the rates of active corrosion and transpassive corrosion of stainless steel can be
controlled by grain-specific surface energy, which stems from the diverse crystallographic
orientation of grain surfaces. The surface energy controls the surface recession rate of stainless
steel in the corrosive environment via two competing mechanisms. On the one hand, corrosion
progresses more rapidly on the grain surfaces having higher surface energy which gives rise to a
smaller activation energy for corrosion reaction to occur. On the other hand, higher surface
energy of grain surface leads to the formation of a denser barrier layer by the adsorption of
aqueous ions, which hinders the corrosion reaction between the aqueous solution and the
underlying steel. The two concurrent effects result in the corrosion rate of grain surfaces with the
lowest Miller Indices following the scaling of {001} < {101} < {111}, while their surface energy

increases according to {111} < {001} < {101}.
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Furthermore, the rate increases of mineral dissolution by acoustic stimulation, i.e,
ultrasonication, is partially controlled by surface energy of the mineral species. The surface
energy governs the probability at which the solute particulates can be fractured by the violent
attack resulted from the collapse of the cavitation bubble. Fracture of solute particulate exposes
new surfaces which promotes the dissolution reaction. However, the creation of dislocation upon
the collapse of cavitation bubbles, the probability of which was found to decrease with the
stacking fault energy of the mineral solid, contributed more significantly to the overall rate
increase. Dislocation induces local kinetic enhancement of dissolution reaction and lead to rapid
formation of etch pits on the dissolving surface. An empirical model unifying the two
mechanisms was proposed, which matches well with experimental results, to predict the

dissolution increase of mineral dissolution by acoustic stimulation.

6.2 Future Work
6.2.1 Effect of grain-specific surface energy on steel corrosion

Firstly, Chapter 2 discussed the corrosion inhibiting effect and mechanism by calcium
nitrate for carbon steel, from a macroscopic perspective, i.e., averaged over the entire steel
surface without discriminating among grains. Therefore, one of the research questions of interest
will be: what is the impact of grain orientation on the corrosion inhibiting effectiveness of
nitrate? When nitrate ion is present in the aqueous solution, it may participate in the ion
adsorption to form the barrier layer, the process of which is found to controlled by grain surface
energy. Therefore, grain surface with lower surface energy may have a lower tendency to adsorb
the nitrate ion and consequently a less pronounced corrosion inhibition effect. Such process may

be collectively influenced by the water chemistry of the aqueous environment, the gained
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knowledge will provide guidance in corrosion protection to the ‘week sites’ that are more
susceptible to corrosion attack.

From a different point of view, Chapter 3 studied the effect of surface energy, which
arises from the crystallographic orientation, on two types corrosions, i.e., active corrosion and
transpassive corrosion, of stainless steel, which are typically found in the scenarios of crevice
and presence of radiolytic radicals. In both cases which feature strongly oxidative and corrosive
environment, the air-born oxide film is broken down and absent on the steel surface. However,
the passive film is critical to corrosion resistance of austenitic stainless steel. One of the research
questions of interest will be: what is the effect of grain orientation on the formation of passive
film? A further step may be undertaken to address the question related with susceptibility of
differently oriented grain to corrosion due to breakdown of the passive film, e.g., pitting
corrosion, which is one of the most dangerous type of corrosion due to difficulty to detect.*??
Answers to these questions will enable early detection and inform better prevention of pitting
corrosion.

From another perspective, the motivation of the present study originates from the
problem that the ‘step’ structure formed due to different recession rate between adjacent grains
may initiate crack formation and lead to structural failure under stress. The present work focuses
on the spatially averaged corrosion rate within each grain, while the corrosion behavior at the
grain boundary is not probed. As the boundary region between the adjacent grains that are
corroding at different rates is where crack is more likely to occur,?24% one research question of
interest will be: what is the effect of grain orientation (or relation of orientations between

adjacent grains) on the corrosion at the grain boundary? Such knowledge will provide insights to
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understand stress corrosion cracking (SCC) and intergranular corrosion (a typical problem for

sensitized steels),*** and will inform better prevention of structural failure.

6.2.2 Effect of mineral-specific surface energy on the dissolution enhancement by acoustic
stimulation

Firstly, Chapter 4 unravels the dual mechanisms in which the dissolution increase of
minerals by ultrasonication is simultaneously controlled by mineral surface energy and stacking
fault energy. The study focuses the dissolution reaction in the far-from-saturation region, where
the dissolution rate is not affected by the degree of undersaturation, so that the proposed model
describes the acoustic effect on the kinetics of pure dissolution reaction. Eg. 1-9 suggests that as
undersaturation decreases the driving force for dissolution reaction becomes smaller so that
dissolution gradually slows down. From this standing point, one research question of interest will
be: how do the surface energy controlled particulate fracture and stacking fault energy governed
creation of dislocation impact the attenuated driving force at low undersaturation, i.e., close to
equilibrium? This problem is preliminarily probed in Chapter 5, which revealed a reduction in
activation energy of crystalline slag dissolution by ultrasonication at the parabolic kinetics
region, the transition from a linear dissolution rate to a zero rate upon reaching dynamic
equilibrium. Further studies are required to correlate the physical effects with the kinetic origin,
which will enable a comprehensive understanding of acoustic stimulation in mineral dissolution
processes.

From the application point of view, Chapter 5 took the initial step to evaluate the
feasibility of the additive-free pathway of enhancing dissolution of industrial waste materials

using acoustic stimulation. With an ultimate goal to achieve production scale application, a series
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of more problems need to be addressed first on the laboratory batch scale as also mapped out in
that chapter, including process optimization which is able to achieve the highest yield while
requiring the lowest energy input, material selection with combined considerations of material

abundancy and elemental content and reactivity, and improved extractability.
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