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ABSTRACT: Interfacial reactions drive all elemental cycling on Earth and play pivotal roles
in human activities such as agriculture, water purification, energy production and storage,
environmental contaminant remediation, and nuclear waste repository management. The
onset of the 21st century marked the beginning of a more detailed understanding of mineral
aqueous interfaces enabled by advances in techniques that use tunable high-flux focused
ultrafast laser and X-ray sources to provide near-atomic measurement resolution, as well as
by nanofabrication approaches that enable transmission electron microscopy in a liquid cell.
This leap into atomic- and nanometer-scale measurements has uncovered scale-dependent
phenomena whose reaction thermodynamics, kinetics, and pathways deviate from previous
observations made on larger systems. A second key advance is new experimental evidence
for what scientists hypothesized but could not test previously, namely, interfacial chemical
reactions are frequently driven by “anomalies” or “non-idealities” such as defects,
nanoconfinement, and other nontypical chemical structures. Third, progress in computational chemistry has yielded new insights
that allow a move beyond simple schematics, leading to a molecular model of these complex interfaces. In combination with surface-
sensitive measurements, we have gained knowledge of the interfacial structure and dynamics, including the underlying solid surface
and the immediately adjacent water and aqueous ions, enabling a better definition of what constitutes the oxide− and silicate−water
interfaces. This critical review discusses how science progresses from understanding ideal solid−water interfaces to more realistic
systems, focusing on accomplishments in the last 20 years and identifying challenges and future opportunities for the community to
address. We anticipate that the next 20 years will focus on understanding and predicting dynamic transient and reactive structures
over greater spatial and temporal ranges as well as systems of greater structural and chemical complexity. Closer collaborations of
theoretical and experimental experts across disciplines will continue to be critical to achieving this great aspiration.
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1. INTRODUCTION

1.1. Background and Progress

Chemical reactions at oxide− and silicate−water interfaces are
relevant to a broad range of scientific and engineering
disciplines. These include atmospheric chemistry, environ-
mental chemistry and geochemistry, environmental engineer-
ing, heterogeneous catalysis and photocatalysis, chemical
sensing, corrosion science, metallurgy and ore beneficiation,
crystal growth, soil science, semiconductor manufacturing, and
tribology, among others. Oxide− and silicate−water interfaces
are reactive due to hydrolysis (acid−base) reactions, ligand
exchange reactions, adsorption reactions, and electron transfer
(redox) reactions, and they involve H3O+, OH−, aqueous metal
ions, and aqueous organic species and complexes among these
species. The importance of these types of reactions, together
with those between microorganisms and mineral surfaces,
cannot be overestimated: they control the composition of our
natural environment and mitigate some of the anthropogenic
perturbations that are changing our planet in ways that are
often unpredictable and detrimental. We discuss these
processes in the section 1.2 below and how these types of
interfacial chemical reactions are relevant to applications such
as water treatment, agriculture, human health, and energy
production and storage.
At the beginning and end of the 20th century, Irving

Langmuir and Werner Stumm emphasized the broad relevance
of interfacial chemical reactions:

“From the point of view of the chemist, the structure of the
surface must be of utmost importance, for the chemical
reactions in which solids take part are practically always
surface reactions.”1
“Almost all the problems associated with understanding the
processes that control the composition of our environment
concern interfaces, above all, the interfaces of water with
naturally occurring solids.”2
This review builds on Metal Oxide Surfaces and Their

Interactions with Aqueous Solutions and Microbial Organisms,
published in Chemical Reviews in 1999.3 Since then, there have
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been many advances in experimental and computational
methods for studying interfacial reactions. The present review
discusses these advances, updates our understanding of the
molecular-level processes that occur at oxide− and silicate−
water interfaces, and addresses the primary knowledge gaps in
this rapidly expanding research area. Two dozen scientists and
engineers have co-authored this review, o-ering an uncom-
monly broad perspective on this interdisciplinary field.
One of the most important changes in our approach to

molecular-level experimental studies of metal oxide surfaces is
that we have addressed the “pressure gap” between the ex situ
experimental methods of surface science that required an ultra-
high vacuum (UHV) environment4,5 and in situ methods that
can make measurements on solids and aqueous solutions or
gases.6,7 We have bridged this pressure gap and studied
chemical reactions at oxide− and silicate−water interfaces
under in situ conditions, which has allowed important advances
in the study of heterogeneous catalytic reactions on solid
surfaces.8,9 A complementary tool advancing our molecular-
level understanding of interfacial chemical reactions is the use
of quantum chemical methods, particularly density functional
theory (DFT),10 to explore oxide−water structure and
dynamics,11 surface-charging behavior,12 and reaction mecha-
nisms for adsorption/desorption,13 dissolution,14 and precip-
itation.15
Other research gaps discussed in this review include the

“chemical complexity gap”. Because many chemical reactions of
interest occur on “dirty” solid surfaces, experimental methods
that can handle this complexity are required.16 This is true for
the study of environmental interfacial reactions (Figure 1) that
include aqueous solutions, ion complexes, natural organic

matter, and microbial biofilms. Another important issue
discussed here is the “concentration gap”, where low
concentration species (e.g, surface defect sites) may define
the overall reactivity, while analytical signals are often
dominated by more abundant species. In addition, the “f low
gap” refers to the fact that under flow conditions at solid−
water interfaces the H2O/ion dynamics and surface reactivities
di-er from those observed at the static interfaces. A “nano-size
gap” is discussed because the thermodynamics, kinetics, and
reaction pathways observed for larger systems deviate when the
reactive surface size reaches nanoscale, and the reactions take
place under nanoconfinement (nanoparticles, nanopores).
This review is the result of a workshop on Aqueous

Solution/Oxide Interfaces sponsored by the 2020 Mesilla
Chemistry Workshop, Inc., held at the Hacienda de Mesilla,
Mesilla, New Mexico. The goals of this workshop were to
develop new ideas and approaches to bridge the knowledge
gaps involving interfacial chemical processes and to develop a
“roadmap” that would lead to a better understanding of the
interactions between aqueous solutions and the surfaces of
naturally occurring oxide-based minerals. We dedicate this
review to Prof. William L. Hase (Department of Chemistry and
Biochemistry, Texas Tech University), Founding President of
the Mesilla Chemistry Workshop, Inc., who passed away
shortly after the 2020 Mesilla Chemistry Workshop on
Aqueous Solution/Oxide Interfaces.
A major challenge for the coming decade is to study complex

systems under real-world conditions (flow, nanoconfinement,
organic films) with the same molecular-level resolution that
has been obtained for simpler systems in the past decade.
Concentration ranges, longer durations, greater spatial extents,

Figure 1. Our evolving understanding of metal-oxide aqueous interfaces. (A) Schematic model of the electrical double layer (EDL) at the metal
oxide−aqueous solution interface reproduced from Brown et al.3 Reproduced from ref 3. Copyright 1999 American Chemical Society. The scheme
shows elements of the Gouy−Chapman−Stern model, including specifically adsorbed anions and nonspecifically adsorbed solvated cations. The
metal oxide, or zero-plane, is defined by the location of surface sites, which may be protonated or deprotonated. The inner Helmholz plane, or b-
plane, is defined by the centers of specifically adsorbed anions and cations. The outer Helmholz plane, or d-plane, corresponds to the beginning of
the di-use layer of ions. Estimates of the dielectric constant, ε, of water are indicated for the first and second water layers nearest the interface and
for bulk water. Dipole moments are shown using the chemistry convention with the arrow pointing towards the more electronegative oxygen. (B)
Atomistic model of the α-quartz (SiO2) (101) surface with a step edge and an Fe3+/H+ substitution for Si4+. Most molecular models are limited in
spatial dimensions and compositional complexity. Future challenges in applying molecular-level studies of oxide−water interface chemistry to real
world environmental problems (as illustrated below in Figure 2) include accounting for defects such as steps and compositional substitutions, the
e-ects of confinement on the chemistry of adsorption (the solution at the bottom is in a 2 nm channel), flow, dissolution and precipitation, the
complexity of substrates (e.g., grain−grain contacts) and solutions, and size and scale e-ects. Dashed line represents Brazil twinning within the
crystal, insets show Fe3+/H+ substitution for Si4+, and step edge and SiO−−Na+ interaction. (Brazil twin model courtesy of Si (Athena) Chen, The
Pennsylvania State University.).
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and the inclusion of heterogeneities, such as defects, must be
accounted for in order to transfer knowledge from the
fundamental chemical realm to macroscopic predictions.
Figure 2, as an example, illustrates the problem and
connections among the molecular-, nano-, micro-, macro-
scales, and human health related to arsenic (As) contamination
in groundwater (section 1.2.1.2.2). Complicating matters is the
fact that processes can occur on time scales from femtoseconds
to millennia. Thus, creating predictive models based on
molecular mechanisms that can be used to optimize solutions
to societal challenges requires an integrated approach including
an array of experimental, analytical, computational, and
theoretical methods.
We begin the review with the most fundamental aspects of

mineral−water interface chemistry and then move to
progressively more complex reactive interfacial systems. In
section 2, we focus on oxide and silicate surface structures when
in contact with aqueous solutions and explore the H-bonding
and water structure at interfaces, charging of surfaces via
protonation/deprotonation, and the structure of electrical
double layer (EDL). In section 3, we focus on surface
reactivities and introduce the added dimension of adsorbing
species of various complexities (from metal cations to bacterial
biofilms) and interfacial electron transfer. Building upon the
interfacial structures, dynamics, and complexation reviewed in
the previous sections, in section 4, we discuss surface
transformations, including dissolution of oxides and silicates,
as well as their nucleation, and precipitation and how solid
surfaces mediate these processes. In section 5, we outline
guidance for addressing important questions, suggest further
developments, and call for an integrated research strategy that
synthesizes information from a spectrum of analytical and
computational techniques in collaboration with scientists and
engineers working on real-world problems at the macroscopic
scale. Across all sections, we aim at addressing gaps discussed
above, namely chemical complexity gap (surface defects, and
heterogeneities), concentration gap, flow gap, and nanosize
gap.
The following section 1.2 provides a brief discussion of the

critical importance of oxide−water interface chemistry, enabled
by the methodological advances made in the last decade
(Supporting Information (SI), section 1.1), and the challenges
in transferring knowledge from molecular-level studies to
macroscopic applications. These real-world problems help us
to set the stage for the remainder of the review and justify the
urgent need for future research in these areas.
1.2. Applications that Motivate Oxide−Water Interfacial
Science and Technology

The intrinsic challenge of understanding interfacial chemistry
and its relevance to health, environment, and energy is to study
systems as they occur in nature. Natural systems are complex
and heterogeneous across wide ranges of spatiotemporal scales.
Using a reductionist approach to obtain details on simplified
model systems has provided insights, but making these insights
more applicable to real-world problems requires accounting for
the environmental factors that have been excluded to gain
detailed understanding. This accounting will require that
scientists and engineers collaborate to share information
among all approaches across scales and levels of complexity
and that their studies are designed to interconnect. We discuss
specific examples of health, environmental, or energy impacts
and how understanding surface chemistry is a key to

Figure 2. Multiscale impacts of oxide−water interfacial chemistry. At
the global scale, oxide−water interfaces control elemental cycling and
therefore impact the availability of clean water, nutritious food, and
energy. (A,B) At regional scales, interfacial chemistry could result in
contaminant mobilization with tragic impacts on millions of people,
such as the groundwater arsenic contamination in Bangladesh. (C)
On the local scale, individuals and small communities are commonly
impacted when they draw their water from a well, as water quality is
strongly impacted by the sediment composition at specific sites. (D)
A sediment core sample from an aquifer reveals orange, arsenic-
containing iron oxides.18 (E,F) At the pore (micrometer) scale, water
quality is controlled by surfaces with heterogeneous structures and
multimineralic compositions, which can either adsorb or release
contaminants, such as arsenic.19 (G) The mobilization of arsenic and
other contaminants can be significantly a-ected by new mineral
formation (nucleation and growth) in bulk solution or at mineral
surfaces. (H) For example, during Fe-oxy(hydr)oxides formation,
arsenic can be incorporated into the newly nucleated Fe-oxy(hydr)-
oxides.20 (I) Variations of surface structures (kinks, edges, defects,
confinement) at the nanoscale can have significant impacts on the
extent of adsorption based on the (J) surface topography and site
density of the minerals.21 (K) Ultimately, chemical reactions at the
molecular scale determine the equilibria and kinetics for these (L)
surface complexation processes, such as arsenate adsorption onto Fe-
oxy(hydr)oxides. Connecting the molecular, nano-, micro-, and
macroscopic scales is complex due to the heterogeneities in
physicochemical properties (e.g., surface sites, fluid composition,
flow). Our goal is to summarize the state of the science, identify
critical questions and challenges, and outline a path forward for
dealing with multiscale (temporal and spatial) interfacial chemistry.
(B) Modified from ref 17. (D) Adapted from ref 18. Copyright 2020
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addressing these issues. The examples below are not intended
as comprehensive, but they highlight important topics that
motivate detailed molecular-level research into oxide− and
silicate−water interfacial chemistry.
1.2.1. Clean Water. According to the World Health

Organization (WHO) “By 2025, half of the world’s population
will be living in water-stressed areas”.23 Water availability and
contaminant behavior in soils, sediments, aquifers, rivers, and
oceans commonly depend upon adsorption/desorption,
dissolution, and precipitationall mineral−water interface
processes. Organic, inorganic, and biological components
adsorb and desorb from mineral surfaces, altering the original
mineral surface properties and solubilities. The presence of
minerals can catalyze precipitation of other phases.24 Detailed
knowledge of the chemical principles behind these reactions is
lacking for complex systems but necessary for improved
models and engineering approaches to supplying clean water.
For example, natural aquifer processes generally lead to water
purification. Can we mimic these processes or learn from their
chemical principles to handle large volumes of water filtration
at low cost?
1.2.1.1. Managed Aquifer Recharge. A growing strategy for

dealing with increasing water demands and uncertainties in
water supplies is managed aquifer recharge (MAR).25 Although
a seemingly simple process that allows surface and treated
waters to infiltrate and recharge aquifers, MAR can cause
changes in soil and aquifer properties that lead, as here again
exemplified for arsenic, to mobilization as well as clogging and
reduced process e-ectiveness. First, when water recovered
from MAR is used for irrigation or drinking water, one concern
is that toxic metalloids, such as As, can be mobilized from
subsurface reservoir systems. Injected water significantly alters
the water chemistry in an aquifer during MAR, a-ecting As
mobilization.25 Anions in injected water (e.g., NO3

− and
Cl−),26 oxyanions (e.g., silicate, bicarbonate, and phosphate),27
Fe3+,28 and natural organic matter26,29 can a-ect electrostatic
interactions, hydrophilicity/hydrophobicity, redox condition,

and aqueous and surface complexation, changing the
dissolution of aquifer minerals and their consequent
nucleation, aggregation, growth, and the phase transformation
of secondary mineral phases. Such unintended processes in
recovered water can a-ect the aquifer and its water quality.
Second, chemical and biological clogging30,31 can occur

during MAR. Solution and mineralogical compositional
heterogeneities, combined with temperature and pressure
gradients and/or ranges, complicate our understanding and
control of clogging.30,31 When recharging solutions pass
through porous media, the accompanying mineral precipitation
usually decreases porosities and permeabilities (Figure 3). In
combination with microbiological adsorption and growth that
may be induced by higher nutrient concentrations in waters
used for MAR,32 the total variety of biogeochemical e-ects can
hinder this strategy. Our understanding of the chemical
mechanisms involved is limited, and they should be studied
further.30,31
One example that a-ects MAR and soil quality is the

aggregation of clay particles (section 4.3). Particle aggregation
can increase the porosity and permeability of soils, and
aggregation can be negatively impacted by higher Na+ or the
sodium adsorption ratio (SAR, the ratio of Na+/(Ca2+ +
Mg2+).33 Current data and models alone are insuflcient to
predict the soil aggregation behavior for a given set of
conditions.33 The details of surface charging (section 2.3.1),
ion adsorption (section 3.2), and particle repulsion (section
4.3) need molecular-level data and new theories based on this
data.
A related topic is soil salinization during irrigation, which is

also connected to food production (section 1.2.2). Irrigation in
hot, arid regions leads to evapotranspiration from soils and
plants.35 Low concentrations of dissolved salts left behind can
build up over time and negatively impact agricultural
productivity (see ref 36 and refs therein). Increasing Na+ in
soils can cause charging that disperses clays (disaggregation,
section 1.2.1.1). This disaggregation reduces hydraulic
conductivity, enhances the chance of waterlogging, and
increases organic dispersal that enhances biodegradation and
leads to loss of soil organic matter (SOM) (see section 3.3).37
Remediation is diflcult and expensive, but methods such as the
addition of oxide nanoparticles can ameliorate the situation
(section 1.2.2).37

1.2.1.2. Contamination. 1.2.1.2.1. Pathogenic Micro-
organisms. One of the world’s major health problems is the

Figure 2. continued

American Chemical Society. (F) Adapted with permission from ref
19. Copyright 2021 Elsevier Ltd. (G) Adapted from ref 20. Copyright
2014 American Chemical Society. (J) Adapted from ref 21. Copyright
2017 American Chemical Society. (L) Modified from ref 22
Copyright 2014 Watts, Tribe, and Kubicki.

Figure 3. Flow through porous media leads to adsorption of nutrients (e.g., phosphate) and contaminants (e.g., arsenate, pathogenic bacteria),
while dissolution enhances and precipitation hinders macroscopic flow. From left to right: the images depict models of flow through porous media,
how the porosity and permeability change as a function of precipitation on grains, and a molecular mechanism of surface precipitation. (Left) Flow
schematic reproduced from ref 34. (Middle) X-ray computed tomography data of barite precipitation courtesy of V. Starchenko, A. G. Stack, L. M.
Anovitz and J. Weber (ORNL). (Right) Schematic of barite on quartz courtesy of H. D. Watts and J. D. Kubicki (UTEP).
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contamination of drinking water by pathogenic microorgan-
isms from animal and human waste. Without water disinfection
treatment, fecally-transmitted diseases can be spread, and they
are fatal mainly to the youngest and oldest in a population. As
the WHO states:

“Globally, at least 2 billion people use a drinking water
source contaminated with feces. [Contaminated] water can
transmit diseases such diarrhea, cholera, dysentery, typhoid,
and polio and is estimated to cause 485,000 diarrheal
deaths each year.”38
Since the work of Omoike et al.39 that combined attenuated

total reflectance Fourier transform infrared (ATR FTIR)
spectroscopy with DFT calculations, we have known that
phosphoryl groups in the extracellular polymeric substances
(EPS) that extend from most bacteria bond strongly to Fe-
oxy(hydr)oxides such as α-FeOOH (goethite) (Figure 4).
Parikh and Chorover40 report that bacteria adhere to goethite
in this manner, which explains the observations that bacterial
transport is correlated with the Fe-content in sandy
materials.41,42 This reaction controls the transport and
retention of Escherichia coli (E. coli) in sandy materials.43
Work continues on Fe-oxide nanoparticles with a maximized
adsorptive surface area for binding pathogenic bacteria and
resulting antibacterial properties.44
1.2.1.2.2. Arsenic Groundwater Contamination. According

to the WHO:47
“Arsenic contamination of groundwater is widespread, and
there are a number of regions where arsenic contamination
of drinking-water is signif icant. It is now recognized that at
least 140 million people in 50 countries have been drinking
water containing arsenic at levels above the WHO
provisional guideline value of 10 μg/L.”48
Naturally occurring arsenic contamination is likely the

greatest mass poisoning in human history. Arsenic has been
geologically transported and deposited in sediments in various
global locations, notably Bangladesh and Chile. Over time, the
sediments have formed aquifers, which have recently been
tapped as groundwater resources. Desorption49 and dissolution
(Raessler and refs therein50) reactions have allowed not only
the release of As5+ but also the more soluble and toxic As3+
into drinking water. The speciation of As in the sediments was
identified by methods such as EXAFS51 and modeled with
DFT.52,53 Knowledge of the speciation of the source of the As

has allowed avoidance of the contaminated sites, and treatment
methods that mimic natural geochemical reactions have been
designed based on adsorbents such as nano-ferrihydrite
(5Fe2O3·9H2O) combined with functionalized cellulose to
form composite adsorbents.54,55 Similar approaches have been
developed to deal with a variety of contaminants (Neil et al.25
and references therein). The combination of spectroscopies
with computational chemistry has been e-ective in obtaining
surface speciation (Luo et al.56 and references therein).

1.2.2. Food Production. The second of the United
Nations Sustainable Development Goals is “Zero Hunger”.
Acco rd ing to the U .N . (h t t p s : //www .un .o r g/
sustainabledevelopment/hunger/):

“With more than a quarter of a billion people potentially at
the brink of starvation, swif t action needs to be taken to
provide food and humanitarian relief to the most at-risk
regions..., a profound change of the global food and
agriculture system is needed if we are to nourish the more
than 820 million people who are hungry and the additional
2 billion people the world will have by 2050. Increasing
agricultural productivity and sustainable food production
are crucial to help alleviate the perils of hunger.”
Availability of abundant, nutritious food to feed the world’s

projected 10 billion people will be hindered by limited water
supplies, exacerbated by extended droughts and higher
temperatures. Making soils more resilient to higher temper-
atures and drought depends upon soil−organic matter (SOM)
interactions because higher SOM contents help soils retain
water.57 Dissolution of minerals allows plants to uptake
nutrients that can increase productivity and drought-resistance
as well.58 Hence, agricultural productivity depends upon soil
quality and nutrient availability, both of which involve
mineral−water interface processes such as SOM sequestration
and P cycling. Models of field-scale nutrient behavior neglect
molecular-level information, but biogeochemical reactions
control the bioavailability and solubility of nutrients.59
Integrated studies involving all components and processes in
soils are not common. Molecular-level studies should be
integrated into larger scale studies to provide useful
information to predict field-scale processes.
For example, Gardea-Torresdey and coworkers have studied

the impacts of metal oxide nanoparticles on plant health and
nutritional value.60−62 Optimizing nanoparticles for adsorp-

Figure 4. Bacterial−mineral interactions that impede transport of microorganisms in soils and aquifers. Extracellular polymeric substances
extending from the surfaces of bacteria interact with metal oxides (commonly Fe-oxy(hydr)oxides) and filter them out of the flowing solution. This
naturally-occurring phenomenon can be mimicked for low-cost water filtration systems. Left to right: Figure of model EPS interacting with silica
adapted from Kwon et al.45 Copyright 2006 American Chemical Society. Diagram of the gram-negative bacterial cell wall used with permission
from Prof. G. E. Kaiser (Community College of Baltimore County, Catonsville Campus). Distributed under a CC BY 4.0 license. AFM image of
Shewanella putrefaciens on hematite adapted with permission from Rosso et al.46 Copyright 2003 Elsevier Science Ltd. Photo of villagers collecting
water from a shallow well in south-east Asia, courtesy of S. Fendorf (Stanford).
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tion63,64 or dissolution65,66 reactions requires knowledge of the
interfacial chemistry at each face of the particle as well as
control of the synthesis of nanoparticle habits during
nucleation.67 Hence, improving our molecular-level informa-
tion about complex nanoparticulate surface-solution chem-
istries will enable improving agricultural productivity by
optimal time-release of nutrients and soil resilience by
increasing retention of soil organic carbon.
1.2.3. Human Health: E3ects of Mineral Dust

Aerosols. There is a strong association between human
exposure to particulate matter (PM) and increases in daily
mortality.68 Inhalation of micrometer and smaller particles is
the likely cause of millions of deaths annually, through a variety
of mechanisms.69 There are numerous types of aerosol
particles: secondary organics, sulfate, black/brown carbon,
sea salt, and minerals. Inhalation of any of these is linked to
negative health outcomes depending on exposure. Under-
standing the surface chemistry of the aerosols that interact with
tissues is key to predicting and mitigating these negative health
e-ects.
Oxides and silicates are emitted directly into the atmosphere

through various natural processes, including volcanic eruptions
and dust storms. Once in the atmosphere, the oxide and
silicate components of volcanic ash and mineral dust aerosols
can impact human health, Earth’s climate, and the chemical
balance of the atmosphere. From naturally-occurring asbestos
causing cancer to silica particles leading to silicosis, the human
health impacts of mineral dust aerosols are well known.70
However, the exact surface chemistry of mineral dust aerosol
and its interactions with biological systems remain poorly
understood.
Mineral aerosols can also contain pathogens and toxic

elements that can be inhaled or ingested together with the
aerosol. The formation processes of airborne particulate matter
or aerosols can create complex surface chemistries that drive
the human health impacts of inhaling these particles. Recent
research has shown that PM2.5 (airborne particulate matter or
aerosols 2.5 microns or less in diameter) can be made up of
aggregates of nanoparticles whose surface chemistries are
di-erent from those of the bulk composition of the particle.71
In addition to providing reactive oxygen species (ROS)72 that
can synergize with carcinogens, such as polycyclic aromatic
hydrocarbons (PAHs) that may be adsorbed to aerosols, these
small particles can cross the blood−brain barrier73 and a-ect
gut microbiomes.74 Developing methods to characterize and
understand these complex interfaces is imperative for
predicting and mitigating human health e-ects.
1.2.4. Energy. The U.S. Energy Information Agency (EIA)

projects a 50% increase in total global demand for energy by
2050.75 This growth will occur in the transportation,
residential, commercial, and industrial sectors and will be
dominated by needs in non-Organization for Economic
Cooperation and Development (OECD) countries. Combined
with the desire to achieve low- or zero-carbon dioxide
emissions, a dramatic scale up in non-CO2-emitting energy
sources and/or CO2 sequestration technologies will be
necessary. Regardless of the extent to which countries decide
to use wind, solar, geothermal, nuclear, and other “alternative”
energy sources, detailed knowledge of mineral−water inter-
faces will make energy production and utilization more
eflcient.76
1.2.4.1. Critical Element Mining for the Energy Transition.

Solar and wind are generally perceived as “clean” methods of

generating electricity, but solar and wind energy production
requires raw materials such as rare earth elements (REEs)
extracted via mineral−water interface processing (Figure 5).

Construction of a wind turbine requires one metric ton of
Nd−Fe−B alloys to produce the REE magnets used in the
generator. The demand for raw materials to build solar panels
and generators for wind turbines means we will have to mine
eflciently and with minimal environmental impact. These
extraction activities are highly dependent upon mineral−water
interfaces. In addition, the demand for metals such as copper
needed to build electrical vehicles and the charging infra-
structure needed to replace gasoline engines and filling stations
is substantial.
Supplying the dramatic increase in demand for metals means

that eflcient, environmentally friendly extraction techniques
must be developed and employed, whether tapping new
resources, utilizing mine wastes, or recycling. As near-surface
deposits are exploited, deeper deposits may need to be mined,
just as the quest for oil has gone deeper and deeper over the
years. Biohydrometallurgy may make mine waste recovery and
deep mining economically and environmentally feasible.78
According to Levett et al.78 “Harnessing microbe−mineral−
metal interactions may of fer many opportunities to improve some
mining practises and support the long-term sustainability of
mining.” In addition, mechanistic details of microbe−mineral−
metal interactions may also help with stabilization of mine
tailings and ecosystem restoration.78 Sections 3.4.1.3, 3.5 and
4.3.2.6 of this review discuss such interactions at the molecular
level and the challenges ahead.

1.2.4.2. ETcient Hydraulic Fracturing and Subsurface CO2
Sequestration. In many cases, oil and gas extraction
eflciencies are controlled by mineral−water interface chem-
istry. Hydraulic fracturing (“fracking”) for oil and gas recovery
requires insight into molecular-level processes at oxide−water
interfaces. Even though they are present in relatively small
amounts, the additives in hydraulic fracturing fluid influence

Figure 5. Global critical metal demand for wind and solar panels,
between 2020 and 2050, compared with the 2017 level of annual
metal production (dashed line = 2017 level). Modified from the
literature.77
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the amounts and concentrations of “flowback” waters (fluids
collected at the surface after injection).79 Current fracking
processes typically extract only 20% of the available gas within
a shale play. Maximizing the extracted gas per well and
minimizing the volume of flowback waters will decrease the
environmental impacts of fracking, which has become a major
global source of energy and has provided gas as an alternative
fuel to coal, helping reduce U.S. CO2 emissions dramatically.80
For more information on the chemical and reactive transport
processes associated with hydraulic fracturing of unconven-
tional oil/gas shales, the recent review by Jew et al. is
recommended.81
Shale wettability is a common parameter used to assess the

eflciency of hydraulic fracturing. The more wettable the shale,
the more complete the fracturing, and the greater the volume
of natural gas that can be extracted. However, two major
measures for estimating wettability, the contact angle and
spontaneous imbibition, commonly provide discrepant re-
sults.82 Siddiqui et al.82 conclude that the mechanisms of
wettability over the range of conditions encountered are not
well understood and that wettability depends on the solution
composition and minerals present.83−85 Considering the
enormous economic and environmental implications of
hydraulic fracturing eflciency, these insights should prompt
more molecular-level studies of these processes, relevant to
complex real-world conditions and leading to studies at larger
scales.86,87 MD studies of water in nanopores between charged
clay particles suggest novel behavior of water that fundamen-
tally alters the way we think of mineral−water systems when a
gas phase is involved.88 Similar issues are involved with
subsurface H2 injection, storage, and retrieval.89 This topic will
be discussed in sections 5.1.2 and 5.2.2.4.4 on reactive
transport modeling.
Because burning of hydrocarbon fuels generates large

volumes of CO2, geologic carbon sequestration (GCS) is an
important strategy for mitigating the impacts of increasing
atmospheric CO2 concentrations and their associated climate
changes. While GCS presents macro- or megascale problems,
their important process mechanisms and technical solutions
are often closely related to a molecular scale understanding of
oxide−water interfaces.90,91 Complex reactions among Mg-
and Ca-bearing silicates92 with aqueous solutions altered by
supercritical CO2 (sc-CO2) determine the long-term stability
of CO2 sequestered in rocks such as shales, which have a high
potential storage capacity.93 As in hydraulic fracturing,
wettability and storage capacity are influenced by the pressure,
temperature, and mineralogy of the shales, which are
heterogeneous within a given formation and among
formations.93 One would like the injected CO2 to convert to
HCO3

− in solution and react with Mg2+ and Ca2+ dissolved
from silicates to form (Mg,Ca)CO3 minerals that are stable
over geological time scales. However, this formation needs to
occur without altering the physical properties of the rock to the
extent that CO2 leakage to the atmosphere occurs.94 Because
sc-CO2 injection alters the mineralogy and pore structure of
shales, the relationships among surface mineralogy, surface
morphology, and adsorbed organic matter present need to be
well understood (section 3.3).56 Other host rocks include
basalt95 and sandstone,96 where similar reactions are desired
that involve dissolution of silicates and precipitation of
carbonates (section 4.4). The potential for combining carbon
capture and storage (CCS) with geothermal energy generation
is also being discussed.97

1.2.4.3. Energy Storage. Energy storage is also critical to the
widespread usage of variable energy sources, such as wind and
solar. Electrified transportation requires eflcient storage
devices with high energy density that can supply high power.
Batteries, the most common energy storage device, need
significant technical improvement to serve many applications,
and interfacial reactions are one key to this improvement.98
Promising battery materials are the P2 layered oxides
(Na0.67Mn1−xMxO2, where M is a transition metal), but
research is needed on their interactions with aqueous
electrolytes because water can induce phase transitions and
degrade performance.99 Because charging behavior is linked to
surface area and habit (i.e., crystallographic orientation),
control of the nucleation and growth of battery materials is a
key to improving performance. Research on aqueous oriented
aggregation,100 hydrothermal synthesis,101,102 and bacterial
synthesis103 has been successful in creating the desired material
properties through more environmentally benign routes. Habit
matters because the surface termination type and the presence
of heteroatoms on the graphene influence Li di-usivities.
Zhang et al.104 studied graphene−hematite (α-Fe2O3)
interfaces with DFT calculations and found that N-doped
graphene/Fe-O3-Fe-R (where R is the bulk stoichiometric
stacking unit) allowed for free di-usion of Li atoms.
Developing new battery materials such as TiNb2O7

105,106 will
require knowledge of the growth defects present at surfaces
and how these relate to the formation of surface−electrolyte
interphases (SEI) at high operating voltages. Adsorption,
dissolution, nucleation, growth, and bacterial interactions that
occur in these systems are discussed in sections 3 and 4.

1.2.5. Climate E3ects of Mineral Dust Aerosols. Oxides
and silicate minerals in the atmosphere can impact the Earth’s
climate in several ways. For example, oxide and silicates scatter
incoming solar radiation into space, causing net cooling.107 In
addition, these minerals a-ect the Earth’s climate through
cloud formation in the atmosphere because they are good
cloud condensation nuclei (CCN) and ice nuclei (IN).
Although not well understood, details of the interactions
between nuclei surfaces and water vapor are key to
understanding the ability of oxides and silicate minerals as
CCN.108 A major gap in our knowledge was expressed in a
review by Tang et al.:108

“...single minerals... and authentic dust samples... may not
necessarily ref lect mineral dust particles found in the
troposphere. Af ter being emitted into the troposphere,
mineral dust particles will undergo heterogeneous reactions
and cloud processing..., forming soluble inorganic and
organic materials coated on dust particles... . Therefore,
heterogeneous reactivity of ambient mineral dust particles
can be largely dif ferent f rom those used in laboratory
studies.”
Aerosols are still a large source of uncertainty in current

climate models, with mineral aerosols often treated in an
approximate manner.109 Providing information on mineral
aerosol surfaces related to radiative e-ects, CCN and IN
particles, and heterogeneous reactions could significantly
improve predictions of future temperate and precipitation
patterns.

1.2.5.1. Warming and Cooling Effiects. One example of
mineral aerosol surface chemistry with significant implications
has been recently recognized by Klingmüller et al.110 In
addition to the implications this chemistry has for human
health (section 1.2.3), these authors studied the e-ects of
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anthropogenic air pollution on the adsorption of water vapor
and subsequent radiative e-ects. By reducing water con-
densation, the reflectivity of the surfaces decreases warming at
the top of the atmosphere. In a similar vein, Wang et al.111
studied the interactions of Gobi Desert dust with anthro-
pogenic pollutants. In addition to accelerating ozone
formation, the altered dust stabilized the planetary boundary
layer (PBL) which limited pollutant dispersal and increased
primary pollution. These complex interactions among
atmospheric compounds, mineral aerosols, atmospheric
dynamics, and pollutant exposures demand further study and
incorporation into climate models, especially on regional scales
where health impacts are a-ected by temperatures and
atmospheric circulation.
1.2.5.2. Cloud Condensation Nuclei Effiects on Precip-

itation. A strongly related topic is the ability of mineral
aerosols to act as CCN by adsorbing water vapor and forming
droplets at lower relative humidities (RH) than would occur
under homogeneous nucleation conditions. For example,
Zamora and Kahn112 analyzed satellite data to investigate the
e-ects of dust aerosols on deep convective cloud (DCC)
occurrences. These authors state “Dust... has potentially large
microphysical impacts on DCCs... . However, dust ef fects are
dif f icult to identif y, being confounded by covarying meteorology
and other factors.” Zamora and Kahn112 conclude that “Dust is
robustly associated with a 54% increase in DCC prevalence.”
Arub et al.113 highlight the need to include mineral aerosols

due to their significant impacts on the hygroscopicity
parameter compared to ammonium and sea salts. The
association of high population areas and high mineral aerosol
loads in many regions makes this a more imperative one
compared to the more dominant marine aerosols that exist
largely over unpopulated areas of the Earth. Molecular-level
studies of these aerosol−water interactions will aid our
understanding of their physicochemical properties in the
atmosphere.114 As illustrated by the numerous examples in
section 1.2, cross-fertilization of the disciplines that study
natural and engineered systems will bring us to a more
comprehensive understanding of these complex oxide− and
silicate−water interfaces. The authors of this review are
convinced that knowledge transfer across spatial and temporal
scales help meet challenges in providing clean water and
energy, producing food for a growing population, under-
standing environmental impacts on human health, and
predicting the e-ects of anthropogenic climate change on
global chemical cycling.

2. THEME 1: STRUCTURE AND DYNAMICS OF
SOLID−AQUEOUS INTERFACES

2.1. Introduction
In a seminal paper, Irving Langmuir (1916) concluded that
“...in general, the distances through which the surface atoms are
shif ted f rom their original positions in the solid are small
compared to the average distance between atoms...” and “...that the
abnormal surface arrangement is usually limited to the surface
layer only.” The former is true for several oxides,115,116 while
the latter is not correct based on surface X-ray scattering
studies that have shown that relaxations of atoms in the surface
region can extend to four or more atomic layers deep
(Langmuir speculated that for “...the case of glasses and other
oxygen compounds like quartz or calcite, the surface probably
consists of a lattice of oxygens”)116,117 Over 100 years later,

Langmuir’s conceptual model of solid surfaces in contact with
a liquid or vapor (e.g., H2O) is generally consistent with
experimental observations,116 although a minor but necessary
modification of Langmuir’s idea, that the surface is terminated
by a lattice of O atoms, is that the surface is terminated by
hydroxo and/or aquo groups.7 Notwithstanding recent
descriptions of the structure of oxide− and silicate−water
interfaces, Langmuir was prescient in his thinking about these
systems at the atomic/molecular level.
In this section, we discuss the advances of our understanding

in the structure of the mineral surface upon contact with water
in vapor or liquid forms, and the influence of the surface on the
interfacial water structure and its dynamics. Finally, the role of
ions on both the oxide and the water structure, interfacial
processes such as (de)protonation, and parameters related to
electric double layer theory such as interfacial potentials will be
discussed (Figure 6). In keeping with the theme of this review,

the strong influence of confinement and surface defects on the
interfacial structure and dynamics will also be addressed. From
these discussions, important questions arise such as how far
from a solid surface are the aqueous solution structure and
dynamics impacted, and vice versa, how deep is the e-ect of an
aqueous solution on the solid itself?
2.2. Solid−Water Interfaces

2.2.1. Di3erences in the Surface and Bulk Structures
of Solids. When nominally anhydrous metal oxides and
silicates are exposed to water, the surface O atoms become
hydroxylated,5,7 and the hydroxide sites, XOH, can undergo
protonation and deprotonation reactions.118,119 These types of
reactions are among the most important in the natural and
technological worlds3,120,121 and result in pH-dependent
surface charge and potential, both of which are zero at a

Figure 6. Schematic illustrating the interfacial structure of an oxide in
contact with an aqueous salt solution. The synergistic influence of
ions, surface sites, and water on one another, as well as accompanying
processes such as (de)protonation and surface adsorption, lead to a
highly complex environment. Di-erent techniques can be used to
access particular observables. Integration of this information, with the
support of computational chemistry, is beginning to reveal the
atomistic structure of the entire interfacial region and how it evolves
under changing conditions.
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solid (sample)-specific pH value at the so-called point-of-zero
charge (i.e., the pHPZC).122−124 (De)protonation reactions also
result in the surface structures of O-based minerals undergoing
relaxation or reconstruction. This is true because protonating
or deprotonating one terminating O causes all of the
neighboring bonds to relax. As pointed out by Brown,125 the
proton aflnity of a terminating O depends on the protonation
state of its neighbors. Thus, the assumption that the hydrated
surfaces of this class of minerals are simple terminations of the
bulk structure cannot be correct. However, until recently, this
assumption was common126 because of the lack of direct
measurements of the surface structures of oxides in contact
with water. Results of synchrotron-based, surface X-ray
scattering studies have shown this assumption to be incorrect
to various degrees based on structure determinations of
hydrated oxide surfaces.115,116,127−142

2.2.1.1. Surface Restructuring from Vapor Phase Water.
Water vapor adsorbs onto solid surfaces under ambient
conditions, and accordingly the structures and compositions
of oxide surfaces change in humid environments.143−146 There
have been several experimental developments in measurements
of water uptake on oxide surfaces, including MgO, TiO2, and
Fe2O3,7,147,148 as a function of controlled water vapor pressure
allowing researchers to close the “pressure gap” described in
the Introduction. One synchrotron-based technique that has
been used to monitor the evolution and changes that occur in
the surface structure as relative humidity (RH) increases is
ambient-pressure X-ray photoelectron spectroscopy (APXPS)
on a range of oxide surfaces.149 In such studies, a clean well-
ordered oxide-terminated single-crystal surface transitioned
from a partially hydroxylated surface to a fully hydroxylated
surface below 1% RH to a surface with adsorbed water layers 1
to 4 layers thick as the relative humidity increased. This surface
evolution shows how much the structure and composition of
oxide surfaces change depending on the amount of water
vapor. The hydroxylation step is usually irreversible at 298 K,
but the molecular water adsorption/desorption step is fully
reversible.
Another important example of surface reconstruction with

hydration is o-ered by Al-oxides which are found in the
environment (e.g., α-Al2O3) and used in industrial applications
(e.g., γ-Al2O3). Adsorbed water changes the interatomic
spacing of the top surface plane and the layer below for single
crystal α-Al2O3,115 and there is a di-erence in water uptake for
single crystal versus nanoparticle films that contain defect sites
and nanoscale pores.151 Furthermore, adsorption of organics
(e.g., one monolayer of formic acid) can change the
hydrophilic nature of the surface and the amount of water
associated with Al-oxides.150 The water uptake data monitored
by a quartz crystal microbalance (QCM) and a cartoon
representation of the change in the top most surface layer are
shown in Figure 7.
2.2.1.2. Surface Restructuring from Liquid Water. An

example of the relaxation/reconstruction that occurs when a
metal oxide surface comes in contact with liquid water is the
hydrated α-Fe2O3 (0001) surface. Crystal truncation rod
(CTR) analysis of this surface revealed that it di-ers
significantly from the three possible terminations of the bulk
hematite structure (Figure 8) and consists of a two-domain
structure, one with roughly equal numbers of hydroxyl groups
coordinated by one and three VIFe3+ and one with surface
hydroxyl groups coordinated mostly by two VIFe3+.116

Reuter and Schexer addressed the process of surface
restructuring computationally by combining DFT with classical
thermodynamics to determine the lowest energy structure of a
metal-oxide surface in equilibrium with a gas phase (e.g., O2 or
H2O).152 This method, referred to as ab initio thermody-
namics, expresses the surface free energy of the solid, γ, in
equilibrium with a vapor in terms of the Gibbs free energy of
the solid surface as a function of T and P and the number and
chemical potentials of the atoms in the system. Such DFT-ab

Figure 7. Adsorption of water onto hydroxylated γ-Al2O3 particles
before and after their exposure to formic acid. (A) Calculated surface
coverage by water molecules as a function of relative humidity,
measured using quartz crystal microbalance technique. The dramatic
decrease in water adsorption is linked to the change in the
hydrophobicity of the surface following formic acid adsorption
reaction. (B) A molecular-scale interpretation of surface structure and
association with water for −OH-terminated vs −O2CH-terminated
alumina. Reproduced from ref 150. Copyright 2013 American
Chemical Society.

Figure 8. (left) Atomic-layer sequence of the bulk unit cell of the α-
Fe2O3 structure along the [0001] direction. (right) Surface layer
models of the three possible “clean” terminations: (top) the O-
terminated surface, where O3−Fe−Fe represents the three outermost
layers of the (0001) surface, (middle) the double iron terminated
(0001) surface, (bottom) the single iron terminated (0001) surface.
Reproduced with permission from ref 116. Copyright 2004 Elsevier
BV.
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initio thermodynamic calculations on α-Fe2O3(0001) in the
presence of water vapor showed the results of variations in
surface energies for the di-erent structures of hematite(0001)
in equilibrium with water vapor. The (HO)3-Fe-O3-R
termination was found to be the lowest energy surface in
equilibrium with water vapor under the high p(H2O)−low pO2
conditions of the CTR experiments (Figure 9). (HO)3−Fe−

O3 represents the three top layers of the (0001) surface of
hydrated hematite, with each outermost OH group bonded to
a single VIFe3+ and the second-layer VIFe3+ bonded to three O
atoms in the next layer down.116
2.2.2. Surface Wetting. 2.2.2.1. Gas-Phase H2O Sorption

on Hydrophilic/Hydrophobic Surfaces. The extent of water
adsorption is dictated by several factors including the nature of
the water−surface interactions, which depend upon the
hydrophilic or hydrophobic nature of the surface, and the
partial pressure of water vapor in the air. Studies of planar
amorphous SiO2 surfaces, using a Si crystal covered with its
native oxide in contact with water vapor, by ATR FTIR
spectroscopy have shown an evolution of the adsorbed water
layer structure by monitoring the H-bonding network in the
O−H stretching region.153 Between 1 and 30% RH, the water
layer has been described as a H-bonded “ice-like” network
owing to the red-shifted vibrational frequencies indicating
either strong H-bonding or more H-bonds per water. At
intermediate % RH, this structure continues, followed by a
more “liquid-like” structure (denoting a blue-shift in the OH
resonance and weaker H-bonding) as more H2O molecules
adsorb onto the surface. Above 60% RH, the water layer
continues to grow.153 More recent work based on analysis of
water vapor adsorption onto silica found that water in the first
layer bound to surface hydroxyl groups via two H-bonds. The
adsorbed structures were stabilized by H-bonds with the O and
H atoms of the surface hydroxyl groups. Additional H-bonds
formed between these adsorbed H2O molecules. Onto this
monolayer, additional H2O molecules adsorbed to form the
next layer.154 Surface functionalization of silica to form a more
hydrophobic surface inhibited the “ice-like” structure of
adsorbed water from forming at low % RH due to the loss
of surface silanol groups in the functionalized surface.155

Changes in the bulk water contact angle due to surface
functionalization were also consistent with the observed
structure and thermodynamics of the adsorbed water layer
on the functionalized surface in equilibrium with the vapor
phase.
Studies using vibrational sum frequency generation (vSFG)

have investigated water layers on amorphous fused silica,156
finding that at low RH H2O molecules preferentially adsorb
into a weakly H-bonded state, and this H-bonded water does
not interact with surface-bound hydroxyl groups but instead
weakly interacts with surface siloxane groups. These data
suggest that amorphous hydroxylated silica has a hydrophobic
character even without functionalization, as water interaction is
controlled by the site density of silanols which was also
observed recently in a study using Overhauser dynamic nuclear
polarization and surface force measurements.157
Water adsorption from the gas phase has also been described

as producing “patchy surfaces,”146 which suggests that even for
single crystal oxide surfaces, there is a level of heterogeneity
that can impact the structure and chemistry of these surfaces.
Studies that combine experimental data with molecular
simulations provide new insights into water uptake from the
vapor phase onto solid surfaces including oxides and
silicates.158 In particular, the particle size and dimensionality
of surface-terminated domains (nanopores) in water uptake are
important, and hydrophilic mineral surfaces can adsorb water
films of various thicknesses and structures. Smaller particles <1
μm can have ∼5 monolayers of water on the surface at higher
relative humidity, whereas micrometer-sized particles show
much thicker water films up to several thousand monolayers.
Additionally, water films exhibit vibrational spectroscopic
signals similar to liquid water but with a highly disrupted
network of H-bonds based on the attenuation of peaks at lower
wavenumber (red-shift) associated with highly coordinated
water molecules.
New nanoscale insights on water adsorption on mineral

surface have recently been achieved using IR nanospectroscopy
along with molecular simulations.159 Water film evolution on
an individual hydrophilic mineral nanoparticle, in this case
gibbsite (Al(OH)3), reveals the growth to be anisotropic where
edges of di-erent crystallographic planes and defects showed
preferential adsorption of water from the vapor phase. Upon
cooling, thicker water films form on these mineral nano-
particles from condensation. The resulting water film that
engulfs the nanoparticle is anisotropic and has a non-uniform
thickness. As shown in Figure 10, the film starts on one edge of
the particle surface and then spreads out. Such gas-phase water
adsorption studies on hydrophilic/hydrophobic surfaces start
to provide a molecular picture of these interactions when
combined with MD simulations. Additionally, these studies
point towards an important role for particle size, pore size and
chemistry, defect sites, and inhomogeneities, all resulting in a
“patchy” nature to mineral surfaces on the nanoscale.

2.2.2.2. Liquid-Phase H2O at the Hydrophilic/Hydro-
phobic Surfaces. The interactions of water with oxide- and
silicate-surfaces can be di-erentiated into metal−water, O−
water, and other surface functional group−water interactions.
However, for solids in contact with liquid water, water−water
interactions also become important. Depending on the relative
abundance of atoms and surface features, water−solid
interactions and the resulting interfacial water structures and
interfacial water dynamics vary widely.

Figure 9. Surface energy vs O chemical potential for di-erent
hematite (0001) terminations. The vertical dashed line on the left is
the binding energy of O in the bulk structure, and the vertical dashed
line on the right corresponds to the energy of an O2 condensate.
Modified with permission from ref 116. Copyright 2004 Elsevier BV.
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Water−SiO2
136,160−162 interfaces have been studied in detail

experimentally and computationally. Fluid−solid interactions
control both the structure of the water adsorption layer as well
as the macroscopic contact angle. For example, Si samples with
a SiO2 layer at the surface readily adsorb water, and the water
contact angle can be reduced to <5° upon treating the Si
sample with UV/O3 to generate the oxide layer; such a low
contact angle indicates that the surface is nearly saturated with
silanol groups and is hydrophilic.160 Indeed, the water contact
angle was found to gradually reduce to 0° for a surface
hydroxyl density of greater than 4.6 nm−2; such low contact
angles were attributed to the presence of H-bonds at the SiO2
surface.157 At the quartz (101) water interface, X-ray
reflectivity measurements127 and vapor adsorption measure-
ments154 indicate the adsorption of up to six H2O molecules
per surface hydroxyl (although at high adsorbed water to
surface hydroxyl ratio, some of the adsorbed water is likely not
directly associated with a silanol site but rather a bridging
siloxane or coordinated water).
Similar adsorbed water structures are found for a variety of

important minerals. For forsterite, MD and incoherent neutron
scattering (INS) show that two H2O molecules adsorb per Mg
atom, and the oxygen in the water molecule bonds to the metal
ion, and forms H-bonds to the oxygen atoms of the solid.163
Water structures at numerous other mineral surfaces, including
hematite,164 rutile, cassiterite,165−168 and clay surfaces,169 have
also been studied. The adsorption of water leads to formation

of hydrated mineral layers with thicknesses of a few Angstroms
to a few nanometers. Using fast force mapping AFM to
measure the water structure between a silica AFM tip and a
boehmite (010) surface, water was found to be structured up
to 1 nm away from the boehmite with the largest water density
appearing near surface hydroxyl sites.170
Although experiments indicated general similarities in the

water structure at di-erent oxide surfaces, MD simulations
have shown that water on oxide surfaces can generate
counterintuitive phenomena particularly with respect to
water droplet formation and surface wetting. For example,
Hu and Michaelides’s171 simulations revealed that a 2D water
layer formed on the gibbsite plane of kaolinite owing to the
underlying ability of the mineral to donate and accept
hydrogen bonds. The top view of the water film reveals a
six-range arrangement of water molecules that follows the
surface structural motif (Figure 11B), while the side view
(Figure 11A) clearly highlights the absence of options for
interactions with water, i.e., additional water molecules would
not be able to find a docking point (dangling bonds or lone
electron pairs). Other studies172,173 showed a similar water
structure as that in Figures 11A,B for the fully-hydroxylated
sapphire (0001) plane. This primary water layer that lies
immediately at the surface is more or less identical to the (001)
plane on kaolinite or the gibbsite basal plane. The hydrophobic
character of a water film on a generic surface with strong
structural similarities to the above discussed faces was also

Figure 10. Anisotropic growth of water film on gibbsite Al(OH)3 surface measured using IR nanospectroscopy (IR s-SNOM). (A) IR s-SNOM
experimental set-up, including two-phase homodyne detection, beam splitter (BS), parabolic mirror (PM), and mercury cadmium telluride (MCT).
(B) Measured IR s-SNOM absorbance (blue dots, normalized) over a gibbsite particle exposed to ambient atmosphere. SNOM phase images were
used to obtain these values with the quantum cascade laser (QCL) tuned between 1580 and 1700 cm−1. This SNOM-derived spectrum is
compared to an analogous FTIR spectrum (black line, normalized). (C) Topography of the basal (001) gibbsite nanoparticle surface measured
using SNOM, with its corresponding height cross section collected at 0% RH. (D) IR s-SNOM phase images collected with the QCL tuned at 1630
cm−1 and their corresponding topography images. These images illustrate anisotropic growth of water film, which initiates at one edge of the
gibbsite nanoparticle. Reproduced with permission from ref 159. Copyright the Authors, some rights reserved; exclusive licensee AAAS. Distributed
under a CC BY-NC 4.0 license http://creativecommons.org/licenses/by-nc/4.0/.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.2c00130
Chem. Rev. 2023, 123, 6413−6544

6424

https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00130?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00130?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00130?fig=fig10&ref=pdf
http://creativecommons.org/licenses/by-nc/4.0/
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00130?fig=fig10&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00130?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


observed in simulations,174 which found that beyond this
primary (hydrophobic) water layer, the secondary water
prefers to form a drop on the water layer instead of spreading
(Figure 11C). Because the “hydrophobic” water layer has low
energy, it is by no means clear that it will disappear in the
presence of more water. The presence of such water films may
therefore have profound consequences on interfacial properties
and on interactions with solutes. The low surface energy of
these kinds of secondary hydrophobic surfaces of otherwise
hydrophilic surfaces may contribute to the stability of the
underlying primary solid surfaces. To what extent such well-
defined water films can form and a-ect properties on crystal
planes with structures that do not allow such hexameric
structures warrants further study.
In contrast, for sapphire (0001) surfaces, the computational

results of Argyris et al.175 indicate support for the view that
water forms a complete first hydration layer on the
hydroxylated oxide with excess water molecules forming a
small droplet (Figure 11D). The formation of the first
hydration layer is indicative of a pristine hydrophilic surface.
Recent experiments corroborate that appropriate cleaning
protocols lead to complete wetting of the sapphire (1120) and
(0001) planes, with accompanying computational results
suggesting these surfaces are super-hydrophilic.176 However,
other experiments have suggested that hydroxyls increase the
hydrophobicity of alumina,177,178 revealing the evolving and

often conflicting state of understanding around this surface.
Interestingly, in the case of the quartz (0001) surface,
simulations show a hydrophobic hexameric water structure
consistent with several other oxides, but they do not reveal
dangling surface hydroxyls (Figure 11E),162,179 unlike the
alumina surface of kaolinite where dangling surface hydroxyls
are located in the center of the adsorbed water hexamers
(Figure 11A). Molecular dynamics simulations on several
aqueous hydrophobic surfaces have shown the systematic
formation of a well-defined 2D-H-bond network180 of the
water molecules in the layer above these surfaces.181 While
these surfaces do not have hexameric structural patterns, the
distribution of H-bonded rings in this 2D-layer of water is
preferentially centered on hexamers.180
To what extent details of the surface structure, such as lattice

parameters or dipole moments, a-ect the structure of the water
layer has been studied for generic surfaces in much
detail.182,183 For example, a hexagonal solid lattice was
simulated with varying amounts of point defects, and in all
cases the surface was completely covered by the primary water
layer. However, increasing the density of point defects at the
surface a-ected the spreading of a water droplet formed on the
primary water film revealing that such defects changed the
conformation of the primary water layer (Figure 11F).182,183
These results suggest that surface heterogeneity can minimize
the hydrophobicity of this primary water layer.

2.2.3. H-Bond Structure of Water at Mineral Surfaces.
Thus far, we have primarily considered the position of water
molecules at the surface and subsequent wetting behavior
when surfaces are exposed to water vapor or liquid water. For
oxide or silicate surfaces submerged in water, the balance
between hydrophobic and hydrophilic interactions also dictates
the microscopic arrangement at the resulting solid−water
interface.157,181,184−188 The strength of these interactions as
manifested in the hydrogen bonds is also important to
understand, not only with respect to structure but the
dynamics at oxide− and silicate−water interfaces. At the
interface, one expects water to maximize water−surface H-
bonds at hydrophilic surface, whereas dangling free OH groups
from water are expected in hydrophobic environments where
the surface H-bonding sites are insuflcient or too weak. Tian
and co-workers coined the term the bonded interfacial layer
(BIL) to describe this water immediately adjacent to a solid
that is structurally distinct from bulk-like water owing to
interactions or the environment presented by the surface
(Figure 12A).189,190 As shown thus far throughout section 2,
H2O molecules have directional interactions and can form a
wide variety of networks based on interactions with surface
groups and other H2O molecules leading to complex and
varied BIL−water structures and dynamics.184 The BIL−
interfacial structure emerges through a competition between
hydrophilic surface−water interactions and collective water−
water interactions.11,157,181,184,185,187,188 Structural, dynamic,
and thermodynamic properties of interfacial water are
correlated as highlighted by Monroe et al.,184 who concluded
that the surface patterns control not only the structure but the
dynamics of interfacial water and that the interfacial water
orientational entropy, di-usivity, and H-bonding properties are
intrinsically connected.
Within the BIL, Pezzotti et al.181 introduced the notion of

vertical- and horizontal-order of the H2O molecules at solid−
water interfaces as a measure of the molecular behavior of the
surface (Figure 12B). The V- and H-order descriptors directly

Figure 11. Hydrophobic water layers on hydrophilic surfaces. (A)
Side and (B) and top view of a water film on the gibbsite plane of
kaolinite.171 (C) Water droplet on a water film that is formed on a
generic surface with a hexameric structure.174 (D) Water droplet
spreading on a hydroxyl terminated sapphire (0001) plane. (E) The
hydrophobic water layer on a quartz (0001) plane.179 (F) The e-ect
of the quantity of defects on the persistence of the hydrophobic water
layer. (A,B) Adapted with permission from ref 171. Copyright 2007
Elsevier. (C) Adapted with permission from ref 174. Copyright 2009
American Physical Society. (D) Adapted from ref 175. Copyright
2011 American Chemical Society. (E) Adapted with permission from
ref 179. Copyright 2006 American Physical Society. (F) Adapted from
ref 182. Copyright 2011 American Chemical Society.
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assess the competition between surface−water interactions and
(collective) water−water interactions in the BIL. The V-order
sums solid−water and BIL−water H-bonds that are formed
with the subsequent bulk water or di-use layer. The H-order
measures the extent of collectivity in BIL water−water H-
bonds, the ultimate H-order being the 2D-network with 1.7−
2.0 H-bond/mol values revealed at the air−water interface as
well as at notoriously hydrophobic surfaces like boron nitride
and graphene.180,181,191 At these interfaces, the V-order (less
than 0.7 HB/mol) measures the H-bonds between BIL−water
and the subsequent water layer.180,181,191 Amorphous silica also

has a large H-order with a smaller V-order that grows with
increasing surface silanol density.192 In contrast, the (0001)
surface of α-quartz not only possesses a distinct horizontal
order, Figure 11E, but also a highly organized V-order of BIL−
water through a H-bond 5-membered ring motif that is found
repeated over the surface.162,191 For both amorphous silica and
quartz surfaces at the pHPZC, the BIL is composed of one water
layer at the direct surface, roughly 3 Å thick.190,191,193−195

Similar molecular structural characterizations have been
obtained for Al- and Ti-oxide aqueous interfaces.196−204

Taking the example of α-Al2O3, there is a diversity of surface
morphologies with the (0001) facet being rather planar with a
high density of aluminols, while other facets such as the (1120)
or (1102) have highly-corrugated surface morphologies made
of channels with separate layers of outer- and inner-aluminols
that dictate the water accessibility to the surface sites and
competitive aluminol−aluminol intrasurface interactions that
modulate the balance of BIL−water V-/H-orders. While the
BIL−water H-order of the collective 2D H-bonding network
prevails at the (0001) α-alumina aqueous interface,181 a V-
order has been identified at, e.g., the (1120) aqueous
interface.205 Understanding the BIL−water at the (0001)
alumina aqueous interface has been challenging and elusive for
experiments and simulations:132,181,196,206 the basic pKa of the
aluminols at the (0001) α-alumina aqueous facet207 leads to
only 1/3 of AlOHs being H-bonded to BIL−water,181 which in
itself explains the appearance of the collective H-order of the
2D H-bonding network in the BIL as a consequence of
maximizing water−water interactions.

2.2.4. Dynamics (Vibration, Rotation, Di3usion) of
H2O at a Hydrophilic/Hydrophobic Surface. At an
interface, many properties of water, especially those depending
on H-bonding, are expected to be modified. Yet vibrational
sum frequency generation (vSFG) experiments on the
vibrational relaxation of the OH stretch at the SiO2−water
interface were consistent with bulk-like behavior.208 However,
later this observation was suggested to be likely due to an
artefact of the vSFG response that samples bulk-like water in
the presence of an interfacial electric field,209 a hypothesis that
was tested in experiments where the lifetime increased to T1 ∼
600 fs with added electrolyte (Figure 13).210 The rationale for

slower interface vibrational relaxation compared to the bulk
(T1 ∼ 250 fs) was a reduced number of H-bonding partners at
the interface compared to the bulk aqueous environment. The
influence of H-bonding on vibrational relaxation was tested in
an experiment that probed the OH stretch of HOD diluted in
D2O at the silica surface, revealing that the more strongly H-
bonded the sampled species are, the faster the rate at which

Figure 12. H-bond structure of water at solid surfaces. (A) Water
density profile (r) with respect to the distance from the neutral silica
surface (at the PZC of silica, pH ∼2) determined from molecular
simulations. The bonded interfacial layer (BIL), the average water
coordination per molecule (HBs/mol), and the angle with respect to
surface normal (θ) are shown. Red−purple scale represents the
probability of finding water with the corresponding angle and O−O
distance. (A) Adapted from ref 11. Copyright 2020 American
Chemical Society. (B) Scheme illustrating the general organization of
water in the BIL of aqueous silica at the PZC with the horizontal
order (H-order) shown with the red connectors and the vertical order
(V-order) shown with the blue connectors. The scheme illustrates a
BIL going from predominant H-order (hydrophobic, top) to
predominant V-order (hydrophilic, bottom), via an intermediate
balance between H- and V-orders (middle). The schemes also
illustrate how the surface chemistry (silanols and siloxanes) influences
the balance between H-/V-orders, and vice versa.

Figure 13. Impact of NaCl concentration on the observed OH stretch
vibrational relaxation dynamics at SiO2 water interfaces. Adapted from
ref 211. Copyright 2020 American Chemical Society.
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vibrational energy transfers.210 The impact of ions was to
accelerate the vibrational relaxation by reorienting water H-
bonds from out-of-plane (towards the SiO2 surface) to in-plane
resulting in a H-bonding environment more similar to the
hydrophobic air-water interface.211
To determine the e-ect of water orientation on vibrational

relaxation at interfaces, the dynamics of water at positively and
negatively charged Al2O3 surfaces (pH 4 and 10) were probed
with the expectation that reversing the charge of the solid
should change the direction of the dipole moment of water.
(Although recent work has suggested the IEP of the (0001)
facet of alumina is at pH 4.)212 Surprisingly, no di-erence in
dynamics was observed. Rather, the OH stretch lifetime was
found to be faster (T1 ∼ 100 fs) at the aqueous Al2O3
interfaces than in bulk water and barely impacted by the
presence of ions,205 be they cations,213 or anions,214 as well as
the nature of the Al2O3 surface, e.g., (0001) vs (1120).215 The
di-erence in water dynamics observed for silica compared to
alumina surfaces in aqueous solutions suggests that the higher
density of surface hydroxyls on Al2O3 (∼15/nm2) vs SiO2
(∼5/nm2) led to the faster dynamics, likely related to an
increased density of H-bonded states and a red-shift in the OH
stretch SFG spectra. This may be related to the correlation
between the higher density of vibrational states at lower

frequencies in the OH stretch region of the spectrum seen for
bulk ice vs water, and the faster OH vibrational relaxation of
bulk ice vs water.
The di-usion of water is critical but little is known about this

process at oxide− and silicate−water interfaces from either a
computational or experimental perspective under geochemi-
cally relevant conditions, although studies of water confined at
surfaces of SiO2

216 and TiO2,217 have been reported. While
there have been investigations, computational and experimen-
tal, of H-bond dynamics at air−water interfaces,218 there are
few reported on oxide or silicate surfaces.165 A computational
study found shorter H-bond lifetimes at the aqueous−hematite
(0001) interface.219 Several MD studies address the variation
of water di-usion rates near oxide surfaces. Holmboe and
Bourg220 and Greathouse et al.221 have both demonstrated the
variation of the di-usion rate for water and Na+ across smectite
nanopores, while Churakov222 examined water and Cs+ at or
near the surface. Nevertheless, more is required to aid in our
understanding of di-usion and H-bond dynamics at oxide−
and silicate−water interfaces and address the current knowl-
edge gap.

Figure 14. The electrical double layer. (A) Schematic of the electrical double layer at a charged silica surface and the corresponding changes in
potential as a function of distance from the surface. Modified with permission from ref 223. Copyright 2016 Wiley-VCH. The surface oxygen sites
of silica mark the 0-plane, which corresponds to the surface potential Φ0, while the ions are shown at the outer Helmholtz plane (OHP). The
potential at the OHP (ΦOHP) is often approximated by the measurable ζ potential (B). Simulations of the ion distribution at a charged silica surface
as a function of distance using a modified Poisson−Boltzmann model that incorporates hydration repulsion.224 (B) Adapted from ref 224.
Copyright 2015 American Chemical Society. (C) Classical MD simulation of aqueous sodium chloride solution at a carbon surface with a di-use
negative surface charge.225 (C) Adapted from ref 225. Copyright 2014 American Chemical Society. (D) MD simulation of an aqueous sodium
chloride solution at a carbon surface with discrete surface charge.225 (D) Adapted from ref 225. Copyright 2014 American Chemical Society.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.2c00130
Chem. Rev. 2023, 123, 6413−6544

6427

https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00130?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00130?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00130?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00130?fig=fig14&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00130?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


2.3. Solid−Electrolyte Interfaces: Including Adsorbate
(Ion) Structure and Dynamics
2.3.1. Electric Double Layer (EDL) Model Review. EDL

models are widely used to describe charged surfaces in contact
with an electrolyte solution. Depending on the pH, (oxyhydr)-
oxides of Si, Fe, Mn, Al, and Ti behave as amphoteric acids, as
they can either take up or release H+, making the surface
positively or negatively charged, respectively. The total surface
charge is neutral at the pHPZC. As the pH is increased or
decreased away from the pHPZC, a net surface charge results
from deprotonation or protonation, respectively, which, in
turn, are compensated by the accumulation of ions bearing the
opposite charge with respect to the surface, building up the
EDL. The EDL that develops at the interface between a solid
surface and the surrounding aqueous solution is a complex
environment that controls the chemical reactions taking place.3
EDL theory has its origins in the work of Helmholtz in the

1850s as an explanation of the behavior of aqueous solutions
near charged electrodes. Over time, theories have evolved
based on the work of Gouy and Chapman to describe water
and aqueous ion structures in terms of the electrostatic
potential from the surface with a varying capacitance
dependent upon charge and solution ionic strength (I).
Later, Stern combined concepts from Helmholtz and Gouy−
Chapman, generating a condensed ion layer near the surface
and the di-use layer of enriched counter ions that decayed
some distance from the surface. Grahame integrated both
specific and nonspecific adsorption within the Stern layer (at
the inner and outer Helmholtz plane, respectively), and the
modern notion of the EDL was born.226 The resulting
molecular schematic of the EDL is shown in Figure 14A
with the corresponding decay profile of the potential away
from the charged surface.
The influence of ion identity has been introduced in various

ways into EDL models based on hydration volume and
whether an ion binds specifically (with concomitant dehy-
dration, chemisorption, inner-sphere adsorption) or non-
specifically (maintaining its hydration sphere, physisorption,
outer-sphere adsorption) to a surface. As the thickness of the
Stern layer, and in turn the capacitance, depend on these
di-erent modes of ion binding, as well as the ionic radii and
the presence of surface hydration layers, the inner layer
capacitance was determined by Sverjensky for a wide variety of
mineral oxides and ions by regression of surface charge data
from a variety of studies under a range of pH and
concentrations to compile a comprehensive list of proposed
EDL structures based on a triple layer model that separates the
Stern layer into two layers with di-erent capacitances.227 This
triple layer model, which involves site binding and is one
example, and surface complexation models (SCMs) for
describing the EDL as described in section 2.3.5. In contrast
to empirical or semi-empirical models such as SCMs, others
have utilized a variety of modified Poisson−Boltzmann models
that incorporate parameters such as ion volume, polarizability
(including the corresponding dielectric decrement caused by
hydrated ions),228 and repulsive non-electrostatic hydration
forces224 to simulate the interfacial structure as a function of
oxide and cation identity, which often results in the emergence
of the expected Stern and di-use layers in the simulation
(Figure 14B).224
Beyond the continuum models, MD simulations may

provide a more detailed description of the EDL including
steric e-ects, ion specificity, changes in the surface

morphology, and, depending on the level of description,
polarization and charge transfer e-ects.10 Classical molecular
dynamics simulations (CMD), where the forces acting on the
atoms are calculated from empirical potentials, have the
advantage of a relatively low computational cost, which permits
treating systems of 100 000s of atoms for 100s of nanoseconds.
Accordingly, CMD simulations can describe ion equilibrium
behavior for a relatively dilute system corresponding to Debye
lengths on the order of 10s or 100s of nanometers. On the
other hand, “ab initio” molecular dynamics (AIMD) simu-
lations, that explicitly include the electronic structure, permit
an accurate description of the Stern layer, taking into account
ion specificity, polarization, charge transfer, and reactivity that
cannot be easily incorporated in the force field approach. The
AIMD drawback is the limited size of the systems (up to few
thousand atoms for 10s of nanoseconds) which can be
currently treated with modern computational resources.
However, such a limitation is overcome by the use of machine
learning (ML) that extends the “ab initio” level of accuracy to
system sizes typically used within force field-based CMD
calculations. A recent example for a mineral oxide is the
development and use of a ML potential for the titania−water
interface.229−232

An important aspect for mineral oxides and silicates is that,
unlike the case of metals or semiconductors where the overall
charge is delocalized, the surface charge may be highly
localized and heterogeneous.233 As such, the complexity of the
surface structure calls into question the utility of the simple
mean-field view of the EDL based on ensemble values such as
the capacitance, surface charge density, and surface or Stern
layer potential. CMD simulations of a charged surface in
contact with di-erent alkali chloride solutions found that the
structure of ions and water near the surface changed
significantly when discrete rather than di-use surface charges
were incorporated into the simulation (Figure 14C,D).225 Also,
for the CaF2−water interface, a recent study combining AIMD
simulations and interface selective vibrational spectroscopy
pointed out the impact of localized charges on the water
structure and dynamics at the interface.234 Additionally, the
relative position of ions with respect to the surface, an
indicator of ion aflnity, often di-ers depending on the model
used. For example, the Poisson−Boltzmann model that
incorporated hydration repulsion interactions predicted that
Cs+ resided closer to the surface than Na+,224 whereas MD
simulations reached the opposite conclusion.225 However, we
note that one challenge in comparing both theoretical and
experimental studies is di-erences in the conditions they are
simulating or measuring, respectively, which varied in these
two instances in terms of not only salt concentration but also
of surface charge density. As will be discussed, recent
experiments and simulations suggest that relative trends in
the ion aflnity for a mineral oxide can vary with pH and the
extent of surface deprotonation.235−237

Several techniques can be used to provide estimates for the
fundamental surface charge density based on charged sites at
the mineral surface and its dependence on pH. One of them is
potentiometric acid−base titrations, where the equilibrium pH
value of the colloid dispersion is measured as a function of the
added volume of titrant, namely a strong acid or strong base,
and compared with a reference that does not contain the
colloid.238−240 The microscopic interpretation of the values
obtained for the charge density is, however, not straightfor-
ward, as the release of protons cannot be distinguished from
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the binding of hydroxide and vice versa.241 Additionally,
potentiometric techniques are not suitable for large planar
samples with small surface area to volume ratios, which can
complicate the interpretation of nonlinear optical or X-ray
spectroscopy measurements carried out on larger samples as
the fundamental surface charge density is not explicitly known.
Another important parameter related to EDL theory that can

be determined experimentally is the zeta potential (ζ) (see
section 2.3.3.1.3). In the presence of millimolar concentration
of ions, this potential is often used to approximate the potential
at the start of the di-use layer, sometimes referred to as the
Stern layer or di-use layer potential (Φd, Figure 14).223,242
Such an approximation is challenging, as the location of the
slip plane where this ζ potential arises is generally not known
in the experiments, making it diflcult to relate to classical EDL
models. However, atomistic simulations243 including non-
equilibrium molecular dynamics simulations200,244 have
revealed the position of this slip plane to be approximately
15−20 Å from the charged surface. The ζ potential unlike
potentiometric measurements that report on the fundamental
surface charge density can be measured on both colloidal and
planar samples.245 Yet knowledge of both the fundamental
surface charge density and the ζ potential are generally
required to provide information about the composition of the
Stern layer.242 Furthermore, simulations suggest that even in
the presence of a neutral surface, di-erent extents of binding or
distance of approach of cations versus anions in solution can
result in a non-zero ζ potential as a result of the uneven
distribution of cations and anions in the direction normal to
the surface,244 making complementary knowledge of the
fundamental surface charge density helpful in interpreting ζ
potential measurements.
Valuable information on the structure and net order of water

in the EDL at the oxide− and silicate−water interface can also
be obtained from second harmonic generation (SHG) and
SFG spectroscopy.237,246−253 X-ray techniques that can resolve
the position of ions in regions near the surface also provide
molecular information about the EDL structure, which will also
be discussed below. Overall, a new understanding regarding
the EDL is emerging that goes beyond primitive ions models in
which Cl− is not like I−, for instance, or Na+ is not the same as
Cs+. Likewise, the relative permittivity in the di-use layer is
probably well approximated with water’s bulk value, but the
Stern layer’s permittivity, thickness, and capacitance are still
underdetermined and can currently only be employed as rough
estimates,254 similar to the sketch from the previous review3

(Figure 1A). Spatial variations of these properties are generally
accounted for as mean field approximations, but how good
such approximations are is just now becoming clear: nonlinear
optical, electrical impedance, and X-ray spectroscopic experi-
ments indicate the mean field (Gouy−Chapman−Stern)
model can underestimate the total potential drop across the
silica−water interface by up to 80−90% percent at high ionic
strength and around 50 percent at low ionic strength.253
2.3.2. Structural Measurements and Theories. Numer-

ous experimental studies explore the structure and dynamics of
oxides and silicates in the presence of “simple” aqueous ions
such as alkali halides. Wherever possible, we focus on the most
recent examples that have benefited from advances in
computational power, synchrotron light sources, laser technol-
ogy, and AFM capabilities.
2.3.2.1. Crystalline Solids. Ion-specific e-ects at oxide− and

silicate−water interfaces are often predicted based the ability of

either the ion or the oxide to structure water (related to the
law of matching water aflnities255 by Collins). Ions causing a
similar e-ect on the structure of water as the oxide surface are
easily adsorbed, whereas ions that a-ect water structure
di-erently than the oxide surface tend not to adsorb as
strongly. This model accurately predicts that small highly
hydrated cations such as Li+ and Na+ adsorb more strongly to
metal oxides such as α-Fe2O3, α-Al2O3, α-TiO2, and ZnO, as
these oxides are considered “structure-promoting”, whereas
metal oxides such as α-SiO2, V2O5, MoO3, and WO3 are
considered “structure-breaking”, adsorbing Cs+ preferentially
over Na+. However, sample preparation and treatment may
result in a regular adsorption sequence;256 altering the surface
charge density by changing the pH has also a-ected the
preferred adsorbing ion sequence of the same oxide.235−237

Additionally, the behavior of simple monovalent electrolytes
depends on the facet of a given solid.257
Measuring the structure of the EDL at oxide− and silicate−

water interfaces and its changes as a function of sorbent type
and crystallographic orientation, solute type and concentration,
and solution variables such as pH and I, is a challenging
objective. Synchrotron long-period X-ray standing wave-
fluorescence yield spectroscopy258,259 has been used to probe
the vertical distribution of atoms at a number of di-erent types
of interfaces, including oxide− and silicate−water interfa-
ces,142,260 and mineral surfaces coated with microbial biofilms
or thin organic films.261−269 Similarly, synchrotron XRR
measurements and resonant anomalous XRR have proven
useful at exploring the EDL structure at oxide and silicate
surfaces.127,133,270,271 In one example, synchrotron XRR
measurements were combined with MD simulations to identify
the structure of the muscovite mica/aqueous interface.128 The
authors observed that the ions formed inner-sphere complexes
at two di-erent sites on mica: a cavity site and a “triad” site, so-
called because of the interaction with three surface O atoms.
The larger cations preferred the cavity sites, whereas Li+ and
Na+ preferred the triad site, but in all instances inner-sphere
complex formation dominated over outer-sphere complex
formation. The authors proposed that the site preference of the
ion was determined by its preferred coordination number. The
data also revealed water ordering out to ∼1 nm from the
surface, on the order of one Debye length based on the salt
concentration in the model.
Nonlinear optical techniques including SFG have been

utilized to monitor crystalline oxides such as alumina and
rutile.272 Some of these studies will be discussed later in the
section discussing surface heterogeneity and defects (vide
infra).

2.3.2.2. Amorphous Solids. Amorphous planar substrates
are ill-suited for certain types of measurements such as X-ray
spectroscopies owing to the symmetry within the plane of the
surface. However, one marked exception is synchrotron-based
AP-XPS using “tender” X-ray energies (1−5 keV).273−275

Although in situ AP-XPS provides useful information about
surface chemical reaction products under more realistic
conditions than conventional ex situ XPS studies carried out
under UHV conditions, AP-XPS cannot be used by itself to
quantitatively investigate interfaces in an element-specific and
chemical-state-specific way with subnanometer resolution of
the z-position of a chemical element above a solid−water
interface. Nemsǎḱ et al.276 got around this limitation utilizing
X-ray standing waves to excite photoelectrons, a technique
known as standing wave ambient pressure photoelectron
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spectroscopy (SWAPPS) on a thin layer of nanocrystalline or
amorphous hematite (α-Fe2O3) (∼37 Å thick) grown by
reactive magnetron sputtering in a UHV chamber (Figure 15).
By combining experimental results with theoretical photo-
emission calculations to derive quantitative information on the
relative depths of Cs+, Na+, and other chemical elements in the
EDL, with sub-nm accuracy, as well as the concentrations of
each chemical component present, including water vapor at a
RH of ∼8%. They observed that Na+ approached the hematite
surface more closely than Cs+. Such preferential adsorption of
Na+ over Cs+ has also been reported for α-TiO2, α-Al2O3,277

and α-Fe2O3 surfaces.278,279 Other recent explorations of ion
interactions at silica−water interfaces at constant pH have also
revealed information about the ion position within the EDL
structure for “simple” alkali chlorides using standing-wave X-
ray spectroscopy on a native oxide layer on silicon coupled
with complementary MD simulations.280
To probe both the Stern and di-use layers, particularly when

the latter is large extending nanometers or more from the
surface, SFG and SHG are ideal as these second-order
techniques are sensitive to noncentrosymmetric assemblies.
Within the BIL or Stern layer, water has a net orientation

Figure 15. SWAPPS: Standing wave ambient pressure photoelectron spectroscopy of hydrated mixed NaOH and CsOH layers on nanocrystalline
or amorphous α-Fe2O3. SWAPPS of films deposited on a Si−Mo multilayer mirror showing the vertical positions (depth in Å) of Na+ and Cs+ ions
as a function of their concentrations.276 The Na+ penetrates within the surface region of the α-Fe2O3, whereas the Cs+ only resides in one region of
the interface. Image courtesy of the Fadley Group (UC Davis).

Figure 16. pH-Dependence of ion aflnity for surfaces. (A) Integrated SFG intensities at the silica−aqueous interface as a function of pH with 500
mM alkali chloride solutions.237 The integrated intensity is proportional to the amount of ordered water at the interface, which at this high salt
concentration should be within a nanometer of the surface. (B) Extrapolated outer Helmholtz (O−H) potentials from AFM force measurements
between silica surfaces in the presence of 31 mM alkali chlorides. The inset shows replicates on di-erent samples.235 (C) MD simulation of alkali
ions interacting with a carboxylic acid-terminated self-assembled monolayer (SAM) at low pH, corresponding to primarily neutral COOH sites, and
high pH, corresponding to more COO− sites. (D) Modified PB calculation of the outer Helmholtz potential (left axis) and net surface charge
density (right axis) as a function of pH for the COOH-terminated SAM. (E) Experimental measurements of the outer Helmholtz potential and net
surface charge density for a silica surface under the same salt concentration as those calculated in D (0.01 M salt). Both surfaces exhibit this trend
reversal with pH, suggesting all surfaces dominated by weak acid sites should exhibit such behavior. (A) Adapted from ref 237. Copyright 2017
American Chemical Society. (B) Adapted from ref 235. Copyright 2013 American Chemical Society. (C−E) Reproduced with permission from ref
236. Copyright 2016 Elsevier Ltd.
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owing to H-bonding with the oxide surface as well as
asymmetric ion solvation, while interactions between electro-
static fields arising from charged surfaces order water within
the di-use layer.246,281 The distance from the surface to the
end of the di-use layer is typically approximated as four times
the Debye length, a parameter inversely related to the ionic
strength owing to enhanced screening of the surface field with
increasing ion concentration.281
Using vSFG, several groups have explored the e-ect of

added salt on the interfacial water structure at the silica−water
interface at pH above the pHPZC.247,252,281,282 The impact of
ions on the vibrational relaxation of interfacial water, increasing
or decreasing the rate in a manner that depends on the surface
charge, have also been noted.11,209,211 For both monovalent
and divalent salts, the overall intensity of the interfacial water
vSFG signal (proportional to the amount of water with net
order at the interface) decayed with increasing ion
concentration. However, divalent ions such as Ca2+ at high
concentrations (∼2 M) were shown to completely disrupt the
amount of ordered interfacial water, which was not observed
for the monovalent ions even at higher concentrations (e.g.,
Li+).283 The ion identity was found to impact the amount of
signal, which suggested either di-erent screening behavior or
specific adsorption at the interface. Complementary to these
experiments is SHG, which has suggested that the ion identity
and concentration impact the relative distribution of acidic
sites on silica surface as well as their apparent acidity
constants.248,284,285 More recently, the impact of ion identity
on the net amount of ordered water within the Stern layer and
within the di-use layer has also been explored with
heterodyne-detected SHG revealing ion specific e-ects.251
Another benefit of nonlinear optical experiments on planar

substrates is that conditions can be used where colloidal
samples are less stable or undergo significant dissolution due to
their higher exposed surface areas, which impacts many
colloidal measurements owing to the sensitivity of analysis
on the specific surface area. For example, Borguet and co-
workers varied the pH from pH 2 to 12 (a pH typically
unexplored in colloidal systems) for the planar silica−aqueous
interface and found that the impact of NaCl on the relative
signal of ordered water was highly pH dependent.252 At both
low and high pH, the addition of salt had little e-ect on the
interfacial water structure, but at intermediate pH the
di-erences in signal between pH-adjusted water free of
additional NaCl and solutions containing 0.1 M NaCl were
significant; the authors correlated these pH where the
interfacial water structure was very sensitive to the presence
of ions with previous work on the impact of ions on the
dissolution rate of silica, which similarly observed that the
addition of alkali chlorides impacted dissolution mostly around
neutral pH.286,287 More recently, the trend in alkali chloride
behavior with respect to the SFG signal intensity at the silica−
water interface around neutral pH from Li+ ∼ Na+ > K+ > Cs+
(the Hofmeister series) to Cs+ > K+ ∼ Na+ > Li+ (the reverse
Hofmeister series) above pH 10.5 (Figure 16A).237 This
suggested the nature of the EDL structure and the relative
behavior of ions depend on the surface charge density of the
underlying oxide, also observed previously utilizing other
techniques such as surface force measurements for silica
(Figure 16B)235 as well as in studies on TiO2 and SnO2.256,288
Variability in ion trends have also been shown for similar pH
based on di-erent silica samples, suggesting that the surface

porosity or the presence of gel layers also impacts ion
specificity.289
The sensitivity of vSFG and SHG to the systems where

inversion symmetry is broken can make it challenging to
deconvolute where in the interfacial region the signal arises.
Recently, strategies have been explored for separating the
signal arising from water at the surface vs that further away in
the di-use layer by taking advantage of signal interference that
occurs in the latter when the di-use layer penetration depth is
of the same magnitude as the coherence length of the SFG or
SHG light.250,251,290 One implementation of this strategy has
used phase-sensitive SFG at the silica−water interface, which
allows the orientation of the waters to be resolved, and the
contributions from di-erent populations at the surface and in
the di-use layer to be separated. Using this approach, the
di-erence in the imaginary spectra (the imaginary component
of the SFG electric field) was measured at pH 12 with
increasing amounts of salt, allowing the authors to resolve the
SFG behavior of water immediately at the charged silica
interface.291 The resulting Stern layer spectra were similar for
both H2O and HOD aqueous systems, indicating strong
hydrogen-bonding for the OH of water that was donating a H-
bond to the surface while the other OH within the molecule
was e-ectively decoupled, providing much weaker signal at
higher wavenumber for this H-bond oriented away from the
surface. More recent work at lower pH, pH 5.6, monitored the
evolution of the surface water (the bonded interfacial layer-
BIL) by separating the contribution of the di-use layer from
the total imaginary spectra.246 At very low salt concentrations,
where a Stern layer is yet to form, the BIL structure exhibited a
significant amount of ordered water, which looked similar to
that observed near the pHPZC (pH 2) with the dominant
feature stemming from water accepting H-bonds from the
silanol-rich surface. This similarity suggested that the BIL
water structure is correlated with silica reactivity, as the
tendency of silica to avoid aggregation has been observed both
near the pHPZC (pH 2) and at low ionic strengths (requiring
near neutral pH).289 One possible origin of the stability is the
steric repulsion of neighboring particles under conditions that
facilitate highly ordered BIL water. As salt is added, leading to
disruption of the BIL, particle−particle interactions are less
sterically hindered.
Surface force measurements have also explored the impact of

ions and pH on interactions between oxide surfaces.292 Sivan
and co-workers used AFM measurements to map the force
between two silica surfaces in alkali chloride solutions, which
exhibited pH-dependence in the relative force trend for the
examined ions.235 For example, the extrapolated outer
Helmholtz potentials determined from the measurements
exhibited the lowest force for Cs+ at low pH consistent with
Cs+ forming a closer interaction with the silica surface,
followed by Na+ and Li+ (Figure 16B). Above pH 8, the trend
was reversed. The authors proposed that the weakly hydrated
silanol sites that dominated at low pH had stronger
interactions with the weakly hydrated Cs+. However, upon
deprotonation the resulting siloxide attracted more hydration
waters, which expelled the Cs+ and instead led to greater
interactions with the strongly hydrated Li+.
MD-DFT studies and a modified PB model observed similar

changes in ion aflnity with pH for another weak acid:
carboxylic acid-terminated self-assembled monolayers.236 The
authors’ simulations supported that the weakly hydrated Cs+
had the closest approach to the neutral COOH group but that
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the trend was reversed with deprotonation (Figure 16C). They
proposed that this mechanism for reversal in ion aflnity with
changing surface charge density was likely general for other
mineral oxides and weak acid monolayers (Figure 16D,E).
Subsequently, vSFG studies have confirmed this pH dependent
reversal in ion trend at carboxylic acid-terminated films.293
Finally, force measurements have identified the significant
impact of surface roughness on interactions between oxide
surfaces.294 Recent MD simulations found that certain silica
surface structures that yielded sterically hindered sites could
lead to a higher adsorption aflnity of Na+ versus Ca2+,
suggesting ion aflnity and mode of binding should also be
sensitive to surface roughness.295
Another approach to exploring the EDL structure on

amorphous silica utilized internal reflection ellipsometry at
the silica interface in the presence of Na+ or Ca2+ chlorides at
low and high pH.296,297 The authors were able to interpret the
data in terms of ion adsorption, with Ca2+ showing a higher
aflnity for silica, using a modified PB model coupled with a
triple layer SCM, but they noted that their experimental
observable could not distinguish whether overcharging
occurred under their conditions.296
2.3.2.3. Coupled and Decoupled Dynamics in the Stern

and Diffiuse Layers. As mentioned previously, the two basic
components of the most established and commonly used EDL
models are the Stern and the di-use layers. The textbook
picture is static and suggests that processes in each region
occur simultaneously. Yet, one may ask whether a sudden
reduction in the ionic strength of an aqueous solution in
contact with an oxide changes the ion concentrations in the
Stern and the di-use layers in synchronicity, or if one responds

before the other. Time-resolved X-ray reflectivity measure-
ments have shown Rb+ exchange kinetics to depend on the
distance from the solid−liquid interface, at least over the first
few nm.298 Related to this emerging view is the well-
documented and yet still enigmatic phenomenon of hysteretic
acid−base chemistry at charged solid−water interfaces,299
which can maintain a pH 3-like condition at the interface for
hours while the bulk solution pH is 10.300 These findings
present the opportunity to consider whether the various parts
of the EDL are decoupled from one another under certain
conditions. The various regions may then present quite
di-erent environments to incoming or outgoing ions. As a
result, various parts of the EDL shown in Figure 14A may need
to be viewed as acting separately from one another under
certain dynamically changing bulk conditions (pH, I, solutes).

2.3.2.4. Nanoparticles/Nanoconfined Interfaces/Porous
Systems. As we have shown above, water can change the
surface structure of the solid, while surfaces define the
structure of water/solution above them. The EDL can extend
up to several nm, therefore in some narrow nanopores there
could be no “bulk” solution present. The e-ect of overlapping
EDLs from the opposing surfaces on both the solution
structure and surface structure is an active area of research.
When a reactive surface reaches the nanoscale size range as,

for example, happens for nanoparticles, interlayers of clay
minerals, fluids inside geologic nanopores, and nanoscale water
films, chemical properties deviate significantly from those
observed for larger systems.301−304 The properties of pore-
confined water under unsaturated conditions are controlled by
adsorption on surfaces and pore condensation. Adsorption of
water in narrow pores, for instance, in porous SiO2 MCM-41

Figure 17. Interfacial structures of montmorillonite and hectorite nanopores. Snapshot of the simulation supercell for hectorite and atomic density
profiles representing MD-equilibrated interfacial structures for montmorillonite and hectorite nanopores. Blue spheres in hectorite model represent
Na ions; clay layers in the model are indicated by bonded atoms of the octahedral (Mg−Li−O) and tetrahedral (Si−O) sheets. Labels for aqueous
layers are indicated as L1 to L4 and di-use (Di-).221 Adapted from ref 221. Copyright 2015 American Chemical Society.
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with pore diameters of 1 to 4 nm, leads to the formation of
approximately one adsorbed H2O layer with a density that
scales linearly with surface hydroxyl site density. In these
nanopores, low surface hydroxyl densities lead to reduced
densities of adsorbed H2O,305 as opposed to a large (101)
surface of quartz, where the density of adsorbed H2O is
approximately equal to bulk H2O density.127 The thickness of
the adsorbed water layer in nanopores is controlled through
the inverse relationship between pore condensation pressure
and pore size given by the Kelvin equation. In MCM-41 with
1.2−1.7 nm pores, the H2O layer thickness at P/P0 ≈ 0.65 is
∼0.2 to 0.4 nm, whereas it is ∼0.6 nm in CPG-75 with 13 nm
pore diameters;154 for comparison, the adsorbed water layer at
the unconfined quartz (101) surface is ∼1.1 nm at P/P0 = 1.127
The importance of dimensionality must also be considered

in confined systems.306 Recent advances in nanoporous
material synthesis and synchrotron-based probes allowed for
quantitative descriptions of nanoconfinement e-ects on
interfacial chemistry. Inside small water-filled nanopores, the
ratio of interfacial to bulk water is large, and therefore the
changes in H-bonding structures and decreased rotational
freedom of surface-associated H2O molecules lead to decreases
in the mean dielectric response, density, surface tension, and
freezing temperature of confined H2O.305,307−313 The lower
mean dielectric response of nanoconfined water causes a
decrease in the solvation energy of dissolved ions increasing
equilibrium constants for homogeneous314 and heterogene-
ous304,315−317 complexation reactions. Selected experimental
and computational advances in understanding the structures
and reactivities of nanoconfined solid−water interfaces are
discussed below.
2.3.2.4.1. Computational. Greathouse et al. used MD

simulations to evaluate the structure and dynamics of water
and solutes confined within clay mineral interlayers of hectorite
and montmorillonite.221 These phyllosilicates have charged
layers comprised of tetrahedral−octahedral−tetrahedral sheets.
Hectorite is characterized by Mg2.5Li0.5 occupancy in its
octahedral sheet, whereas montmorillonite has Al1.5Mg0.5 (with
a vacancy) for its octahedral sheet. Figure 17 shows the
equilibrated simulation cell for the ∼6 nm nanopore in
hectorite. Large-scale all-atom MD simulations, involving
atomic trajectories for approximately 50 000 atoms run for
50 ns, utilized the CLAYFF interatomic potentials.220,318−320

Molecular simulations involving clay mineral models have been
shown to be accurate in evaluating structure and dynamics of
bulk, aqueous, and interfacial systems.318,321−323 Figure 17 also
provides the atomic density profiles for hectorite and
montmorillonite simulations, which both indicate a dominant

outer-sphere adsorption peak for Na+ at approximately 4 Å
from the surface oxygen plane of the clay. Hectorite exhibits an
extra Na+ adsorption peak near the siloxane surface associated
with an inner-sphere complex involving tightly bound Na+
interacting with the hexagonal siloxane ring structure of the
basal surface. A comparison of H profiles for the two clay
structures shows the di-erence in orientations of hydroxyl
groups near the interface, due to an octahedral vacancy
associated with montmorillonite, and resulting in enhanced
inner-sphere Na+ adsorption for the hectorite simulation.
Additionally, di-usion coeflcients for water and Na+,
calculated for each water layer at the interface, show reduced
transport rates close to the surface, and increase two to three
times and approach bulk di-usion values: 3 × 10−9 m2/s for
water and 1.3 × 10−9 m2/s for Na+ in the di-use central region
of the nanopore.324 These results collectively demonstrate the
utility of an atomic model of nanopore structure and dynamics,
which can inform and guide experimental, spectroscopic, and
macroscopic measurements.
Many other molecular simulation studies have contributed

insights to the structure and dynamics of clay−water interfaces
and nanopores.220,318,319,325−332 Much of this e-ort is related
to understanding model interfacial systems for environmental
investigations and to advance chemical and nuclear waste
remediation and repository technologies.

2.3.2.4.2. Experimental. Experimental investigations into
nanoconfinement-driven e-ects on interfacial chemistry
indicate that energetics, kinetics, and products of the
nanoconfined systems di-er from unconfined counterparts.
Wu and Navrotsky showed that ΔH of small molecule
interactions with nanoporous SiO2 surfaces becomes more
negative with decreasing pore size and increasing density of
Si−OH functional groups, with ΔH of immersion for NaCl
rising from −8 to −11 kJ/mol when pore diameter is decreased
from 16 to 3 nm; this trend is consistent for water, ethanol,
triethylamine, NaCl, and NaHCO3.333 Similarly, Knight et al.
showed that ΔH of H2O desorption from nanoporous SiO2
increases from 2 to 6 kJ/mol when pore diameter in SiO2 is
decreased from 8 to 2 nm.334 The ΔH of adsorption for Cu2+,
Nd3+, Tb3+, and Lu3+ changes dramatically for nanoconfined
SiO2−H2O interfaces: ion adsorption is endothermic for free
and exothermic for nanoconfined (4 and 7 nm pores) SiO2
surfaces.304,335 Mechanistically, these observed changes in ΔH
are explained by (i) lower energetic cost of partial dehydration
of hydrated ions under nanoconfinement, which is a necessary
step for the formation of inner-sphere surface complexes
detected experimentally, and (ii) increased polymerization
reactions on nanoconfined surfaces, with Cu2+, Nd3+, Tb3+, and

Figure 18. Lanthanide adsorption on surfaces and in pores. Proposed lanthanide (III) adsorption mechanisms which can result in an endothermic
(+δH) or an exothermic (−δH) signal. (A) Lanthanide adsorption as an outer-sphere complex on unconfined SiO2 surface. (B) Lanthanide
adsorption as an inner-sphere complex on nanoconfined SiO2 surface. (C) Lanthanide adsorption as an inner-sphere dimer complex on
nanoconfined SiO2 surface. (D) Decrease in ΔGhydr under nanoconfinement, making dehydration reaction less energetically costly. Modified from
ref 335. Copyright 2021 Royal Society of Chemistry.
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Lu3+ forming a larger proportion of polynuclear species under
nanoconfinement (Figure 18).304,335
Analogous nanoconfinement-driven increases in inner-

sphere surface complexation and changes in the local
coordination environment of adsorbed species have been
reported for Na+ and Ca2+ ion exchange reactions in the
nanopores of several zeolite minerals316 and for trace levels of
Zn2+ in amorphous SiO2 nanopores.317 Figure 19 shows SEM

images of the nanoporous silica samples used in this latter
study, ranging in average pore diameter from 328 (CPG3000)
to 10 nm (CPG75). Zn2+ surface coverages ranged from 0.12
to 3.6 μmoles m−2. As pore sizes decrease in the nanoscale size
regime of nanoporous silica, tetrahedrally coordinated inner-
sphere, monodentate Zn2+ adsorption complexes dominate
over octahedrally coordinated Zn2+ adsorption complexes on
am-SiO2 nanopore surfaces (Figure 20).
As opposed to nanopores, where interfacial reactivity is

defined by the properties of nanoconfined water, reactivity, and
stability of nanoparticles are determined by the balance
between interfacial (surface enthalpy) and bulk (free energy
of formation) energies. This leads to apparent crossovers in
thermodynamic stability fields, and metastable phases,
becoming stable at the nanoscale, a phenomenon consistently
observed for Fe-, Al-, and Ti-oxides.301 For iron oxides, for
example, when particles reach 60 nm or less, goethite (α-
FeOOH) becomes more stable than hematite (α-Fe2O3), and
for particles of 12 nm and less, lepidocrocite (γ-FeOOH)
becomes more stable than hematite.301 The size-dependent
thermodynamic properties of nanoparticles lead to size-
dependent reactivity trends, which define the fate and

transport of chemical species and biogeochemical cycling in
the environment.303
The large surface areas and curvature associated with

nanoparticles enhances their response to interactions with
water.336 The adsorption of water onto nanoparticle surfaces
can decrease their surface energies, stabilizing nanoparticulate
phases, as has been shown for SnO2.

337 These complex
phenomena impact the stability of colloidal suspensions,
contaminant transport, and the development of macroscopic
geological features such as river deltas. Additionally, acid−base
surface properties of oxide nanoparticles are amplified in the
presence of ions, which will be further discussed in section 3.
Adding salts, such as NaCl that fully dissociates and does not
a-ect bulk solution pH, can drive a pH change in an aqueous
suspension of oxide particles. This is typically explained to be a
consequence of ion driven deprotonation above the point of
zero charge of surface hydroxyl groups that leaves behind
negatively charged surface groups that complex with salt
cations,241 driving changes in interfacial water structure.338,339

2.3.2.5. Spatial and Structural Heterogeneities of Surfaces
and Interfaces. There are a number of features that provide
heterogeneity on oxide surfaces. Broadly speaking, these
surfaces are covered with bound hydroxyl groups and bridging
oxygen species. For example, SiO2 has SiOH groups and
siloxane bridges (Si−O−Si), which have reportedly hydro-
philic and hydrophobic character, respectively;157 although
some debate exists about the nature of water wetting and
hydrogen bonding to SiO2 surfaces,340 there is evidence that
the adsorption of H2O from the vapor phase on oxide surfaces
is spatially heterogeneous, occurring first at the siloxane
bridges.156 Furthermore, the SiOH groups are not all identical:
they can be in plane or out of plane of the surface, and the
silanols can be either geminal or isolated. Surface preparation
impacts the silanol speciation.341 Crystalline materials can be
cut to expose specific crystallographic facets, e.g., Al2O3 (0001)
and Al2O3 (1120) that results in distinct roughness, density,
and types of surface hydroxyl groups. Finally, surfaces are not

Figure 19. Scanning electron microscopy (SEM) images of
experimental substrates: (A) amorphous silica controlled pore glass
(CPG) particles, and surfaces of porous particles with di-erent
average pore sizes (B) CPG3000 (328 nm), (C) CPG1000, (D)
CPG500, (E) CPG120, and (F) CPG75. Reproduced with permission
from ref 317. Copyright 2016 Elsevier Ltd.

Figure 20. Predominance diagram of Zn2+ surface complexes with
respect to pH and pore size. Positions of lines, curves, and shaded
regions are specific to the chemical conditions of experiments and
would shift as a function of aqueous Zn2+ concentration and amount
of available substrate surface area. Green regions and ISoct refer to
inner-sphere monodentate Zn2+ complexes in octahedral coordination
with surface oxygen atoms on am-SiO2. Blue regions and IStet refer to
inner-sphere monodentate Zn2+ complexes in tetrahedral coordina-
tion with surface oxygen atoms on am-SiO2. Superimposed structures
depict possible molecular-level geometries. Reproduced with
permission from ref 317. Copyright 2016 Elsevier Ltd.
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perfect and there are many kinds of defects (steps, kinks, point
defects, line defects, etc.).
Once exposed to an aqueous environment, further

heterogeneity can develop on the surface. For example,
hydroxyl groups can ionize to form positively charged (e.g.,
SiOH2

+ and Si(OH+)342−344 or negatively charged (e.g.,
SiO−)342,344,345 sites depending on the bulk aqueous pH and
electrolyte composition. Experiments by Gibbs and co-workers
illustrate di-erences in the acid−base equilibria of the distinct
SiOH species at silica−water interface248,285 that are also
supported by the computational studies by Gaigeot, Sulpizi,
and co-workers.162,207 Experiments to determine the acidity of
individual hydroxyl groups on In2O3, as well as ZrO2 and TiO2
have been performed in UHV,346 opening up the perspective
for similar studies in aqueous environments and eventually the
investigation of hydroxyls at defect sites, steps, and near
impurities. The situation is complicated by the adsorption of
aqueous species, e.g., cations, to the interface that can lead to
deprotonation,241 charge reversal,213,249 and reorientation of
surface bound hydroxyls (Figure 21).198
Many of the properties that characterize a surface, e.g., the

IEP and surface potential, are determined by measurements
that average over this heterogeneity (see section 2.3.3.1. for a
more in-depth discussion of what constitutes the surface
potential). Therefore, probes that provide spatially-resolved
quantification are desirable. SHG microscopy has revealed
heterogeneity via quantifying water orientation.347 In principle,
this nonlinear microscopy allows in situ imaging of
heterogeneity on the sub-300 nm lateral length scale without
exogenous labels. However, heterogeneity on surfaces is
expected on much smaller length scales. For example, the
surface charge dependence of vSFG and SHG suggests in-plane
interfacial heterogeneity of the spatial sampling of vSFG and
SHG, coupled with a depth dependence of the response that
complicates the interpretation of the complex interfacial
environment. Using the vSFG of a reporter molecule
(SCN−), Borguet et al. have revealed that the surface potential
of the Al2O3 (0001) surface in aqueous solution is
heterogeneous and provided an estimate of the potential at
AlO−, AlOH, and AlOH2

+ sites that may be simultaneously
present, of −154, 0, and +308 mV, respectively.233
Surfaces are also dynamic and therefore can be seen as

heterogeneous in time. The rapid making and breaking of
interfacial H-bonds, the adsorption and desorption of diverse
species, and the acid−base equilibria that characterize surface
bound hydroxyl groups are fundamentally dynamic processes,

leading to time-dependency in the chemical composition and
environment of a particular surface site. This has been
addressed by MD simulations. On longer time scales,
hysteresis of surface behavior likely reflects additional
heterogeneity.285,348

2.3.3. Interfacial Potential Measurements. 2.3.3.1. De-
fining Diffierent Potentials and Their Experimental Influence.
2.3.3.1.1. The Total Surface Potential. The total surface
potential at oxide−water interfaces contains contributions that
arise from electrical charges via the Coulomb potential, aligned
water molecules in the form of dipole potentials, and other
contributions to the electrostatic potential (Figure 7A,B).
Depending on the ionic strength, the relative contributions of
these components can vary. Consider the dipole potential due
to water: Kelvin probe studies at air:surfactant:water
interfaces349 show it to be on the order of several 100s mV,
therefore the adsorbing ions of the same charge sign must do
work to reach the solid surface in addition to the Coulomb
contribution. For oppositely charged ions, the attractive forces
can be considerable. For a net charge density around 0.01 C
m−2, typical for amorphous SiO2 in 1 mM NaCl at pH 6,350
this latter contribution is in the few to tens of mV range,
indicating dipole potentials can have an outsized (albeit short-
ranged) role. To what extent the dipoles that generate the high
potentials at the air−water interface continue to prevail for
buried surfaces is open to discussion. For measurements on
single crystals, the same variation in humidity on a silica
sample amplified the measured potential,351 while an increase
in humidity was shown to have no e-ect in Kelvin probe
measurements for alumina. Dipole potentials are even more
important at the pHpzc, where the Coulomb potential vanishes,
making it diflcult to predict the dipolar alignment of interfacial
water molecules. Under dilute conditions, dipole potentials
add to the sizable Coulomb potential that oxides can exhibit
above and below the pHpzc. Yet, the classical colloid chemistry
textbook by Hunter352 discusses dipole contributions as
negligible compared to contributions due to charges. Kelvin
probe measurements are currently challenging to carry out at
oxide− and silicate−water interfaces due to their insulator
character, so information on the magnitude of the dipole
potential comes mainly from atomistic computer simula-
tions.243,349,353 Such simulations indicate that measurements of
the ζ-potential are not sensitive to the dipole potential,243
emphasizing the need to experimentally elucidate the relative
contributions to the total surface potential at the insulator
surfaces in contact with aqueous solutions.

Figure 21. Sodium halide adsorption at alumina(0001)/water interfaces. Snapshot of (a) NaF and (b) NaCl adsorption near the α-alumina(0001)/
water interface. Water molecules are omitted for clarity. Pink, red, white, blue, dark-green, and light-green spheres represent aluminum, oxygen,
hydrogen, sodium, fluorine, and chlorine atoms, respectively. In both simulations, most Na+ ions are triply coordinated by the surface, and halides
can form H-bonds with hydroxyl groups of the surface, which reorient to accommodate the solvation of the adsorbed ions. Reproduced from ref
198. Copyright 2019 American Chemical Society.
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2.3.3.1.2. Direct Measurements of Interfacial Potential.
The most frequently applied approach to interfacial potential
involves ζ measurements,352 as reviewed by Delgado et al.,245
while measurements of the surface potential are scarce. Various
approaches for planar surfaces354,355 and for particles are
discussed below.254,356
Simultaneous measurements of the total surface potential

and interfacial structure are possible using optical means in the
form of nonresonant heterodyne-detected SHG. This non-
resonant signal is understood to originate from the
instantaneous response of the electrons bound to the
interfacial species to the incident optical fields. The photons
generated at the interface interfere with the photons generated
in the di-use layer over a distance that roughly corresponds to
the Debye screening length, at least in the commonly used
reflection geometries.246,250 The SHG amplitude and phase
determined by this technique yield the total interfacial
potential, which contains the Coulomb, dipole, quadrupole,
and all other contributions to the potential at the interface.357
It serves as a prime experimental benchmark for computational
studies of charged surfaces and provides the upper boundary of
other estimates of interfacial electrostatics (dipole potential,
Gouy−Chapman−Stern potential, ζ, etc.). The technique also
yields the second-order susceptibility of the surface, χs(2), which
is a fundamental structural property of matter in non-
centrosymmetric environments.358 It is a measure of how the
electrons are distributed in a noncentrosymmetric medium (an
interface) and χs(2) is given by the number, Ni, of a given
interfacial species, i, multiplied by the orientational average of
the hyperpolarizability, α(2).359−361 At an oxide−water inter-
face, these are the interfacial hydroxyl groups, the interfacial
water molecules and metal oxy(hydroxide) surface sites, and
the adsorbed ions. To relate the sign of and magnitude of χs(2)
to net orientation and order, consider as an example an array of
two water molecules having their dipoles pointed up
(hydrogens pointed towards the negatively charged surface,
Figure 22) which would correspond to a positive χs(2) value. In
contrast, two waters oppositely aligned would result in a χs(2)
value of zero. Two water dipoles pointing down (hydrogens
pointed away from the positively charged surface, Figure 22)

would yield a negative χs(2) value. Surface silanol groups
(neutral, protonated, and deprotonated) and counterions also
contribute to χs(2), according to their abundance.
These three scenarios of aligned water dipoles at the surface

are shown in Figure 22 for an oxide transitioning through the
PZC. The cartoons are highly idealized, with dipolar alignment
only a-ected by the interfacial charge which competes with the
energetics needed to establish the interfacial H-bonding
network. The adsorbed ions also contribute with their own
individual hyperpolarizabilities to the resulting signal.
Potentiometric measurements and calculations with surface
complexation models have established that cations and anions
influence charge densities at charged surfaces via their
adsorption aflnities.237,362−365 Important properties such as
the pHPZC will in general be sensitive to electrolyte identity as
well. Pourbaix diagrams366 and thermodynamic calculations367
can guide an understanding of bulk speciation, against which
measurements of interfacial ion speciation can then be
compared. HD-SHG delivers the necessary sensitivity to
probe ion specificity in terms of χ(2), as demonstrated recently
for RbCl, NaCl, and NaI, showing I− with a 4× larger χ(2) than
Cl−, reflecting the di-erences in these ions’ polarizabilities.251
Likewise, Mg2+ at the silica/water interfaces produces a much
smaller χs(2) than Na+.368 The χs(2) values are positive for fused
silica in contact with 0.5 and 0.05 M NaCl for all pH values
between pH 2 and 12, which is consistent with the classic work
of Duval et al.342 showing that the surface consists of >80
percent molecular SiOH groups at all these pH values. In other
words, the amphoteric character of fused silica only involves
about 5−15 percent of protonated or deprotonated (SiO−)
surface sites, while the remainder are neutral. (The identity of
the protonated sites remains unclear as to whether it
constitutes protonated bridging siloxanes or silanolium sites
given the current computation and experimental evidence.)
Such a level of microscopic insights from experiments can

then be compared to atomistic simulations of ions at charged
surfaces114,180,190,195,369,370 to determine which molecular
structures resemble the experimental results. Key advances
are then expected if one combines second harmonic amplitude
and phase measurements with simultaneous measurements of ζ

Figure 22. Simplified textbook cartoon of a surface transitioning through the point of zero charge. Dipoles of strongly coordinated water molecules
are shown along with ions and charges. (Note: Dipole are illustrated using the definition prevalent in chemistry, where dipole moments are seen to
result from the di-erence in electronegativity between two chemically bonded atoms and point toward the most electronegative atom the chemist’s
vision of electron flow. The physics definition would have the dipole point in the opposite directions, from the negative to the positive.) The ion
concentration is constant at 1 cation and 1 anion in the bulk slab. χ(2) and χ(3) are the nonlinear susceptibilities that contribute to both SHG and
SFG measurements and form a basis for understanding structure and electrostatic in the Stern and the di-use layers.
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so that contributions by the dipole, quadrupole, and other
potentials can be further investigated. First steps in that
direction have already been made by simultaneous measure-
ments of SHG intensity and streaming potentials,371 which is
encouraging.
2.3.3.1.3. Surface Potential versus Zeta Potential. It is

important to distinguish the di-erent specific electrostatic
potentials that can be assigned in the EDL. The potential that
is the origin of the double layers on oxide surfaces is the
surface potential, which, within the idealizing picture, is
assigned to the plane of the surface functional groups (the 0-
plane, Figure 14a). This potential is often denoted Φ0 or Ψo
and is referred to as the inner potential in surface complexation
models. It is commonly assumed that titratable charge at the 0-
plane is caused by the protonation and deprotonation of the

surface functional groups. The electrical charge and (if
applicable) additional contributions, e.g., from dipoles and
higher-order moments, generate the (total) surface potential.
The term surface potential is also sometimes applied to the
di-use layer potential, when a given study is not interested in
the processes within the Stern layer. For example, the di-use
layer potential, as obtained from the evaluation of force
distance curves, is sometimes called the surface potential.372
This is often the case for DLVO type investigations when the
di-use layer potential is relevant and the innermost interfacial
potential does not need to be probed.373
In the classical picture of the EDL, the di-use layer potential

(Ψd or Φd) is close to the measurable ζ. Yet Ψd is, by
definition, situated at the head-end of the di-use layer, while ζ
is an experimentally determined parameter situated at the slip-

Figure 23. Simultaneous measurements of potentials. (A) Surface (ISFET) and zeta (streaming) potentials for flat silica surfaces;372 the straight
line corresponds to the Nernst slope. (B,C) Measured surface potential (single crystal electrode) and zeta potential (streaming current) for
rutile(100) and quartz(0001) faces.377 (D) Measured surface potential (single crystal electrode)379 and zeta potential (streaming current)382 for
hematite(0001) faces. Ψo is the surface potential, and ζ is the zeta potential. (E) Comparison of reported surface potentials for flat silica samples as
obtained by various methods. SHG, second harmonic generation in 0.5 M NaCl;383 EIS, electric impedance spectroscopy in 1 M NaCl;384 ISFET,
ion-sensitive field-e-ect transistor in 0.1 and 1 M NaNO3.385 (F) Comparison of reported zeta potentials from streaming potential/current
measurements for (0001) cut of sapphire single crystals in 10 mM KCl by Kershner et al.,386 Yang et al.387 and Wang et al.382 The data labeled RT
were only treated at room temperature, while the temperatures indicated correspond to heating steps during the crystal preparation.
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plane, the location of which might be displaced towards an
unknown position within the di-use layer, leading ζ to be
smaller in magnitude than Ψd (see section 2.3.1). When |Ψd| >
|ζ|, the magnitude of the di-use layer charge density would
accordingly be larger than that of the electrokinetic charge
density (|σd| > |σek|). It would be helpful if authors clearly
stated their assumptions relating Ψd and ζ (and the
corresponding surface charge densities) to limit confusion,
but this is not always the case. Besides the di-erence
mentioned above, σd and σek need to be distinguished from
the basic charge density (fundamental surface charge density)
that can be obtained from potentiometric acid−base titrations
on oxide minerals. This fundamental charge density, σH, is
exclusively generated by adsorption or desorption of protons
(which cannot be distinguished from desorption and
adsorption of hydroxide ions, respectively). If it is assumed
that any interaction with proton and hydroxide occurs at the
idealized plane of the surface hydroxyls of the oxide surface
(i.e., σH = σο,H) and that no other ions contribute charge to this
plane, then within the classical picture the fundamental surface
charge density corresponds to the surface charge density in this
plane (i.e., σo = σH). However, this classical picture has been
challenged in more recent work,374 where specific adsorption
of hydroxide ions was assumed beyond the plane of surface
hydroxyls (i.e., σH ≠ σo,H). These hydroxide ions would
contribute to the results of potentiometric acid base titrations,
thereby making it impossible to assign individual contributions
to a given idealized plane of adsorption based on the titration
data.
The fundamental surface charge density (at the plane of the

surface potential) may not only arise from H+ sorption or
desorption. Contributions from inner-sphere surface com-
plexes have to be included. In turn for the H+-related charge, if
H+ reactions in the other parts of the double layer occur, the
assignment of the measured titratable charge to the plane of
the surface potential is erroneous. As is the case for the surface
potential, the proton related charge density has to be related to
some reference value to go from measured di-erences to
absolute values, whereas the determination of ζ yields absolute
values. Measurement of ζ for both colloids and flat samples is
routine. The determination of the more fundamental surface
potential is limited to few laboratories and therefore data
remain scarce.
Nernstian behavior of surface potentials of oxides has been

previously used to calculate the surface potential using the
equation Ψo = ln(10) × RT/F × (pHpzc − pH), where pHpzc is
the pH of zero surface potential. As shown, Nernstian behavior
corresponds at 25°C to a change of −59.16 mV per pH unit.375
More direct measurements of the surface potential for various
oxides have been published at di-erent pH with respect to the
pHpzc, for example, utilizing ion-sensitive field-e-ect transistors
(ISFETs) for planar surfaces376 or particle systems.356 All of
these measurements reported Nernstian, or near-Nernstian
surface potential vs pH behavior, suggesting that Nernstian
approaches to estimate the surface potential from the pHpzc
were valid. Moreover, these studies were also consistent with
the classical EDL model, in which the interfacial potential in
absolute value decays linearly within the Stern layer from the
surface to the head end of the di-use layer and subsequently
decays further towards the bulk of solution, where it vanishes
(Figure 14b). Yet one problem related to the measurement of
the surface potential is that only di-erences can be measured.
Typically, some pHPZC is then taken to mark an absolute value.

Surface potential measurements have become available for
oxide surfaces, with crystal face specificity in many cases.355
Although, as mentioned above, surface potential measurements
in relation to surface complexation models or concomitant ζ
measurements for some oxide minerals had previously shown
the expected behavior within the classical EDL picture with
measured surface potential typically showing near-Nernst
slopes,354,356 the more recent measurements on some systems
clearly challenge this picture. As shown in Figure 23, the
simultaneous measurements by Bousse et al.372 on silica
surfaces (Figure 23A) show the magnitude of ζ (or the
streaming potential) to be far less compared to the surface
potential, which indicates a near-Nernstian slope. Recent
measurements on particles have corroborated these results.223
Likewise, the rutile(100) surface (Figure 23B)377 shows this
classical behavior and the expected ionic strength (I)
dependence, with little e-ect of NaCl concentration on surface
potential, but decreasing magnitude of ζ with increasing
NaCl.253
Unlike these examples, many cases have emerged where the

conventional picture of the EDL cannot explain the
observations.377 As an example, Figure 23C shows such data
for quartz (0001) as observed with identical samples within a
collaboration378 and for hematite(0001) from separate studies
(Figure 23D).379 Here, the surface potential does not show the
Nernstian behavior, which in the case of the hematite(0001) is
not expected based on the a popular and successful SCM the
Charge-Distribution Multisite Complexation (CD-MUSIC)
model.380,381 More importantly, in the two cases, the surface
potential can be lower in magnitude than the ζ for a given I of
monovalent electrolyte, which is at odds with the classical
picture of the EDL, see potential profile in Figure 14. To
explain the discrepancies within a classical EDL picture,
contributions from within the slip plane are required from
lectrolyte ions, water molecules, or impurities. Seemingly inert
surfaces (as characterized by the surface potential plateau,
which is set to zero mV) have been frequently observed in
single crystal electrode measurements.377 The general situation
is far from clear in this respect, as is apparent from Figure 23.
In particular the two SiO2 systems (Figure 23A,C) tell di-erent
stories. Another aspect concerns the I-dependence of the
surface potential, which is expected to be small. Unlike for ζ,
where the increase in magnitude with decreasing level of inert
electrolyte is established and observed (e.g., Figure 23B), the
observations for the surface potential appear to be more
diverse with the single crystal electrodes.
Surface potentials have also been obtained by other

approaches. Thus, Figure 23E compares results from three
methods between 0.1 and 1 M sodium salts with very good
agreement. Figure 23F shows a similar comparison for zeta-
potentials measured for the (0001) facet of α-Al2O3 in 0.01 M
KCl by streaming current/potential approaches. The measured
ζ-potentials for the samples exposed to higher temperatures
(350 and 500 °C) agree fairly well but di-er significantly for
samples that were not annealed (Figure 23F, RT samples).
Also, the two data sets for these nonannealed samples di-er
from each other. Similar discrepancies for nominally identical
surfaces have been reported for this crystal plane in NaCl
solutions, and the influences of sample origin, treatment, and
other factors have been discussed.212
The measured surface potentials should, in the future, be

subject to rigorous re-evaluation and related to the results from
nonlinear optical data to come to a consensus between
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methods but also and maybe more importantly to understand
to what extent the classical picture of the EDL needs revision
and what is causing the di-erences between systems.
Combined measurements should be preferable because they
limit ambiguity with respect to the sample properties or
treatment (Figure 23A and as further discussed in section
2.3.4).
2.3.3.2. Overcharging or Charge Reversal Phenomena. An

interesting phenomenon observed for oxide surfaces in contact
with aqueous ions is overcharging, where counterion
accumulation within the Stern layer overcompensates the
charge of the surface such that a negative oxide surface can
result in a positive ζ.388 Overcharging has been observed
directly in force measurements389 and indirectly by potentio-
metric experiments coupled with ion adsorption experiments
where, based on charge balance, an oxide at pH above its
pHPZC can yield a net positive charge. However, the most
common evidence of overcharging is electrokinetic data that
measure ζ, which is often used as an approximation for the
potential at the outer Helmholtz plane. When this potential
becomes zero (an isoelectric point) at pH far above the pHpzc
and then changes sign, it indicates that the system is exhibiting
overcharging owing to the composition of the Stern layer.
There are two general conditions where overcharging, or

charge reversal, from a negative ζ to a positive ζ, is observed.
The first involves increasing the ion concentration of divalent
or trivalent ions while maintaining a constant pH of the system
at a pH above the pHpzc of the oxide. This has been attributed
to specific adsorption of the cations to surface sites, although it
can also be explained by quantum mechanical models that
consider ion−ion and ion−site correlations.388 The other
condition involves increasing the pH while maintaining
constant ion concentration. The latter experiment is
particularly interesting as it reveals instances where the ζ

becomes more positive with increasing pH, unexpectedly for
an oxide surface. To understand how the structure of the EDL
changes under such conditions, researchers utilized vSFG at
the silica−water interface in the presence of Ca2+ as the pH
was increased from pH 6 to 12.249 Near the isoelectric point at
pH 10.5, they observed a minimum in the SFG signal from
water in the OH stretching region while also observing the
growth from pH 9 until the isoelectric point (∼pH 10.5) of a
peak at 3650 cm−1 that was attributed to Ca(OH)+. Divalent
ion adsorption at the Al2O3(0001)−water interface was also
proposed to lead to charge reversal at pH 10 based on SFG
observations.213
Other recent studies have utilized di-erent techniques to

monitor overcharging of oxide−aqueous interfaces using other
techniques besides vSFG. For example, XPS was used to
examine ion speciation at the silica−aqueous interface under
conditions of overcharging albeit ex situ;390 for a number of
divalent transition metal ions at pHs where the ζ was positive,
an increase in hydrolyzed cations (cation−hydroxide com-
plexes) were observed on the silica surfaces. In another
example, high-resolution AFM, in combination with streaming
potential measurements, for the mica−water interface has been
utilized to correlate the speciation of adsorbed Al3+ with ζ as
the pH was raised, causing the potential to reverse from
negative to positive (Figure 24).391 More recently, X-ray
reflectivity measurements combined with simulations revealed
overcharging by RbI on muscovite mica with increasing RbI
concentration at ∼pH 6.392 The authors attributed over-
charging to the positional organization of ions in an alternating
layered structure of cations and anions rather than surface
complexation. Such structures had not been predicted by ion−
ion correlation models revealing the need for experimental
evaluation of the EDL to inform new theoretical models.392,393

Figure 24. (A) High-resolution AFM images of the mica−aqueous interface with increasing pH in the presence of 1 mM AlCl3. (B) Zeta potentials
determined from streaming potential measurements as a function of pH in the presence of various initial concentrations of AlCl3. (C) Results from
a fit of the experimental measurables with a triple layer model. The predicted speciation results were corroborated by AIMD calculations.
Reproduced from ref 391. Copyright 2020 American Chemical Society.
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2.3.3.3. Acidity Constants. A major mechanism of charging
oxide surfaces involves the (de)protonation of surface hydroxyl
sites. Knowing the acid dissociation constant Ka (or pKa) of
these sites is useful for predicting the pH-dependence of their
H+-related surface charge density. Moreover, to predict surface
reactivity of oxide and silicate surfaces in terms of their
composition and orientation, their acidity constants can be
used.118,239,394,395 These acidity constants can also be used to
estimate the pristine pHPZC values, considered a characteristic
of a reactive surface and accessible via macroscopic measure-
ments. Recent developments may raise expectations that pKa
constants of individual surface sites may become accessible via
direct measurements.346 Estimates of surface pKa constants
have been classically obtained as so-called intrinsic constants
by fitting a certain thermodynamic model to a set of
experimental data, often potentiometric titrations that yield
H+-related surface charge density as a function of pH. An
apparent pKa can be extracted from the data for the specific
experimental conditions and may then be related to the
intrinsic pKa of the surface by a thermodynamic model that
accounts for the di-erence in surface conditions compared
with the bulk, for example, the surface H+ concentration versus
the bulk H+ concentration. The surface and bulk values may
di-er by many log units. Unfortunately, fitting results depend
on the chosen thermodynamic model.
Various attempts have been made to estimate pHPZC and

pKa values for oxides.124,380,396−398 The first models considered
the surfaces in terms of the bulk solid and generic surface
groups, while later ones included distinct crystal planes with
their specific surface groups. In the final development, the H-
bonding of the surface functional groups was explicitly
included. However, one should not be blinded by the success
of such models. For example, first attempts to obtain the
crystal plane specific charging behavior of goethite using the
bond valence model380 ignored the relevance of H-bonding
between surface hydroxyls and adsorbed water and used a
wrong surface morphology. When the wrong assumptions
concerning the exposed crystal planes were corrected, the
original model no longer reproduced the experimental pHPZC
value. This was only achieved with the correct crystal planes
once H-bonding was included making the model more
complex. One property a-ecting fitted surface complexation
constants, the surface site parameter involves higher complex-
ity than the assumption of a planar, smooth surface even on
well-defined goethite particles.399 The roughness at small
scales severely a-ects surface site densities, and thus stability
constants should be reviewed based on the present information
with respect to the ability to reproduce experimental pHPZC
values. Nanoconfinement adds to the problems because
traditional models do not account for overlapping EDLs, e.g.,
in narrow pores, and this will impact acidity of surface sites.
On unconfined samples, multiple distinct pKa constants for

nominally the same type of surface site (e.g., −SiOH sites in
the case of silica) have been observed. For example, for silica,
potentiometric, and ζ measurements of colloidal samples have
led to reported pKa values in the range of 4 to 7. In general, at
pH > 8 silica dissolution has to be accounted for because
dissolution a-ects potentiometric titrations to obtain the H+-
related charge density at pH values where dissolved silicic acid
releases a H+. To what extent dissolution in particular under
flow directly a-ects charging properties is an ongoing
debate.400,401 Experiments on planar substrates under higher
pH conditions using planar silica samples have indicated that a

second type of silanol site with a relatively high apparent pKa is
present (pKa ∼7−10).248,284,285,402 The presence of two types
of silanol sites has also been reported for colloidal
samples.403,404
Quantifying the pKa values (the intrinsic constant) of

individual sites remains challenging as it requires knowledge of
other parameters such as the surface pH, which in turn requires
knowledge of the total surface potential, which is not trivial to
decipher. The apparent pKa depends on the local environment
comprising the electrostatic potential, building up across the
double layer, and the localized charges on the surface (e.g., due
to other titratable species) and in the EDL in the form of
cations/anions.285 The microscopic picture, provided by
theoretical and computational models, may therefore be of
great help to interpret the results of pH-dependent or salt-
dependent experiments such as vSFG that are influenced in
complicated ways by the various interfacial potentials, surface
charge, and surface site densities.
Quantitative interpretation has been based on semi-

empirical surface complexation models (SCM)380,398 and
bond valence models,125 where the acidity constants depend
on the undersaturated valence of the O bond. One concern
with the use of such bond valence models is that they are
incredibly sensitive to small changes in the M−O bond length
or the valence distribution in H-bonds.379 For example, varying
the bond length from an average Fe−O distance in the bulk of
goethite to reported values for relaxation of Fe−O distances at
the surface of hematite results in changes of the Ka of the singly
coordinated group by 8 log units. Electrostatic charging
behavior of the (110) surface of rutile was measured by SHG
as a function of pH in Fitts et al.,405 who used the relaxation of
surface bonds to allow for a fitting of the observed pHPZC.
There is also agreement between CD-MUSIC estimates for
surface groups and AIMD simulations, for example, for
gibbsite.406 A notable exception is the deprotonation of the
doubly coordinated group on the basal plane,406 which also
was reported for the same group on hematite.407 CD-MUSIC
type models are routinely utilized in combination with a
Gouy−Chapman−Stern type EDL model.408 Recent progress
in applying these models to ferrihydrite has shown that
molecular level based surface complexation models do have the
potential to be applied to real-world systems.409−413 Some of
the considerations and challenges of using SCM models to
accurately determine site pKa will be discussed in section 2.3.5.
Intrinsic pKa values can also be calculated with DFT-MD

simulations.162,192,414−417 The latest simulations have pointed
out how the intrinsic pKa is strongly dependent on the local
environment and have tried to rationalize the e-ects of ions on
the pKa of the surface groups (e.g., the silanols416). In most of
these simulations, PZC conditions are considered, therefore
neglecting the EDL contribution, which was considered to be
beyond the size limitations of DFT-MD. However, such a
picture has been recently changing with the explicit
introduction of ions at the oxide− and silicate−water
interfaces. For example, the recent development of the
constant electric displacement Hamiltonian418 has been
extended also to the oxide−water interface in the presence
of salt (e.g., TiO2(110)−NaCl electrolyte interface).419 Using
finite-field DFT-MD, the pH-dependence of the Stern layer
(Helmholtz) capacitance was identified as arising from
stronger structural fluctuations of the interfacial water with
increasing pH. Yet even with these advances, the pKa of only
one site can be explored in the simulation. As computational
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power grows, larger simulations can be explored, allowing the
pKa of sites to be determined in the presence of charged sites
that have already been deprotonated. Such explorations will be
critical to understanding cooperative deprotonation processes
on oxide and silicate surfaces.
Regarding the bimodal SHG response of the silica−water

interface,402 simulations have been able to capture the
expected two pKa values associated with bimodal character,
but no systematic attribution of pKas based on vicinal or
geminal silanols could be found.162,192,414 Instead, the local
environment of the silanol(s) at the surface (e.g., inter-
hydroxyl H-bonding, presence of neighboring siloxanes,
strained zones, silanol coverage of patches, and stability of
the conjugated base, were all found to influence the pKa values.
For instance, two Q2 geminals at the surface of amorphous
silica were found with opposite chemistries, one being acidic
and the other basic because of the local surface morphology
(concave/convex zones) and immediate Si−OH and Si−O−Si
surface chemical surroundings; a substantial H-bond network
that can be formed by the SiO− conjugate base and defines the
silanol pKa value.
For quartz, DFT-MD/AIMD studies indicated that the

bimodal pKa behavior of the surface silanols arises from the
hexameric arrangement of acidic Si-OHs that are oriented out-
of-the-plane forming strong donor H-bonds with BIL−water
(vertical H-bonds) and basic Si-OHs that are oriented in-plane
(horizontal) and simultaneously donate H-bonds to neighbor-
ing acidic SiOHs (horizontal H-bonds) and accept H-bonds
from BIL−water (vertical H-bonds). The high density of
hydrophilic sites (9.6 SiOH/nm2), the bimodal character of
their pKa, and the crystalline and repetitive topology and planar
morphology of the quartz surface favor the vertical order of
BIL−water and hence favor a crystalline-type of structural
organization of BIL−water.
2.3.4. Combined Experimental Approaches. Models

and interpretations relying on one experimental approach may
lead to erroneous conclusions. In aqueous speciation studies,
coupling of macroscopic investigations (e.g., titrations) with
spectroscopic experiments, for example NMR, and simulta-
neously fitting data to a speciation model420 yields models that
directly include the molecular-level information. Similar
combinations can be found concerning mineral surfaces,137
including anion adsorption (combination of ATR-FTIR or
EXAFS, uptake data, and theory)421,422 or radionuclide uptake
(TRLFS coupled to uptake data, EXAFS, and theory).
Some examples of combined experimental approaches that

utilize the same or similar mineral samples are electrokinetic
measurements combined with linear and nonlinear optical
spectroscopies like SHG and vSFG.246,249,338 Potentiometric
experiments have also been utilized with SHG scattering to
correlate surface charge density and the interfacial potential of
SiO2 particles.241 Vibrational SFG has been combined with
streaming current or streaming potential measurements using
similar planar silica samples and identical salt solutions,
allowing the signal intensities to be related to changes in
ζ.246,249 XPS measurements that used a synchrotron light
source incident on a liquid jet to introduce the colloidal silica
sample have been performed on Ludox silica suspensions at
temperatures below 10 °C in combination with otentiometric
and electrokinetic room-temperature experiments performed at
room temperature.223,254 This combination allowed the surface
potential to be measured separately from the outer Helmholtz
potential using the results from XPS and ζ determination,

respectively. From this information and the surface charge
density, the Stern layer thickness was obtained as a function of
salt concentration223 and ion identity for the alkali chloride
series.254 Finally, nonlinear optical methods have also been
combined and performed on the same type of planar silica to
yield information about the di-erent sensitivities of non-
resonant SHG and vSFG to the amount of ordered water at the
interface as well as the contribution of the underlying silica
surface (Figure 25).423 To improve confidence that the sample

behavior is consistent across the di-erent techniques,
simultaneous measurements might be preferable because it is
not always trivial to assure that sequential surface preparation
yields identical specimens. To this end, SHG has been
measured simultaneously with streaming potential experiments
to correlate the SHG signal and the ζ of the interface (Figure
26).371

2.3.5. Surface Complexation Modeling. Surface com-
plexation models (SCMs) are widely used to generate a
molecular interpretation of the interface from a variety of
experimental observables. Generally, these models consider the
di-erent equilibrium constants that determine the interfacial
structure such as the surface pKa, the ion adsorption
equilibrium constants, the magnitude of which can suggest a
mode of binding and ion speciation equilibrium constants. The
first issue SCMs deal with is the “charging” of the mineral−
water interface based on the pH dependent protonation and
deprotonation of O atoms at the surface. Hence, potentio-
metric titrations are conducted and pKas of presumed surface
sites are estimated. However, most of this work has been
carried out on powdered samples and authors report a pHPZC
or IEP of a solid without regard to the crystallographic
orientation. Because each crystal facet may have di-erent
surface sites with varying pKas, these experiments are limited to
average values, and the samples with di-erent prevalence of
distinct crystallographic orientations would have significantly

Figure 25. A comparison of nonresonant SHG and vibrational SFG
intensities at the silica−water interface at various pH in the presence
of 100 mM NaCl. These experiments were performed on the same
type of silica sample from the same supplier using the same
experimental conditions. These results highlight that nonresonant
SHG and SFG report on di-erent features of the interface despite
their general dependence on the interfacial water structure. Adapted
from ref 423. Copyright 2019 American Chemical Society.
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di-erent average pKas (for an example on α-FeOOH
(goethite), see Villalobos et al.424).
Each crystallographic orientation therefore needs to be

treated explicitly to consider the types and densities of sites
and how they may react rather than treating an oxide or silicate
as if it had only one type of charged surface. This is handled
more appropriately in some models (e.g., CD-MUSIC425), but
not all SCMs consider that a given solid will have various
habits with surfaces of various properties. To illustrate this
point, we will focus on the (110) surface of rutile because there

are numerous experimental and modeling results for this
surface.
Once a surface charge is determined, the structure of the

solid−water interface is defined by the charge within the EDL,
where water dipoles are oriented. The charged surface and
solution structure then generate a ζ potential that diminishes
in strength away from the surface. Thus, a region between the
charged surface and bulk aqueous solution is created that is
often ascribed a Stern layer capacitance that can be used as an
adjustable parameter when fitting adsorption isotherm data in
SCM framework (section 3.2.1). The CD-MUSIC model has
bridged the macroscopic modeling of surface charging and
adsorption isotherms by relating pKas (or proton aflnities) to
surface bond lengths and H-bonding of surface sites based on
the Pauling bond valence concept.426
Much of the theory and application of SCMs to oxide and

silicate interfacial chemistry occurred before recent spectro-
scopic techniques and molecular simulations were available to
test the assumptions upon which EDL theory was built. For
instance, in the EDL concept, surface charges resulting from
(de)protonation control the structure of H2Os in the
interfacial region, but Boily and Song427 have demonstrated
that H-bonding energetics can be a controlling factor and that
this H-bonding depends on curvature of nanoparticles.
Properties such as curvature (which becomes relevant with
radii below 5 nm) and roughness are ignored in most SCM
models, so adding these terms to predictive models is
imperative if we are to model surface chemistry in real-world
systems where these factors are ubiquitous. The concept of a
distributed surface charge has led to a picture where H2O
molecules orient their dipoles according to the average charge,
but molecular simulations indicate that H2O orientations are
based on the relative strengths of various H-bond types (Figure
27, left panel). The ions adsorbed in the EDL also orient H2Os
especially for cations where M+−OH2 bonding in the first
solvation sphere of inner- and outer-sphere adsorbed species
controls H2Os (Figure 27, right panel).
Another issue is that the role of so-called “background

electrolytes” has been assumed to be negligible in most SCM
studies. When one looks for the e-ects of changing aqueous
salt compositions, however, such as NaCl and NaNO3, it
becomes apparent that they can alter the IEP and ξ
potential430 via surface interactions and ion pairing.413 As
stated in Kosmulski:430

Figure 26. The simultaneous measurement of SHG and streaming
potential. (top) Experimental set-up. (bottom) The ζ calculated from
the streaming potential measurements and the corresponding SHG
electric field. Reproduced with permission from ref 371. Copyright
2018 Elsevier.

Figure 27. Hydrogen bonding, and impact of ions, at quartz−water interfaces. (left) Quartz (101) surface SiO− with three strong H-bonds to
nearby H2O. Note that the dipoles of these H2Os are not aligned perpendicular to the charged surface (image based on data from DelloStritto et
al.428). (right) Geometry optimized group I cations ions at the quartz (101) surface showing (a) Li+ bonded inner-sphere (IS) to the surface
through a SiO− on the surface, (b,c) Na+ and K+ outer-sphere (OS) to SiO− on the surface, and (d) Rb+ OS to SiOH on the surface. (right)
Reproduced from ref 429. Copyright 2022 American Chemical Society.
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“In studies by electrophoresis, and especially by electro-
osmosis and streaming potential, where the solid-to-liquid
ratios are low, minor amounts... of surface active ions are
capable of shif ting the IEP by several pH units and even of
reversal of sign of electrokinetic potential to positive
(cations) or to negative (anions) over the entire pH range.”
This will be especially important in studies of colloidal

aggregation. Mendez and Hiemstra,413 citing the work of
Bompoti and Boily,431,432 emphasized this issue for the
environmentally important colloid ferrihydrite (Fh):

“This obstructs for Fh a fully independent calibration of the
parameters of the SCM, because the determination of the
af f inity constants is inversely correlated with the SSA.”
The molecular nature of this e-ect was observed by

Tuladhar et al.,11 who found that inner-sphere ions changed
the H-bonding at silica−water interfaces. These authors
observed a major change not accounted for in SCMs that is
the switch from surface-water H-bonding to intrasurface H-
bonding. Such a switch had been predicted based on DFT-MD
simulations of quartz−solution interfaces by Kubicki et al.,343
who suggested that this switch may explain why silica dissolves
more rapidly in salt solutions compared to distilled water.433
The specific-surface area (SSA) is generally used to estimate

the adsorption capacity of aqueous species onto surfaces, but
reactive site densities and aflnity constants are not always
proportional to SSA because the crystallographic orientation
and percentages of defect sites may change with particle
size399,413,424 as mentioned above. Thus, it is the total
concentration of reactive sites that should be included in
models to upscale to macroscopic behavior. Adding to this is
the complication that surfaces can evolve with time, especially
in poorly crystalline phases, which is not incorporated into
current SCMs. Mendez and Hiemstra413 used phosphate
adsorption over time onto ferrihydrite to study this
phenomenon. Because poorly crystalline phases are often the
most reactive and influence sorbate behavior,434 these kinetics
must be included for long-term predictability we desire.
Bompoti et al. have used a CD-MUSIC approach applied on

chromate adsorption to ferrihydrite and goethite to generate a
self-consistent model.435 They learned:

(a) “There is no single set of parameter values that describes
such diverse data sets when modeled independently.

(b) Parameter di-erences among the data sets are mainly
due to di-erent amounts of total sites, i.e., surface area
and surface coverages, rather than structural di-erences
between the iron (oxy)hydroxides.

(c) Unified equilibrium constants can be extracted if total
site dependencies are taken into account.”

These results indicate that it is site-specific chemistry, rather
than surface charge and Stern layer capacitance values that
controls H+-transfer reactions and ion adsorption, otherwise a
set of unified equilibrium constants could not be derived for
ferrihydrite and goethite with their di-erent surfaces. This
helps explain why molecular cluster models are able to model
surface complexes.13
In the following section 3, we will further explore how the

EDL structures at oxide− and silicate−water interfaces a-ect
the adsorption of (in)organic species and interfacial electron
transfer processes.

3. THEME 2: ADSORPTION AND REACTIONS AT
INTERFACES

3.1. Introduction
3.1.1. Applications and Challenges. Adsorption/desorp-

tion, electron transfer, and heterogeneous nucleation reactions
(Figure 28) occur at oxide− and silicate−water interfaces
during groundwater flow that transports contaminants, subsur-
face storage of CO2 and nuclear waste, and resource extraction
from reservoirs. Detailed knowledge of the molecular
mechanisms involved in these reactions will allow for the
development of predictive models of these processes.
Significant strides have been made by combining experiments
to determine the thermodynamics and kinetics of solution−
surface reactions with spectroscopy and molecular simula-
tions,436 but most work in this arena has focused on single
phases and one or two adsorbates in simple, low ionic strength
solutions that do not reflect natural systems completely.
Figure 28 illustrates the multiple types of sorbates found on

mineral surfaces and the multiple mechanisms by which they

Figure 28. Schematic illustrating the types of sorbates and reactions at the interface. (A) The EDL as discussed in section 2 with various types of
adsorbates and sorption mechanisms represented complicating the surface structure and water interactions. Sorbates can compete for sites or form
ion pairs and ternary surface complexes. Redox reactions on surfaces such as goethite (α-FeOOH) shown here often catalyzed by light can be
precursors to dissolution reaction discussed in section 4. (B) Adsorption of organic compounds can lead to hydrophobic region on previously
hydrophilic surfaces. Longer chain organics can form multiple bonds to a surface and connect multiple particles by binding to more than one
surface.
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interact. Adding to the already complex picture of the EDL as
water and surface structures adapt to one another, sorbates
directly influence H2O orientations and dynamics as well as
alter surface bonding and H-bonding. Surface charges and
hydrophobicity/hydrophilicity can switch signs due to
sorbates. Depending on the sorption thermodynamics and
desorption rates, these reactions may be irreversible and
surfaces can remain altered from the original state as particles
move through streams and the atmosphere. Deciphering the
complex chemistry of all these possibilities is a key to
addressing the myriad significant challenges addressed in
section 1.
The major diflculty in obtaining experimental data of

complex, environmentally relevant systems are detection limits
and interferences from nontarget species in spectroscopic
techniques. Detection limits characteristic of most spectro-
scopic measurements require experimental concentrations
orders of magnitude higher than found in the systems of
interest. Additionally, to minimize interferences and matrix
e-ects, background electrolytes are typically dilute (under 1 g
L−1) whereas groundwater may have salt concentrations up to
400 g L−1.437 A parallel problem is the heterogeneous nature of
the studied surfaces. Defects are often more reactive but occur
at low concentrations on a surface so signals from these
minority sites are swamped when working at high concen-
trations and surface coverages. These issues are particularly
pervasive in molecular simulation studies where model size
limitations and use of ideal surfaces are common.
This section will discuss recent advances in molecular

science of sorption and reactivity at oxide−water interfaces,
challenges ahead, and strategies for overcoming the obstacles
that hinder progress in understanding and application of
fundamental scientific knowledge to societally-relevant envi-
ronmental problems.
3.2. Inorganic Sorbates

3.2.1. Adsorption Isotherms and Surface Complex
Speciation. Adsorption isotherms originate from the classical
gas adsorption studies. Popular equations are the Langmuir,
Freundlich, or Brunauer−Emmet−Teller (BET) isotherms.
Uptake of a target solute from a defined solution at constant T
often follows one of the above equations. Therefore, it is
logical that these equations have been applied to the
adsorption of solutes from aqueous solution on mineral
surfaces. Because the isotherm parameters for di-erent pH
values in otherwise identical solutions are di-erent, surface
complexation models (SCMs, section 2.3.5) should be used
instead. The parameters of empirical isotherms inferred for a
given pH and salt level include all contributions from
electrostatic e-ects and from variation in solution speciation.
Unlike the conditional models (see Limousin et al.438 for a

review), the SCM approach handles competitive e-ects in both
solution and at the surface. SCMs also simulate co-operative
e-ects such as ternary complexes or promotive electrostatics if
the required parameters have been determined. For surfaces
and solutions, the major challenge is to obtain comprehensive
thermodynamic databases ideally linked to mechanistic,
atomic-level knowledge.
Still, isotherm data are useful but, in many cases, diflcult to

obtain. For instance, the pH must be constant, but addition of
the adsorbing target solute will change the pH, and this
variation depends on the solute-to-sorbent ratio and on the
target pH itself. Auto-titrator systems or manual additions of

acid and/or base can correct this obstacle but may lead to
overshoot and result in conditions favoring target solute
adsorption. Because desorption is sometimes hampered,
overshooting can obscure trends.
Reliable isotherm data can give indications about mecha-

nisms, in particular when the transition from a typical single-
layer (Langmuir-type) adsorption via an intermediate Freund-
lich-regime to a multilayer (BET-type) behavior occurs. An
example is shown in Figure 29. As a first important feature, the

Langmuir isotherm is not plateauing at the amount of surface
sites available (qmax). This may be observed if not all sites are
adsorbing the solutes and/or if the electrostatic term impedes
full coverage and/or if multidentate surface complexes form.
Therefore, it is not advisible to infer site densities from
macroscopic uptake curves.
As an example, maximum uptake calculated at various pH

values is compared to the expected denticity of a surface
complexation and the site density. Figure 30a shows though for
goethite that for strongly adsorbing arsenate <20% of the sites
available for arsenate binding are consumed. Moreover, Figure
30A shows that the isotherms di-er for the two pH values, and
this would result in two di-erent “apparent” site densities.
Even the relative contributions from the two relevant surface
species di-er. This shows the advantage of using SCMs,
although they require knowledge about the bare surface in
detail, and this may not be easily obtained (see section 3.3.3).
Concerning site densities, it had originally been attempted to
obtain surface site densities from plateauing charging
curves239,394 because no alternatives were available and such
plateaus were actually observed. Yet, it is diflcult to exclude
the possibility that these plateaus are apparent.440 Figure 30B
shows that <15% of the surface sites (as estimated by
crystallography and particle morphology) can be protonated
within 8 pH units and at high salt levels. For lower salt levels

Figure 29. Uptake behavior for a metal ion with charge n+ on an
oxide surface as a function of metal concentration at constant pH and
background electrolyte concentration within the surface precipitation
model according to Farley et al.439 The black full line shows the
surface precipitation isotherm. The red-dotted line shows the
contribution from a Langmuir isotherm-type behavior. The
concentration range with open circles indicates Freundlich-type
behavior. The vertical, blue-dotted line shows the limit of bulk
precipitation. The symbol q is the adsorbed amount of Me (a cation
of charge n+), and qmax represents the amount of surface sites.
Reproduced with permission from ref 439. Copyright 1985 Elsevier.
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and the typically accessible pH range, it can be estimated that
at most 1 out of 8 sites can be protonated. Thus, discussion
about the e-ect of next neighbor protonation on pKa values is
probably obsolete.
Although not useful for inferring coverage or mechanism in

general, the shape of isotherms can be used to gain insight. For
example, the onset of surface precipitation can be inferred at
suflciently high concentrations (Figure 29) (see section 4 for
details about heterogeneous nucleation and growth). Fur-
thermore, at the lower concentration range (or solute to
surface area ratio), isotherms can give indications about
defects. In the absence of defects, a linear isotherm with a
constant distribution coeflcient for surfaces is expected and
the adsorption process leaves suflcient surface area for uptake
without lateral e-ects or significant changes of the mean-field
surface potential. Few studies are available that cover the very
broad range that is environmentally relevant.
In two such studies covering an extremely large concen-

tration range, a conditional isotherm model required three
kinds of sites for Np adsorption on goethite,441 whereas for Pu
adsorption to goethite between 10−17 M and 10−8 M, linear
isotherms were observed.442 At higher concentrations,
particulate Pu was found, so that an adsorption model no
longer applies. The Np case suggests the presence of 0.002%
high-aflnity sites (likely defects), whereas the most abundant
site made up 99.6%. The example shows that for the
environmental case Np retention would be on the less
abundant sites. Comparing the Np isotherm data to the
existing mechanistic goethite models would allow for obtaining
more reliable information.
Instead of using generic types of sites as in the conditional

isotherms, surface complexation reactions can be written using
true surface sites (including defect sites) and spectroscopically
defined bonding mechanisms. As an illustration of the latter
such equations are given for the example of arsenate
adsorption on goethite443 (corresponding to the example of
Figure 30A).
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In this case, one monodentate and two bidentate surface
complexes were used in line with spectroscopic results.444−447

Similar examples for arsenate or other anions448,449 or
cations404,450 support the success of these approaches, even
for saturated salt solutions. One unsolved problem is the
treatment of multidentate surface complexes.451−453 The
multidentate treatment can be treated by simply putting the
denticity as the exponent in the mass-law equation for the
involved surface functional group. This generates a solid−
liquid ratio dependence of the stability constant for the
formation of the multidentate species, if molar concentrations
are used in the calculations (i.e., no fractions, no normal-
izations). Alternatively, it is possible to consider the involved
functional groups as already being assembled on the surface
(i.e., very much as for solutes exposing two functional groups,
like oxalate), which results in an exponent of unity in the mass
law equation. This does not require any corrections if the
solid−liquid ratio varies.
In essence, the treatment can be summarized by di-erences

in writing like 2≡FeOH−1/2 as in the above eqs 2 and 3 or as
(≡FeOH−1/2)2. Both variants will fail at high coverage because
the thermodynamic treatment does not consider how the sites
are occupied, i.e., whether or not site assemblies continue to be
available for multidentate complexes. Moreover, it can be
reasoned that the exponent should depend on the options of
the adsorbing solute to form further bonds (once the first has
formed). Thus, for example, for a central ≡FeOH−1/2 site that
coordinates with an adsorbing solute (assuming it has more
than one exactly identical ≡FeOH−1/2 sites that would be

Figure 30. Adsorption of arsenate on goethite. (A) Isotherms for arsenate (As) on goethite (0.2 g/L, 100 m2/g) at constant pH in 10 mM NaNO3
solution (inert atmosphere), calculated using parameters from ref 443 at pH 5 (red) and pH 7 (blue). Full lines correspond to the overall uptake
(i.e., sum of all surface complexes), and dotted lines show the contributions from the relevant surface species (the monodentate species has no
contribution for these conditions). The left y-axis shows the percentage of sites that is occupied by As or the surface species. (B) Titratable surface
charge of goethite as a function of pH for 600 mM NaCl; symbols are experimental data,440 and the full line is a simulation using the MUSIC
model.440
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available for forming the second bond), one could argue that
the exponent four should take this into account for both
options. While such an alternative approach is not being used,
it is also clear that the above described situation with four
identical sites around the central site already is a highly
idealized situation. On goethite, this would require a crystal
plane that only has one kind of site. This is not the case for any
of the relevant faces of goethite. Instead, the detailed
configuration of the di-erent groups di-ers among the crystal
planes, and the situations can become extremely complex.
3.2.2. Reactive Site Densities for Surface Proton

Charging and Ion Adsorption. Primary surface charging on
metal (hydr)oxides in aqueous media occurs through
protonation and deprotonation reactions to satisfy the charge
imbalance arising from the dangling bonds of the surface
>OH/>O groups [which will be referred to here as surface
sites (SS)] exposed to the aqueous phase. Please see section
2.3.3 for an in-depth discussion of this behavior and the
description of the variable surface proton charge both in
magnitude and in sign as a direct function of the aqueous H+

concentration.
One of the most challenging physical parameters required

for an accurate thermodynamic description of ionic adsorption
phenomena on metal (hydr)oxides and silicates is the reactive
surface site density, ns (/nm2), whether an “average” >OH SS
is considered or the specific crystallographic SS with singly-
(SC), doubly- (DC), and/or triply-coordinated (TC) O atoms
to the central metal atom are accounted for independently. In
models that consider two consecutive pKa values, the value of
this ns parameter is left either for optimization or is taken from
the maxima of adsorption isotherms under highly favorable

electrostatic conditions. In models that consider one pKa value
for each type of surface group, SC, and TC SS in Fe3+− oxides
(and of those of other octahedrally structured trivalent metals,
such as Al) are the only SS reactive to protonation/
deprotonation reactions in most of the aqueous pH range.
However, for example, in goethite (α-FeOOH), certain TC SS
are considered nonreactive because of their H-bonding
configuration432,454−456 (Table 1). SC SS are recognized to
be reactive towards ion adsorption, but it is unclear whether
DC or TC SS also participate. Some SCMs have had to make
use of DC SS,457,458 but others have not.408,435,459,460
Regardless of the reactivity of each type of SS, calculation of

their accurate ns may prove a highly challenging aspect for the
description of proton/ion adsorption. Even though the
crystallographic values for the di-erent faces of the adsorbent
mineral particles may prove to be straightforward,461
determination of the actual crystal face contributions (CFCs)
may not be that simple. Recent work with a suite of high-
resolution electron microscopy techniques [most notably
scanning transmission electron microscopy using high-angle
annular dark-field imaging (STEM HAADF)] has revealed that
crystal faces, even on ideal single mineral crystals, are not
completely smooth but contain contributions from other faces
as steps or kinks (Figure 31).399,462 These other faces may
show widely di-erent ns of the di-erent SS. The CFCs depend
on the crystal morphology and on the degree of roughness
(defects) of each surface present. However, a complex
relationship exists between these characteristics and the size
of the crystals because of imperfect growth (at relatively larger
sizes) or via surface strains as particles become smaller
(towards the nanometer range). This CFC relationship with

Table 1. Crystalline Reactive Surface Site Densities on the Two Predominant Faces of Goethite432,454−456,461 and Total
Calculations for Two Goethites of Diaerent BET-SSA

Figure 31. STEM HAADF image of a 42 m2/g (BET) goethite showing the Fe atom positions at the {101} crystal edge looking down the C-
axis.399 The steps and kinks are identified as {210} crystal faces alternating with the otherwise dominant {101} crystal face. Adapted from ref 399.
Copyright 2017 American Chemical Society.
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particle size has become one of the most diflcult issues to
resolve in order to determine accurate values of ns because the
techniques required are not easily available and the procedures
are highly time-consuming. However, they are necessary
because the resulting ns values may be widely variable (Table
1). Currently, by studying a series of goethite preparations of
di-erent SSA values ranging from ca. 40 m2/g to 100 m2/g, as
determined by BET, the goal is to formulate a function of
CFCs in relation to BET-SSA to predict the CFCs values for
any other goethite preparation. This would have to be done for
every metal oxide independently because it is suspected that
this is a common phenomenon for real metal oxide surfaces, so
far partly quantified only for synthetic goethite and rutile.399,462
A further complication comes from the di-erent degrees of
particle aggregations with individual particle sizes as a result of
drying procedures to perform the BET-SSA determination,
because this blocks surface area that otherwise would be
available under aqueous suspension conditions. To estimate
degrees of aggregation, cryo-TEM techniques have proven
useful when compared to TEM of heat-dried goethite
samples.399
Another set of metal oxides requires a much more

complicated description of their sorption behavior than those
arising only from reactive external ns, because their internal
structures are imperfect and allow sorbates to bind to highly
reactive sites that are available inside these structures. This is
the case of layered phylomanganates, such as birnessites (δ-
MnO2), that show three sources of electrostatic charge: cation-
vacant layer sites with no Mn4+, variable Mn3+ replacements of
Mn4+ layer sites, and pH-variable H+ charge at the particle
edges and perhaps at the internal vacancies. The first two are a
source of negative charge, and thus of high aflnities for cation
binding, and the latter is variable, so it may bind anions or
cations, depending on pH. The total ns becomes diflcult to

compute as a function of surface area (even if it is internal)
because of their di-erent natures and because the internal
reactive sites are randomly distributed. Current studies have
focused on the di-erences in reactivity between internal and
external (particle edges) sites.463
The large di-erences in cationic metal aflnities for internal

vacant sites of birnessites have been studied, and, for example,
Pb(II) has been found to bind with similar aflnity to internal
(vacant) sites as to external (edge) sites464,465 in contrast to
most other heavy metal cations, which bind much more
strongly onto vacant sites within the structure.466,467 Attempts
at modeling the adsorption behavior of Pb2+ on birnessites,
which binds with similar aflnity to internal (vacant) sites as to
external (edge) sites464,465 and of other divalent metals have
been made.468

3.2.3. Adsorption Investigations on Individual Crystal
Faces. The structure and reactivity of hydrated α-Al2O3 and α-
Fe2O3 surfaces have been the subjects of a number of
studies,132,469−472 including a synchrotron-based XPS study of
their interaction with water,5 and GI-XAFS spectroscopy
studies of their reactivities with respect to aqueous Pb2+
ions.473−475 The XPS study showed that the reactivity of α-
Fe2O3(0001) with respect to water is significantly greater than
that of α-Al2O3(0001). The GI-XAFS spectroscopy studies
showed that Pb2+ forms dominantly inner-sphere adsorption
complexes on α-Fe2O3(0001), α-Fe2O3(1-102), and α-
Al2O3(1-102) but dominantly outer-sphere adsorption com-
plexes on hydrated α-Al2O3(0001),473 indicating a lower
reactivity of hydrated α-Al2O3(0001) to aqueous Pb2+. These
studies suggest that di-erences in the structure of the hydrated
α-Al2O3(0001) relative to hydrated α-Al2O3(1-102), α-
Fe2O3(0001), and α-Fe2O3(1-102) could be the reason for
these di-erences in reactivity. There is also experimental

Figure 32. CTR X-ray di-ractions studies of the hydrated surfaces of Al- and Fe-oxides. (top) Projection of the α-Fe2O3 structure showing a cross
section of the CTR-derived structure of the (0001) hydrated surface. (middle) Projections of the γ-Al(OH)3 and α-Al2O3 structures showing a
cross section of the (0001) surfaces of gibbsite and hydrated corundum from CTR analysis. (bottom) Projection of the α-Al2O3 and α-Fe2O3
structures showing a cross section of the CTR-derived structure of the hydrated (1-102) surfaces. Large red spheres are oxygen, and small silver
spheres are Al. %Δ is the percent atomic layer relaxation from the ideal lattice spacing. Adapted with permission from ref 476. Copyright 2012
European Association for Geochemistry.
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evidence that two faces of a given substrate may exhibit
di-erences in ion specificity.257
To test this hypothesis, CTR X-ray di-ractions studies of the

hydrated surfaces of α-Al2O3(0001),115 α-Al2O3 (1-102),142 α-
Fe2O3(0001),116 and α-Fe2O3(1-102)140 were carried out to
determine if the hydrated surface structures of these
isostructural metal oxides are also isostructural and to
understand why α-Al2O3(0001) has a lower reactivity with
respect to water and aqueous Pb2+ ions than the other three
surfaces. The CTR di-raction results for hydrated α-Al2O3
(0001)115 showed that this surface is terminated dominantly
by doubly-coordinated OH groups and closely resembles the
(0001) termination of gibbsite (γ-Al(OH)3) (Figure 32).
These doubly-coordinated surface hydroxo groups are stable
over a broad pH range477 and would be valence oversaturated
if they formed strong surface complexes with Pb2+.478 CTR X-
ray di-raction of hydrated α-Fe2O3 (0001) revealed two
surface structural nanodomains: one dominated by two-
coordinated hydroxo groups and one dominated by one- and
three-coordinated hydroxo groups. Trainor et al.116 suggested
that the two-domain structure of hydrated α-Fe2O3(0001) is
metastable and undergoes slow dissolution kinetics.
These findings provide a reasonable structural explanation

for the lower reactivity of hydrated α-Al2O3(0001) to water
and aqueous Pb2+ ions relative to hydrated α-Fe2O3(0001). It
also provides a structural foundation for understanding the H+-
dependent charging behavior of hematite particles, as the
di-erent surface structural sites will have significantly di-erent
pKa values.381 In contrast to hydrated α-Al2O3(0001), hydrated
α-Al2O3(1-102) has about equal proportions of one, two-, and
three-coordinated O atoms.142 The α-Fe2O3 (1-102) surface
also has about equal proportions of one-, two-, and three-
coordinated OH groups. These observed di-erences in
structure of the hydrated (0001) and (1-102) alumina and
hematite surfaces help explain their di-erences in reactivity to
water and metal ions in solution. DFT calculations on hydrated
α-Fe2O3 and α-Al2O3 surfaces470−472,479 have shown that the
higher reactivity of the former can be attributed mainly to the
empty d-states of the surface Fe atoms that exhibit a first peak
at ∼1 eV above the Fermi level and act as very strong Lewis
acid sites. In comparison, the empty p-states of Al in the
hydrated α-Al2O3 surface, which are ∼5 eV above the Fermi
level, much less reactive to potential adsorbates.
3.2.4. Dynamics of Water, Sorbates, and Surfaces.

Papers on the dynamics of water at oxide interfaces utilizing
techniques such as QENS and NMR have shown that
interfacial water behavior varies significantly from that of
bulk water in terms of dissociation, H-bonding, rotations, and
di-usion165,480 (section 2.2.4). Furthermore, X-ray scatter-
ing481 and ATR-FTIR482 have documented adsorption and
desorption rates while characterizing the nature of the sorbates
as outer-sphere and various inner-sphere configurations.
Molecular simulations can complement these observations by
verifying structures, thermodynamics, and kinetics.13
An example that combines NMR and MD simulations is Xue

et al.,483 who studied adsorption dynamics of amino acids onto
gel-supported TiO2 nanoparticles. Because NMR peak widths
are a function of molecular reorientations, Xue et al.483 used
dark-state exchange saturation transfer (DEST) to monitor
amino acid adsorption via NMR line broadening. They found
that arginine, lysine, aspartic acid, leucine, and alanine all
adsorb onto TiO2 and observed exchange between a free (i.e.,
solution) and two bound states. Similar to other studies, the

authors concluded that the main mechanism of adsorption was
via the polar groups of the molecules, but interactions of the
nonpolar components may play a role as well. Metadynamics
with classical methods were performed to complement the
NMR analyses to predict the thermodynamics and mechanisms
of adsorption. Overall, the adsorption could be modeled as
outer-sphere species exchanging with two inner-sphere
configurations, which was similar to results for phenol
adsorption onto CeO2.484 These types of insights are useful
for understanding the connections among the dynamics of the
surfaces, interfacial water, and adsorbates, which will lead to a
clearer picture of reaction dynamics (section 4). More research
of this type on other minerals, sorbates, and complex
conditions will be required to apply these insights to real-
world problems.

3.2.5. Thermodynamics of Sorption Reactions. Ex-
perimental methods for deriving thermodynamic parameters
involve conducting T-dependent studies of sorption iso-
therms.485,486 These isotherm-derived values remained incon-
sistent, predominantly due to di-erent assumptions regarding
the underlying equilibria and shortcomings related to how
electrostatic contributions are handled as discussed above
(section 3.2.1). SCMs have also been used indirectly to derive
thermodynamic parameters. Both adsorption isotherms and
edges are useful to fit for equilibrium constants.487
More recently, calorimetric techniques that allow for direct

measurement of ΔH during solute adsorption from an aqueous
phase unto a powdered sample, in either batch or flow mode,
have been increasingly utilized. For instance, systematic work
utilizing operando flow microcalorimetry measured the
energetics of ions exchange and adsorption reactions on rutile,
quartz, corundum, and nanohematite particles, as well as
mesoporous silicas and zeolites. Studies have included alkali
metal and alkali earth cations,488,489 transition metal cations,490
and oxyanions.491,492 These calorimetric studies highlighted
the role that hydration thermodynamics and properties play in
determining the net sign of the energetics. Others have also
established a strong relationship between the adsorption free
energy and the speciation of cations at interfaces using X-ray
reflectivity and MD approaches.128,270 In addition to hydration,
cation hydrolysis was found to a-ect the selective sorption of
cations by lowering their overall dehydration energies and
favoring bond formations.490 On zeolites316 and mesoporous
silicas,304,335 the authors found that surface complexation
reactions become exothermic under nanoconfinement, while
they exhibit endothermic behavior on analogous unconfined
surfaces.
Calorimetric measurements do not resolve molecular

configurations and interactions that underpin them. Measure-
ments are obtained from powdered samples and hence are
averaged over crystallographic surfaces, reactive sites and
defects (step corners, regular terraces, etc.), and bonding
configurations (denticities and speciation). Thus, the energetic
heterogeneity of various surface sites is not well captured. This
is particularly pertinent for disordered and defect-rich minerals,
such as ferrihydrite. Therefore, there is a need for atomic-
molecular details of the interfacial ion, water, and surface
functional group configurations to better interpret calorimetric
measurements. These details can be provided by other in-
depth spectroscopic and molecular simulations.
Adsorption energies have been calculated by DFT on

molecular clusters, but these could overestimate the ΔE,
especially when the model surface charges are higher than
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actual surface charge densities.493 More recently, periodic
models have been used to obtain structures and ener-
getics,494−496 but these commonly used ideally flat periodic
surfaces that do not capture edge and corner defects that may
be preferred sites of adsorption. The use of nanoparticle
models497 has increased the realism of the model and allowed
the investigation of adsorption at di-erent sites. However,
without experimental verification, the virtual experiments come
with a significant degree of uncertainty regarding the realism of
the models and the accuracy of the calculations. DFT
simulations are limited in size and duration, and larger spatial
and longer temporal scale classical MD simulations are
necessary to access the range of pH and ionic strengths. A
challenge for the computation is to predict enthalpies of
adsorption that reproduce observed experimental values.
E-orts to reconcile experimental and theoretical thermody-

namic parameters have been scarce. Linking observed
thermodynamics and reaction rates with molecular-level
bonding and reaction mechanisms will produce models that
deal with longer spatial and temporal scales. The significance of
connecting fundamental thermodynamic parameters of sorp-
tion with molecular-level structure of the interface lies in the
ability to predict macroscopic behavior based on surface
reactivity. Then, equilibrium and kinetic information at the
molecular scale can be used to model macroscopic reactive
transport (sections 5.1.2 and 5.2.2.4.4).
3.2.6. Kinetics of Adsorption Reactions. Kinetic studies

are used to infer reaction mechanisms, useful in the
geochemical context of oxide− and silicate−water interac-
tions.498,499 Kinetic studies at oxide− and silicate−water
interfaces have involved isotope exchange techniques mostly
in relation to weathering.31,500,501 In the context of interfacial
(de)protonation and cation/anion adsorption reactions,
pressure-jump experiments have been used to infer rate
constants,.499,502−505 The adsorbate concentration is typically
in the millimolar range, and the method records changes in
conductivity following a pressure change. The data is
interpreted to derive a mechanistic rate law and includes one
or two reaction steps with the appropriate rate constants for
adsorption and desorption. These can be related to
independently-determined equilibrium constants. As an
example, two-step scenarios for the adsorption of cations in
some of the published work were inferred involving the initial
formation of outer-sphere surface complexes and subsequent
release of water as the rate-limiting step resulting in the
formation of an inner-sphere surface complex as the
equilibrium product.505
Another technique to study kinetics of interfacial reactions

involves flow-through experiments with an ATR-FTIR
cell.506−510 The sorbent of interest is coated on the ATR
crystal and equilibrated with a solution of defined composition
that is pumped through the flow-cell. Subsequently, a solute is
added into the otherwise identical solution and the uptake of
the solute (usually an anion or organic molecule that shows IR
bands in the wavenumber range that can be detected) can be
followed with time in the spectra. The resulting data on
sorption of contaminants from solution can be used to infer
rates and compare to batch uptake results.506 Apart from rate
laws, the ATR-FTIR cell technique yields the spectroscopic
signature of the adsorbing solute and potential variations in
surface speciation. As the pressure-jump technique, suflciently
high-solute concentrations are required and solutes with
characteristic bands in the relevant wavenumber range that

ideally do not overlap with the omnipresent water bands.
Using D2O can help avoid such complications. Such ATR-
FTIR experiments are also useful for in situ studies of
competitive adsorption e-ects.511
QEXAFS512 has evolved significantly over the last two

decades, with distinct beamlines513,514 that allow kinetic
experiments with sub-second time resolution.515 This is a
significant advancement with respect to the early QEXAFS
measurements512 in terms of time resolution, and in
conjunction with the improvements concerning concentra-
tions, much will be learned from experiments carried out at
such beamlines. Prominent examples include redox chemistry
discussed in detail in section 3.4.2.516
Combining kinetic experiments with the di-erent methods

will be useful in linking rate laws inferred from macroscopic
results (as in the pressure-jump experiments) to spectroscopic
observations from ATR-FTIR or QEXAFS. Due to the
concentration ranges required for the various methods, the
role of surface defects is diflcult to access. One way to
circumvent this current restriction could be to synthesize solids
with systematic variation of defects.517,518
For environmental applications, the desorption process

(caused by decrease or the absence of the solute of interest
in the solution and/or due to the presence of solutes
competing for adsorption sites) is also relevant. Notably,
desorption of “strongly” adsorbed solutes is typically slow, and
in some cases adsorption reactions were considered irrever-
sible. Such irreversible adsorption is a safeguard for radio-
nuclides in the near-field of a nuclear waste repository and has
led to the point of view that research in this field should now
focus on the weakly binding radionuclides.519,520 The
irreversible adsorption is sometimes explained by binding to
stronger sites that may include surface defects.521 Alternatively,
spectroscopic data suggest multidentate binding for many
inner-sphere surface complexes.451 The requirement that all
bonds in such multidentate surface complexes have to be
broken for desorption to occur could also explain sluggish
desorption.
The combination of kinetic and equilibrium studies with

spectroscopic measurements on well-defined mineral surfaces
should help to link the various methods and modeling
approaches and lead to enhanced mechanistic understanding
or result in new questions. The understanding of the slow
desorption process remains crucial because the slow
remobilization of strongly adsorbed radionuclides for example
can only be used in safety analysis if the observed irreversibility
or the sluggish desorption is mechanistically understood.
In myriad adsorption studies, the kinetic experiments only

involve the adsorption step and the data are modeled
predominantly using a pseudo-second-order rate law.522
Although kinetic modeling involving speciation schemes
exists,523−525 little has been done to interpret such data
based on speciation models, maybe also for lack of easily
accessible codes that would allow such modeling.
3.3. Organic Sorbates

3.3.1. Surface E3ects. Organic sorbates exhibit similar
thermodynamics and kinetics as inorganic sorbates because
many of the compounds of interest are negatively-charged
organic acids (carboxyl, phosphoryl groups) that are electro-
statically attracted to positively-charged surface sites. Exchange
reactions with OH or OH2 surface groups are determined by
the free energy of adsorption from solution to surface complex
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ΔGads, but organic adsorption commonly has other associated
e-ects that are not typical for inorganic sorbates. More
extensive van der Waals and H-bonding interactions can be
significant, especially for higher molecular weight compounds.
Organic acids such as acetic acid can flip the nature of a surface
from hydrophilic to hydrophobic as the carboxylate group
binds to the surface and the methyl group is oriented towards
solution. These e-ects are particularly pronounced for natural
organic matter (NOM) such as fulvic and humic acids. For
example, Cheng et al.526 examined water behavior at α-
FeOOH (goethite) interfaces as a function of Leonardite
humic acid (LHA) content and found changes in hydro-
philicity and formation of gel-like layers. These authors
conclude:

“Together with the molecular-level description provided in
this work, this relationship should guide ef forts in predicting
water availability, and thereby occurrences of water-driven
geochemical processes in terrestrial environments...”

which is critical for water absorption and retention in soils,
especially in arid climates and under conditions of increasing
temperatures and/or drought. This chemistry is also important
in petroleum geosystems as documented by Yuan et al.,527 who
studied mineral and oil degradation in oil−water−feldspar
(alkali and alkaline earth aluminosilicates) mixtures and found:

“in the oil−water transition zone of a reservoir, oil
degradation via thermal cracking and oxidative decom-
position may dominate the oil degradation and may lead to
the generation of secondary pores with leaching of minerals
by the generated CO2 and organic acids.”

Thus, changes in petroleum chemistry and reservoir physical
characteristics are influenced by complex molecular-level
reactions.
3.3.2. Adsorption and Charge Transfer. In addition to

the site- and surface-specific controls on reactivity528,529 for
adsorbing inorganic ions, the pKas of organic acids can change
due to complexation with solid surfaces. This phenomenon has
been known for decades in aqueous solutions530 and can cause
bond formation between phenolic groups with high pKas and
surface cations.449,531,532 This is due to the bonds that form
with the carboxylate such as COO-Fe3+, the lower dielectric
response of water in the interfacial regions, and electron-
sharing between organic ligands and higher oxidation state
metals, especially when aromatics such as salicylic acid are the
sorbates (Figure 33). Adsorption of electron-donating organic
ligands can be e-ective in increasing metal solubilities and
dissolution rates through ligand-promoted dissolution533 (see
section 4) and the lowering of charge on Fe3+, which makes
this ion more similar to Fe2+, which has higher solubility.14
This e-ect will be more significant when the organic ligand
binds to a defect corner site that has fewer bonds to the bulk.
Nanoparticles such as ferrihydrite will be highly susceptible
because of their relatively high ratio of corner and edge sites
(see section 4.3.2.4).
3.3.3. Adsorption and Speciation. 3.3.3.1. Adsorbate

Interactions. Since Templeton et al.,261 the importance and
complexity of organic adsorption onto oxide and silicate
surfaces has been recognized. Plant exudates and decaying
plant matter contribute to subsurface organics, but the
dominant components in soils are generally microbes and
their necromass (see section 3.5). These organics may a-ect
adsorption of inorganic components such as nutrients and
contaminants by preventing di-usion or adsorbing species to
the reactive oxide and silicate surfaces; however, they can also

be relatively permeable and allow adsorption onto mineral
surfaces to occur.261 This is because organic polymers such as
extracellular polymeric substances (EPS) are composed of
polysaccharides that create relatively open gels upon
adsorption onto minerals.45,534 These biofilm layers have
important implications for soil moisture adsorption and water
runo-,535 as they form long-lasting soil crusts. The wettability
of soils is a critical factor in plant growth and agricultural
productivity, so characterizing this property536 and influencing
soils for water uptake is a necessary step in increasing food
production in increasingly warm and dry climates. Complicat-
ing the problem further is the fact that the order and kinetics of
adsorption control interfacial properties in many instances.
Shakiba et al.537 demonstrated that irreversible adsorption
could coat TiO2 nanoparticles and allow for multilayer
adsorption of other organic compounds. In addition to systems
where solids are the matrix for water flow (e.g., water
treatment, soils, aquifers), solid suspensions (e.g., particles in
rivers and the oceans), especially of nanoparticles,303 are also
influenced by organic adsorption onto oxides and silicates. For
example, extracellular polymeric substances can influence the
stability and composition of aggregates by adsorption and
alteration of the solid particle surface properties.538 For further
discussion of biotic compound adsorption and its e-ects, see
section 3.5. This section discusses simpler organic compounds
and features they exhibit that are less common for inorganic
sorbates (section 3.2).
Sit et al.539 performed a study in which both deoxyadenosine

monophosphate (dAMP) and phosphate were adsorbed onto
hematite to examine the roles of site competition and sorbate
interactions. Using ATR-FTIR and two-dimensional correla-
tion spectroscopy (2DCOS), the authors identified the
mechanism of dAMP adsorption via the phosphoryl head
group (see also Fry et al.540 for an NMR study on the related
Al2O3 system) and the synergistic interactions among co-
adsorbates. Two major factors play a role. First, adsorption of a
charged species such as PO4

3− will reduce the electrostatic
attraction of a positively-charged surface and decrease the
thermodynamic driving force for further adsorption of anions.
Second, van der Waals and H-bonding interactions between

Figure 33. Salicylate bonding to Fe3+ on a model corner site of the
goethite (010) surface allows for delocalization of electrons in the
aromatic ring and partial reduction of the Fe3+. Reduction towards the
Fe2+ state increases Fe solubility (unpublished results). C = gray, H =
white, O = red, Fe = purple, dashed blue line = H-bonds (Kubicki, J.
D., unpublished results).
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the tail groups of molecules such as dAMP may lower the
ΔGads as well as they alter the interfacial water structure. Sit et
al.539 demonstrated that a linear combination of two
adsorbates alone does not explain the observed spectra. They
concluded that di-erent modes of adsorption occurred for
phosphate when dAMP was present, which may be due to their
interactions (see section 3.5.2. Figure 40). Modeling these
types of interactions would be a worthwhile endeavor to help
interpret the adsorption and spectral data.
3.3.3.2. Quantification of Adsorption onto Specific

Surfaces. Facet-dependent adsorption is critical for organic
adsorbates as with inorganic species.424,528,541 Any time an
adsorbate has the possibility for multidentate bonding,
consideration of surface structure is crucial in determining
surface complexation mechanisms. Organic compounds are
more complicated, compared to inorganic species, due to the
common existence of tails and hydrophobic regions on organic
compounds, so we highlight examples of these issues.
An important example is phenylarsonic acid (C6H5AsO-

(OH)2), which was studied for its facet-dependent adsorption
onto hematite by Cao et al.542 Hematite is a good choice for
this type of study because it is relatively straightforward to
synthesize reactive, high surface area nanoparticles of various
habits. Cao et al.542 synthesized hematite nanocubes and
nanoplatelets to adsorb phenylarsonic acid which they studied
with EXAFS, ATR-FTIR, and DFT. They found that
adsorption was favored on the (012) over the (001) even
though both surfaces formed inner-sphere complexes. Phenyl-
arsonic acid forms monodentate mononuclear complexes on
the (001) surface and bidentate bridging on the (012) surface.
Similar results were obtained by Yang et al.64 for adsorption of
ciprofloxacin onto goethite (see section 3.3.3.5 as well) by
performing 2D-COS analysis of ATR-FTIR spectra to
determine that the (021) surface has a higher adsorption
capacity than the (110) surface. The fact that so many studies
have been performed, assessing adsorption capacities and
mechanisms without examination of the relative surface areas
of each crystal face present means that using these data to
create predictive models is extremely challenging; to overcome
this challenge, we need to determine the type of surface-
reactive group responsible for bonding and quantify the surface
concentrations of these groups (see section 2.3.5).
Another approach has been to use AFM to obtain the

binding energy to specific facets. Zhai and Wang543 performed
such a study using alginate on amorphous FexOy and hematite.
These authors determined that ΔGads of binding were most
favorable for the amorphous FexOy followed by hematite (10-
10), (11-20), and (0001) surfaces. Such observations apply to
complex NOM as well. For example, Shen et al.63 observed
Suwannee River humic and fulvic acid adsorption onto anatase
and hematite nanocrystals with two habits for each phase. Zhai
and Wang543 discovered that <3 kDa components exhibited
facet-dependent adsorption onto both phases, which they
attributed to the simple carboxylic acids. In this case, higher
molecular weight components were favored on the hematite
(001) via hydrophobic interactions. Thus, depending on the
habit of a given substrate, organic adsorption behavior can vary
widely and a-ect the surface properties of the particles with
significant organic loadings.
3.3.3.3. H-Bonding and Hydrophilicity/Hydrophobicity.

Although the roles of sorbates and surface properties are
necessary for describing and predicting adsorption phenomena,
the dynamics of water including H-bond dynamics and

translational/vibrational water di-usivity are of equal impor-
tance to understanding adsorption of organic solutes onto
surfaces. Hydrophilicity and hydrophobicity of surfaces are
indicators for adsorption of organic solutes to interfaces, and
typical indices of these properties are provided by macroscopic
measures such as contact angle, nonpolar solvent accessible
surface area, or by group-specific parameters such as octanol−
water partition coeflcients. However, these macroscopic
indices fail to capture the complex dynamics of water−water
and water−solute interactions that determine interfacial water
structure.544 Molecular level studies on silica surfaces have
probed the origins of both hydrophilic and hydrophobic
moieties.157,545 For example, silica is typically considered to be
hydrophilic due to weakly H-bonded surface OH groups.341
Using phase-resolved vSFG in conjunction with MD
simulations, molecular hydrophobic sites have been identified
and associated with weakly H-bonded water hydroxyl groups
that bind to O atoms of siloxane bridges.340 In a study
comparing the CLAYFF force field to the INTERFACE force
field, the results highlighted the layered structure of interfacial
water at silica surfaces and suggested that for hydrophobic
surfaces, surface-induced orientation is short-range, whereas
for the hydrophilic surface the molecular orientation
perturbations are more long-range, ∼ >3 Å.546 Changes in
the density of hydrophobic groups correlated with measured
contact angles. Monroe and Shell547 demonstrated that
hydration water orientational entropy, di-usivity, and H-
bonding properties are intrinsically connected and that surface
patterns control the dynamics of hydration water primarily due
to the directional interactions of water molecules and the wide
range of networks that can form with neighboring surface
groups and water molecules. For example, cristobalite (SiO2)
surfaces with intermediate hydrophilicity patterned to max-
imize water di-usivity exhibited water di-usivities similar to a
surface with reduced hydrophilic coverage but having
randomly generated surfaces.547
The impacts of water dynamics are also evident for

hydrophobic organic solutes. Around small hydrophobic
solutes, water can maintain its H-bond network at the cost
of an entropic penalty due to restricting configuration
space.548,549 A study of linear alcohols suggests that T and
hydrophobic chain length impact the structure of their
hydrophobic hydration shells relative to the bulk.550 At low
T, hydration shells with tetrahedral order and few weak H-
bonds exhibited more hydrophobic character, but this structure
disappeared with increased T and chain length. Similar
evidence for a more tetrahedrally-ordered hydration shell
that diminishes with T has been observed for methane in
water.551 A balance of solute−water and water−water
interactions was shown to isolate solute molecules from each
other at concentrations where water molecules can complete
hydration shells for solutes.
Surface−water dynamics and solute−water dynamics have

an impact on solute adsorption to surfaces. For example,
sorption of atrazine to silica surfaces has been attributed to
interactions with silanol groups and/or surface water, but the
weak interactions allow for rapid displacement during
desorption.552 The importance of water monolayers for H-
bond dominated adsorption has been demonstrated for
benzoic acid and ibuprofen.553 A recent study examining
solute−surface aflnity to model hydroxyl terminated self-
assembled monolayers highlighted the fact that many small,
charge neutral solutes show aflnity for hydroxylated surfaces
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and direct attractive solute−surface interactions dominate this
aflnity.554 Taken together, these studies highlight the power of
combined spectroscopic and molecular dynamic simulation
tools for characterizing the impact of water dynamics on
molecular hydrophobicity and adsorption onto hydroxylated
surfaces.181,554
3.3.3.4. Thermodynamics of Organic Adsorption Reac-

tions. The thermodynamics governing the adsorption of
organic ligands on surfaces are more complex than those for
simple inorganic sorbates (section 3.3.1). The reasons are
thoroughly discussed throughout section 3.3. These include a
bigger role of electrostatic interactions, i.e., H-bonding and van
der Waals, complex structures with hydrophobic and hydro-
philic domains that can attach at multiples sites, and complex
chemistries because many organic molecules, namely those
with high molecular weight, will possess several functional
groups with di-erent pKas as well as their own IEPs. Equally
important is the need to account for conformational changes
that occur during adsorption. Therefore, it is expected that
many di-erent types of molecular interactions will contribute
to the total energies of organic adsorption and that it would be
challenging to tease them apart. Some authors have chosen to
assert that the contributions from some of these components
would be relatively small and instead looked to identify
dominant forces.555 Despite a recognition that capturing the
role of organics, particularly the interactions of inorganics and
organics ligand at interfaces, is an important component of
representing natural complexity and scaling up our predictions
to more realistic systems (section 1.1), investigations on the
thermodynamics of organics adsorption to metal oxides remain
limited and have not caught up to the advances made in the
spectroscopic arena.
Experimental thermodynamics investigations report exother-

mic ΔHads and negative ΔGads when derived. For example,
using Calvet-type di-erential microcalorimetry, Gu et al.556
studied the adsorption of natural organic matter isolated from
a wetland pool on commercially available hematite powder and
measured a heat of adsorption equivalent to about −125 to
320 kJ per mol of carboxyl/hydroxyl functional groups of
NOM adsorbed. Benoit et al.557 studied the adsorption of
organic ligands (e.g., aromatic acids, monochlorophenols, and
aliphatic acids) on Al-oxides by ITC and reported exothermic
adsorption enthalpies for all ligands considered. Similarly, the
adsorption of pyrocatechol and oxalate, as proxies for NOM,
on hematite nanoparticles was exothermic and significantly
larger than the ΔHads of As on the same solid under similar
experimental conditions.492,558
Although these measurements are useful in assessing

comparative aflnities and favorability, they can become more
challenging to interpret, particularly for larger polymeric
substances where steric crowding and conformational changes
come into play as surface coverage increases. In fact, “simple”
organics such as catechol will exhibit a concentration-
dependent adsorption as shown by Lin et al.559 on ZnO
quantum dots. Steric crowding has also been reported to result
in less favorable enthalpies in studies of nitroaromatic
compounds adsorption on clay surfaces555 as molecules are
forced into less than optimal configurations at higher
coverages. The impact of conformational changes or steric
packing was also reported.45 The authors found that the
conformation of adsorbed dextran (proxy for EPS) continu-
ously changed on an alumina surface but remained constant on
a silica surface. In the area of polymer adsorption from aqueous

solution to solid surfaces the self-consistent-field (SCF or
Scheutjents−Fleer) model has been used to analyse the
kinetics of adsorption with respect to confirmation
changes.560,561
The literature suggests that ΔH is the driving force for the

adsorption of organics on solids. This is most likely because we
lack a good to measure or even calculate ΔSads, and therefore
its contributions to the overall thermodynamics are not well
elucidated. Nevertheless, in cases where conformational
changes are expected, one could argue that capturing changes
in ΔS is imperative. For instance, through the application of
the solvation and electrostatic (SE) model, Sahai562 high-
lighted the importance of ΔSads as they posited that changes in
ΔSads could explain why some minerals, such as quartz and
other crystalline polymorphs, are cytotoxic and others, e.g.,
amorphous silica, rutile, anatase (TiO2), and hematite, are less
harmful to biomembranes. The author modeled the initial
interaction of the quaternary ammonium component of a
phospholipid (PL) with di-erent oxides surface and found that
when ΔSads < 0, the PL conformation is changed significantly
upon interaction with the oxide and the biomembrane is
ruptured. This was the case for quartz. In the case of favorable
entropy, i.e. ΔSads > 0, the PL structure will change less and the
oxide, e.g., amorphous silica, Al2O3, and TiO2, exhibits less
membranolytic ability. This occurred even though ΔGads of the
TMA was favorable (<0) on all oxides.

3.3.3.5. Kinetics of Organic Adsorption Reactions.
Adsorption kinetics depends upon di-usion from the bulk
solution to the surface and often surface di-usion and
transformations from outer-sphere to inner-sphere, mono-
dentate to bidentate, and exchange with surface species of the
bulk solid. Reactions can be either transport-controlled or
surface-controlled depending on the nature of the surface, the
sorbate, solution conditions, and flow rate. For simple (i.e.,
nonpolymeric) sorbates, the rate-limiting step is commonly
assumed to be the outer-sphere to inner-sphere step because
aqueous di-usion is relatively rapid for ions and formation of
outer-sphere species does not require a bond-breaking event.
To form an inner-sphere species, de-solvation of the ion
necessitates removal of one or more M+−OH2 bonds or A−−
H2O H-bonds which can be a significant energy barrier.
Additionally, to form an inner-sphere surface complex, a bond
on the surface is usually broken (typically MO-H, M−OH or
M−OH2), which is an additional energy penalty. Hence, the
nature of the surface leaving group is critical for adsorption
reaction rates, with M−OH2 being a much better leaving group
because these bonds are much weaker than the corresponding
M−OH bonds.
An example can be found in Soldoozy et al.,13 who

compared inorganic arsenate (iAs) and dimethylarsinate
(DMA) adsorption onto α-Fe2O3 (hematite) via ATR-FTIR
complemented with DFT calculations of IR spectra and
reaction pathways. Initial faster rates of adsorption were more
sensitive to aqueous As concentrations than the slower
adsorption rates consistent with di-usion limiting the aqueous
to outer-sphere transformation. The inner-sphere adsorption
ΔEa were +4 to +11 kJ/mol, indicative of a mechanism in
which strong bonds are not broken. This observation led to the
conclusion that defect Fe3+-(OH2) sites were the reactant
species in these reactions because these were the only moieties
that resulted in DFT model ΔEa values similar to experiment.
Inorganic As (iAs) adsorption was faster than DMA, and iAs
desorption was slower than DMA. ATR-FTIR and DFT results

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.2c00130
Chem. Rev. 2023, 123, 6413−6544

6452

pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00130?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


were consistent with bidentate bridging mechanisms dominat-
ing the surface complexes for both iAs and DMA. All three
species are likely to be present, however. Note that the DFT
calculations in this case were performed using simple
molecular clusters rather than periodic hematite surfaces.
This can contribute to inaccuracy, but the general
experimental-computational agreement may also be indicative
of short-range bonding dominating the adsorption reaction
thermodynamics, kinetics, and speciation.492
Flow rate can influence kinetics of adsorption, as the slow

step between outer-sphere and inner-sphere species may be
disrupted.563 Zhou et al. studied ciprofloxacin (CIP, a model
antibiotic compound) under constant flow and flow-
interrupted conditions and observed significant di-erences in
behavior. Similar to Soldoozy et al.,13 CIP forms bidentate
surface complexes on hematite nanoparticles although a
bidentate, mononuclear complex was invoked in this case
with one carboxylate and one carbonyl O atom bonding to the
same surface Fe atom.564 Interruption of flow allowed for
oxidation of the CIP adsorbed onto the hematite nanoparticles
which was interpreted as an outer- to inner-sphere trans-
formation during the no-flow conditions. Similar changes in
flow rates are common as water travels through natural media
such as soils and aquifers, but there have been few molecular-
level studies including this important factor. Zhou et al.563
states:

“Failure to take into consideration redox mechanisms
coupled to water f low in natural porous media may
introduce a bias in the characterization of af fected
environments leading to misevaluation of ecotoxicity.
Therefore, predicting the mobility of parents and daughter
compounds in groundwater and subsurface environments is
crucial for assessing potential genotoxic ef fects and human
health risks.”
Over- or under-estimation of ecotoxicity is a common issue

because laboratory assessments typically only consider the
parent compound and not the intermediate products resulting
from environmental reactions. For example, benzo[a]pyrene
(B[a]P) is considered one of the most carcinogenic of the
polycyclic aromatic hydrocarbons (PAHs), but it is B[a]P that
forms adducts with DNA and leads to mutation and cancer.565
3.3.3.6. Competitive Inorganic and Organic Adsorption

Reactions. Another phenomenon that contributes to the
complexity of the interfacial region is competitive adsorption.
Many real-world solutions are mixtures of various components,
and these aqueous components do not interact with surfaces in
a linear manner. In a relatively simple solutions of Na+, Rb+,
and Sr2+ interacting with the nearly atomically flat (001)
surface of muscovite mica (KAl2(F,OH)2(SiO2)6), nonclassical
behavior has been detected by Lee et al.271 via in situ RAXR
experiments. Nearly equivalent distributions of IS and OS
species were observed for Sr(NO3)2 solutions, but addition of
Na+ or Rb+ to the solution shifted the predominant Sr2+
species to OS. The data were not well fit by a classical
competitive adsorption model. The authors suggested that Sr2+
ΔGads became more positive in the presence of Na+ and Rb+
due to both site-specific and non-site-specific interactions
mediated in part by the lateral distribution of the Al3+ for Si4+
substitutions that create negative sites on the muscovite(001)
surface. Similar chemistry has been seen for sulfate adsorption
onto hematite by Schmidt et al.482
Considering that simple ions on relatively flat surfaces have

nonclassical behavior, it is not surprising that adsorption of

more complex species onto surfaces with greater heterogeneity
would lead to nonlinear e-ects. Many naturally-occurring
organic acids contain deprotonated carboxylate groups that
bind to metal ions on surfaces, and these acids can have
significant variations in molecular weight from low (e.g.,
oxalate, salicylate) to high (humic acids). Thus, the larger size
of these adsorbates causes steric e-ects upon adsorption,
sorbate−sorbate interactions that can be positive or negative,
changes in the hydrophilicity/hydrophobicity of the surface,
and provide specific sites for adsorption of other ions such as
Ca2+ bonding to remaining COO− groups not bonded to the
surface. One example is a study by Fleury et al.566 that
examined competitive sorption of the metals Cu2+, Zn2+, Cd2+,
and Pb2+ onto hematite as a function of fulvic acid (FA)
concentration. The FA/hematite ratio, r, influenced both the
type of FA molecules and the sorption of the metals. As might
be expected, higher r values led to greater adsorption of
aromatics from solution, but varying r also a-ected the
adsorption of the metals to di-ering degrees. These complex-
ities exist in nature and properties such as r vary dramatically
from site to site and on centimeter scales within a given site.
Principles to predict adsorption and transport must include
these complexities. Another example is adsorption of oxalate at
boehmite− and corundum−water interfaces, which elucidates
dynamic speciation of oxalate with four distinct species
identified by IR spectroscopy (aqueous oxalate, outer-sphere
adsorbed oxalate, inner-sphere adsorbed oxalate, and aqueous
Al3+-oxalate species).567 The abundance of each species is
defined by the pH and surface coverage: at low surface
coverages, inner-sphere mononuclear bidentate oxalate ad-
sorbed at a 5-membered Al3+ sites is predominant, in
agreement with IR spectroscopy measurements and DFT
calculations.567

3.3.3.7. Hysteresis in Organic Adsorption Reactions. For
higher molecular weight polymeric adsorbates (e.g., proteins,
lipids, cellulose, lignin), conformations can change upon
adsorption and influence sorption of other ions or allow
di-usion and adsorption.45,568 Covalent, ionic, H-bonding, and
van der Waals forces play a significant role where polar groups
are present in organic polymers with COO− groups as a
common initial bond-former. Relaxation of the less polar
sections of the polymers then interact with the surface and
release H2O molecules solvating the surface, which leads to an
entropically favorable state. Wu et al.568 studied ascorbic, citric,
and humic acids as well as bovine serum albumin (BSA)
adsorption and desorption onto nanoparticles coated with
TiO2 (Note: The phase of TiO2 was not characterized, and the
method of coating likely leads to amorphous or poorly
crystalline TiO2 rather than rutile or anatase.). The simpler
ascorbic and citric acids demonstrated greater reversibility (less
desorption hysteresis) than the humic acid and BSA. Changing
humic acid conformations were documented via QCM
experiments in which the frequency dissipation increased
with time. This is indicative of a more densely packed and
lower hydration surface coating as seen in classical MD
simulations of dextrans on SiO2 and Al2O3 surfaces.45 Another
phenomenon that may occur is multidentate attachment of
organic compounds with multiple COO− or other polar
groups.569,570 Wu et al.568 also investigated the order of
adsorption, which will be a critical factor in natural
environments as surfaces are exposed to constantly changing
conditions that will result in a complex surface coating.
Modeling these complexities is essential for predicting surface
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reactions such as contaminant adsorption and radiative e-ects
in the atmosphere.
Once one considers aggregates that occur in soils and

aquifers, the possibility of sequestration in pores can lead to
extreme hysteresis (irreversibility) in adsorption/desorption
reactions. Individual minerals may exhibit porosity such as etch
pits, but aggregates of fine-grained minerals can form extensive
pore networks varying in diameter from nanometers to
millimeters. One recent study that examined these e-ects
focused on the important contaminants per- and polyfluor-
oalkyl substances (PFAS; Xiao et al.571). The authors found
that

“Sorption of zwitterionic PFAS... displayed concentration-
dependent hysteresis in soils with a low SOM content...
electrostatic interactions with negatively charged soil
constituents and the hydrophobic ef fect were found to be
major sorption driving forces for cationic/zwitterionic PFAS
at low and high concentrations, respectively.”
Xiao et al.571 used DFT to calculate the maximum

electrostatic potential of the PFAS and were able to use this
parameter to predict sorption of ionic PFAS successfully.
Hence, in order to predict long-term behavior of contaminants
and the associated bioavailability, one must understand the
molecular mechanisms controlling the macroscopic behavior in
complex systems rather than in binary systems with one
sorbent and one sorbate.
Organic ligands form complexes with the ions of interest in

solution, altering adsorption mechanisms and measured
adsorption isotherms. For example, overall surface uptake of
trivalent lanthanides (Ln3+) onto natural soils is defined by the
organic ligands complexing with Ln3+ ions in solution.572
Macroscopic Ln3+ adsorption can be fit equally well with
Langmuir and Freundlich isotherm models; the maximum
surface coverage correlates with the Kβ constants for the Ln3+−
organic acid complex, with adsorption decreasing as Kβ
constant increases in the order: citric acid > malic acid >
tartaric acid > acetic acid.572 Similar observations were made
for the adsorption of Cu2+ onto nanoparticulate hydroxyapatite
(Ca10(PO4)6(OH)2). With increasing Kβ constants between
Cu2+ and organic acids, the overall adsorption decreases and
the adsorption data is best fit to the Dubinin−Radushkevich
isotherm model.573

3.4. Redox Processes
Interfaces play a critical role as facilitators of redox reactions,
either directly in the case of redox-active mineral solids or
indirectly by providing support for redox-active metals or
organics. The central underlying process is electron transfer
(ET), which can follow a wide range of mechanistic pathways
including abiotic and biotic, homogeneous and heterogeneous,
spontaneous and photochemically mediated. In natural waters,
many biogeochemical processes directly depend on the ET
rate. These include the cycling of redox-sensitive metals such
as Fe and Mn,574,575 the respiration of dissimilatory metal-
reducing bacteria576 and the related role of electron shuttle
molecules,577,578 the reductive dissolution of metal oxide
minerals,579 and the fate and transport of contaminant metals,
organic solvents, and pesticides.580,581 ET reactions that are
intrinsically slow despite being thermodynamically favorable
are often key to understanding overall process rates. Rates of
such processes can be strongly influenced by interfacial
structure and dynamics582 and may comprise a basis for
specific adaptations in biological organisms to increase ET
eflciency.583

3.4.1. Kinetics and Mechanisms. The foundation for
understanding and predicting ET kinetics and mechanisms is
Marcus−Hush theory, led by seminal papers by Marcus584,585
and continually further developed, tested, and refined by
numerous others.586−588 Applications to aquatic geochemical
systems date back to Wehrli.589 Development of accurate
quantum mechanical methods and adaptation of these
methods to compute Marcus theory quantities from first-
principles, such as for metal aquo ion redox reactions,574,590
and furthermore adapted to semiconducting mineral−water
interfaces591−593 and biogeochemical redox reactions has
started from this.594−597 Modern planewave DFT codes
contain algorithms to directly compute Marcus theory
quantities such as the electronic coupling.102,598,599 Other
computational advances such as various approaches to rare
event sampling have helped advance our ability to simulate ET
processes in increasingly complex systems with high
accuracy.600,601 Likewise, on the experimental front, the
increasing availability of highly time-resolved pump-probe
synchrotron X-ray absorption spectroscopies have enabled
interfacial ET kinetics for geochemical systems to be directly
measured.602

Figure 34. Free energy of an ET system. (left) Illustration of ET diabatic states (solid curves) and their splitting to produce adiabatic states (dashed
curves), (right) example implementation using molecular dynamics simulations with umbrella sampling to compute the ET diabatic states and ET
kinetics between an adsorbed Fe2+ hexaaquo ion and Fe3+ cations comprising the (110) surface of goethite. Adapted from ref 605. Copyright 2015
American Chemical Society.
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Molecular simulation studies on larger more complex
geochemical redox interfaces with quantum mechanical
accuracy are essential. Exciting new developments in inter-
face-sensitive, time-resolved SFG spectroscopy603 and 2D-IR
spectroscopy604 have the potential to directly map the nuclear
reaction coordinate for redox processes at ultrafast time scales.
The increasing availability of X-ray free electron laser
beamlines for X-ray (or optical) pump/X-ray probe studies,
as well as the X-ray scattering technique of X-ray photon
correlation spectroscopy (XPCS) hold the potential to directly
probe the dynamics of water at interfaces associated with ET
processes.
3.4.1.1. Marcus Theory and Its Extensions. The free energy

for a single ET event between a donor and an acceptor (e.g., D
+ A → D+ + A−) can be described as occurring along a
generalized nuclear reaction coordinate (Q) between two
equilibrium configurations (initial QA and final QB) possessing
two di-erent electronic configurations (Figure 34). The ET
system can be described as having two electronic states ΨA (Q)
and ΨB (Q), along with their associated energies E(ΨA (Q))
and E(ΨB (Q)), which are functions of the atomic position.
This is referred to as a Franck−Condon process, which
indicates that the movement or relaxation of electrons is
essentially instantaneous compared to the nuclear motion. The
ET driving force is contained in ΔGrxn, the free energy
di-erence between respective minima in E(ΨA (Q)) and E(ΨB
(Q)). The transition state configuration (QC) of main concern
is the lowest energy at which E(ΨA (Q)) = E(ΨB (Q)), a
configuration that can be considered a distortion in the
positions of the atoms within the donor−acceptor complex
that makes the donor−acceptor ET states (e.g., orbitals)
degenerate. This distortion energy relates to the forces
between atoms in the ET encounter complex as well as the
energy to repolarize the surrounding medium towards the
charge distribution of the ET products state, quantities that are
captured in the ET reorganization energy λ, which is the
energy cost to distort [D + A] into the equilibrium nuclear
configuration of [D+ + A−] without moving the electron.
The electronic coupling matrix element, VAB, between the

two states at QC along with the kinetic energy of the atoms,
determines the mechanism of ET (Figure 34). The magnitude
of the coupling becomes exponentially weaker with increasing
ET distance, such as in outer-sphere ET complexes, but can be

strongly enhanced by superexchange interactions through
bridging ligands, such as possible in inner-sphere ET
complexes. For VAB ≥ kBT and small atomic kinetic energies,
the ET reaction evolves adiabatically along double-well ground
state potential energy surface (e.g., the Born−Oppenheimer
approximation). This reflects relatively strong electronic
interaction between the donor and acceptor, such as in many
inner-sphere ET complexes,606 small polaron transport in
metal oxides,591,607 and soliton transport in conduction
polymers.598 When VAB ≪ kT, the energy separation between
the two states at QC becomes small and the Born−
Oppenheimer approximation breaks down. In weak-coupling
cases, the ET reaction is often described from a semiclassical
viewpoint where the possible transitions between state ΨA and
ΨB may only occur in the finite region where the curves are
close to one another. First, the system evolves along the
ground state from QA to QC, where there is a finite probability
that the system stays on ΨA or conversely jumps to ΨB, after
which the system either progresses along the adiabatic curve to
the ET products state QB or it continues evolving up ΨB while
maintaining in its initial [D···A] bonding. Examples of this type
of ET in the weak coupling limit include a variety of outer-
sphere reactions,574 charge transfer between ions in solution,
and small polaron transport in mixed oxides and low-Fe clays
near the percolation limit. It is often termed as being
(microscopically) non-adiabatic, or simply diabatic, and its
rate can be modeled by Marcus theory and extensions, diabatic
methods, and coupled quantum electron−nuclear dynamics
methods (see section 3.7).

3.4.1.2. Extension to Interfaces. Aspects of ET kinetics that
change upon going from redox systems in homogeneous
solution to heterogeneous ET at mineral−water interfaces can
be understood in the same framework of Marcus−Hush
(Figure 34). In contrast, to encounter complex formation in
solution, often treated as a 3D collision theory problem with
electrostatics, the rate of encounter complex formation at
interfaces becomes a quasi-2D adsorption/desorption kinetics
problem, which is subject to familiar interfacial chemistry
issues of pH-dependent surface charge and speciation of ET
donor/acceptor ions, and the composition, structure, and
dynamics in the electrical double layer.
At interfaces, the reorganization energy now has contribu-

tions both from repolarization in first few solvent layers near

Figure 35. Conceptual schematic representation of the redox-driven conveyor belt mechanism. Reproduced from ref 663. Copyright 2011
American Chemical Society.
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the interface as well as distortion of the mineral surface groups
and lattice surrounding the ET donor/acceptor pair spanning
the interface. In the case where the mineral is redox-active and
part of the ET pair, the electronic structure at the mineral
surface is important to take into consideration. This aspect is
often treated with a semiconductor model of the mineral
surface to describe the energies of valence and conduction
band edges participating in the ET process (Figure 35).
In addition to contributions from a single mineral surface,

confining aqueous solutions between two mineral surfaces can
lead to deviations from Marcus theory. In the birnessite phase
of MnO2, the interlayer consists of concentrated solutions of
water and cations (to balance the negative charge of the MnO2
sheets). Water molecules H-bond to the oxide sheets and
interact with other waters, mainly through dipole−dipole
interactions. A competition between water−water dipole−
dipole interactions and water−ion dipole−charge interactions
arises, and this competition frustrates interlayer water
molecules and enhances solvent fluctuations relevant to ET.
These enhanced solvent fluctuations lead to nonparabolic free
energy surfaces and lower the barrier to ET, increasing ET
rates beyond expectations from Marcus theory.608−610 Further
increasing frustration by decreasing interlayer distances
increases reaction rates,610 and these concepts have been
exploited to enhance birnessite-catalyzed water oxida-
tion.611−613 Similar e-ects have been found for ET in
nickel−iron oxyhydroxides611,614 and may also play a role in
the interlayer chemistry of zirconium phosphates615 and in the
development of energy technologies.616,617 We note that
confinement e-ects on ET do not universally enhance ET
rates. Confinement within disordered carbon electrodes leads
to deviations from Marcus theory that decrease ET rates due to
changes in ion coordination structure.618
3.4.1.3. Complex Interfaces. Because realistic mineral−

water interfaces in natural environments typically are defective,
impure, and are often coated with a variety of organic and
biologic sorbates, including at times microbial biofilms (section
3.5), interfacial redox reactivity can be strongly modified. In
practice, it remains impossible to fully account for the interplay
of these complex components on redox mechanisms and
kinetics. Some progress has been made in evaluating e-ects at
the molecular-level concerning ET reactions at the interface
between metal reducing microbes and low-index surfaces of
metal oxide minerals such as hematite. To a first approx-
imation, because ET rates decrease by about an order of
magnitude with each Ångstrom increase in separation distance
between donor and acceptor, intervening components that are
electronically decoupled from the donor−acceptor pair tend to
decrease ET rates simply by acting as intervening
spacers.606,619 For example, the eflcacy of ET to metal oxide
mineral surfaces by redox-active heme cofactors in bacterial
outer-membrane cytochromes has been shown to depend
strongly on separation distance, which in turn is controlled by
the details of macromolecular protein structure, docking
orientation, and the atomic details of surface structure that
define the ET gap.591,594−597,620−623 Here, important e-ects
include terminal heme solvent exposure, protein surface
electrostatics, the redox potential gradient between the
terminal heme and the Fermi level of the metal oxide, and
intervening water and ions. The additional complexity of
intervening bacterial structures such as exopolysaccharide
remains poorly understood, with possible e-ects ranging
between inert spacer to an electronically coupled bridge

mediator of the interfacial ET process.624,625 Bacterial
extracellular ET can also be mediated by redox-active organic
shuttle molecules or biogenic exudates that bypass direct
enzymatic ET at interfaces.577,626

3.4.1.4. Oxidative Reaction with Fe- and Mn-Oxides.
Oxidative reactions of Fe- and Mn-oxides define the fate and
transport of organic and inorganic contaminants627−630 and
the global geochemical cycles of many major elements, such as
C, N, O, P, and S.631 Fe- and Mn-oxides usually co-exist in
complex mixtures with clay minerals, other metal oxides,
natural organic matter, and dissolved species, such as simple
ions and organic and inorganic ligands, some of which are
redox-active. Therefore, the oxidative reactions on Fe- and Mn-
oxide surfaces depend on the environmental matrices.

3.4.1.4.1. Oxidation of Organic and Inorganic Solutes by
Mn and Fe Oxides. The standard redox potentials (Eh0) for
the half-reactions of Mn(3+/4+)/Mn2+ and Fe3+/Fe2+ redox
couples make them strong oxidants towards organic and
inorganic solutes. For example, the standard redox potential is
1.23 V for MnO2/Mn2+(aq)632 or between 0.768−1.067 V for
Fe3+-oxides/Fe2+(aq).633 The bulk of literature on the oxidative
reaction of Fe- and Mn-oxides is on the oxidation kinetics and
mechanisms of organic solutes, such as phenols and anilines,627
and inorganic solutes, such as As3+634 and Cr3+,635 as
summarized below. Di-erent from earlier work that focuses
on simple organics,627,632,636−638 more recent work examines
diverse emerging contaminants from pesticides, fire retardants,
to pharmaceutical and personal care products.630,639−643

Additional work investigates phase transformation of the Mn
oxides or surface complex formation during reaction.634,644,645
The same surface-associated reaction mechanism was reported
for all of the above systems:630

> + >+ +FMn ArXH ( Mn , ArXH)
4 4 (4)

> > ++ + • +F( Mn , ArXH) ( Mn , ArX ) H
4 3 (5)

> > ++ • + •F( Mn , ArX ) Mn ArX3 3 (6)

> > + >+ +F2Mn MnO Mn
3

2

2 (7)

• FArX products (8)

where “>” indicates surface bound, Ar is short for aromatic
ring, and the parentheses suggest reaction intermediates. Either
the first (adsorption) or the second (one-electron transfer)
elementary reaction steps is believed to be the rate-limiting
step. After the electron-transfer reaction, the Mn oxide has a
higher than initial Mn3+ content in the structure,644 while the
generated Mn2+ ions accumulate at the oxide surface followed
by a release to the solution once the surface has been
saturated.630 Both structural Mn2+ and adsorbed Mn2+
suppress the oxidative reactivity for they lower the redox
potential of the oxide/Mn2+ couple.630,635 Because radicals are
involved as the reaction intermediates for organic solutes, a
range of oxidation products have been reported by following
the formation of radical intermediates.639−641,643,646 More
details regarding how organic solutes are oxidized by Mn
oxides are provided in another review.627 For inorganic solutes,
their oxidation by Mn oxides also proceeds by initial surface
complex formation followed by electron transfer.634,635,647,648
A similar mechanism has been established for oxidation of
organic and inorganic solutes by Fe-oxides, but the reaction
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kinetics with Fe-oxides are slower owing to their lower redox
potentials.642,649−651

3.4.1.4.2. Oxidative Reactivity of Mn Oxides in Complex
Mixtures. Oxidative reactions of Mn- and Fe-oxides are
surface-mediated; therefore, anything that a-ects the surface
chemistry is expected to a-ect their redox activity. Indeed,
metal ions such as Ca2+, Ni2+, Cr3+, and Cu2+ can inhibit the
reactivity through adsorption on the oxide surface.639
Inorganic and organic ligands also inhibit Mn-oxide reactivity
via either competitive adsorption and/or complexation to
block surface sites or reductive dissolution to provide Mn2+.629
Natural organic matter of a small quantity is also known to
strongly complex with Mn2+, therefore facilitating Mn2+
removal from the surface, which mitigates the inhibitory e-ect
of the Mn2+ on MnO2 reactivity.652,653 Metal oxides including
Al, Fe, Si, and Ti oxides often inhibit Mn-oxide reactivity
through one or a combination of the following mechanisms:
(1) heteroaggregation between oxide particles

(2) surface complexation of the dissolved ions with Mn
oxide surfaces

(3) competitive adsorption of the oxide surfaces toward the
solute654−656

Upon the addition of natural organic matter or small organic
ligands to mixtures of Mn- and Fe- or Al-oxides, the oxidative
reactivity of the Mn-oxide is often enhanced as compared to
when no organic ligands are present. This has been attributed
to enhanced homoaggregation within the Fe- or Al-oxide,
which in turn mitigates the inhibitory e-ect of its
heteroaggregation with the Mn-oxide.655,656 Interestingly, in
ternary mixtures of Al2O3, MnO2, and natural organic matter,
dissolution of Al2O3 is largely suppressed so the impact of
soluble Al3+ ions becomes minimal.656
Regarding Fe-oxides, the e-ects of metal ions and ligands on

their oxidative reactivity are reportedly similar to those on Mn-
oxides.629 However, di-erent from the above mechanisms for
binary oxide mixtures containing MnO2, in binary mixtures of
Al- and Fe-oxides at pH 3, the Al2O3 strongly inhibits the
oxidative reactivity through adsorbing dissolved Fe3+,657
pointing to the complexity of multicomponent mixtures and
the need to continuously examine them.
3.4.1.5. Reductive Reaction with Surface-Associated Fe2+-

Fe3+-Oxides. In the presence of both Fe2+- and Fe3+-oxides,
sorbed Fe2+ forms on the oxide surfaces and becomes a strong
reductant for a wide range of organic and inorganic solutes.629
Sorbed Fe2+ can induce transformation of amorphous Fe3+ to
more thermodynamically stable crystalline Fe3+-oxides.658,659
The involved ET mechanism in the above processes has
evolved from the traditional static view of the reduction ability
of the so-called “surface-complexed Fe2+” being much better
than that of aqueous Fe2+, owing to the much lower reduction
potential of the former,660,661 to a recent dynamic view based
on the proposed redox-driven conveyor belt model,582,662 as
detailed in the figure below.
The reactivity of sorbed Fe2+ strongly depends on reaction

conditions such as the pH, amount of sorbed Fe2+, underlying
Fe3+-oxide structure, formation of reactive intermediates such
as Fe(OH)2(s), particle size, aggregation state, exposed facets,
and surface defects.664 For instance, more sorbed Fe2+ often
leads to higher reactivity.661 Readers are referred to a recent
review article for details on the reactivity of sorbed Fe2+ in
simple model systems containing di-erent Fe3+-oxides or clay
minerals.664 In more complex mixtures containing other

compositions, metal ions such as Co2+, Ni2+, and Zn2+ inhibit
the reactivity of sorbed Fe2+ by limiting Fe2+ adsorption.665
NOM can either promote or inhibit sorbed Fe2+ reactivity. The
promotion e-ect is mainly attributable to NOM that has been
reduced biotically or abiotically which can then reduce iron
oxide surfaces to form additional sorbed Fe2+,666 whereas the
inhibition e-ect is due to NOM complexing with Fe2+,
blocking Fe2+ adsorption, and/or blocking ET.667 Moreover,
formation of ternary surface complexes of Fe2+, Fe-oxide, and
NOM could be a minor contributor to the lower sorbed Fe2+
reactivity.668 Upon mixing of SiO2 with sorbed Fe2+, dissolved
silicate ions play a major role in inhibiting the reductive
reactivity of sorbed Fe2+.669 Upon mixing of TiO2 with sorbed
Fe2+, however, the reactivity of sorbed Fe2+ is enhanced.
Although the mechanism for this enhancement is not well
understood yet, the authors proposed a similar redox-driven
conveyor-belt mechanism where interparticle ET occurs from
the conduction band of TiO2 to that of the Fe- oxide.669
Future work on model systems with increasing complexity is

necessary before we can even begin to decipher reaction
kinetics and mechanisms in the environment. Toward this goal,
advanced experimental and computational tools are vital. In
addition, the redox chemistry of Fe- and Mn-oxides is essential
in the Fe/Mn cycle as well as in many biogeochemical
cycles;627,664 therefore, examining the involvement of Fe and
Mn redox chemistry in these cycles will enable us to better
understand their roles in carbon sequestration, climate change,
and nutrients, among others.

3.4.1.6. Clay Minerals and Redox. Clay minerals are an
example of challenging environmental surfaces because they
often form solid solutions with permanent structural charge
and contain impurities and defect sites. Standard redox
potential of clay minerals depends on their composition and
layer charge, as well as redox history,670 making predicting Eh0
value for clay mineral structures diflcult. Adding to the
challenge, there are two distinct types of reactive surfaces: edge
sites with pH-dependent charge, and permanently charged
basal surfaces outside and inside nanoconfined interlayers.671
Controversy remains about electron transfer mechanisms to
and from clay mineral structures, namely, do electrons hop
through the basal surfaces, or through the edge sites?
Here we discuss progress in understanding ET reactions

involving Fe residing in clay mineral structures (Figure 36),
where it can substitute for Al3+ in the octahedral lattice sites.671
Spectroscopic studies on both Fe-rich673 and Fe-poor674

Figure 36. Electron transfer from Fe2+ adsorbed at the edge site to
Fe3+ in the structure of an Fe-containing clay mineral.672 Adapted
from ref 672. Copyright 2013 American Chemical Society.
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swelling clay minerals reported that ET from adsorbed Fe2+ to
Fe3+ in the octahedral sheet takes place through both edge sites
and through basal surfaces. Other spectroscopic work implies
that for electron transfer to take place from an adsorbed
arsenic As3+, specific Fe2+−O-Fe3+ reactive moiety must be
available, which could only form at an edge site.675
Additionally, DFT calculations predict that ET from adsorbed
Fe2+ to Fe3+ in the octahedral sheet could only happen through
an edge site, with no evidence for ET complexes forming at the
basal surfaces.672 The previously proposed redox-driven
conduction mechanism for Fe-oxides may also be at play
during the ET and subsequent Fe atom exchange between
adsorbed Fe2+ and Fe-bearing clay minerals,676 during which
electron delocalization in clay structures is significant.677 The
ET routes associated with clay mineral structures must be
resolved in the future. This is important because of the vast
abundance of clay minerals and their ability to mediate Fe (and
likely other elements) redox activity in various environments.
We know of no experimental techniques capable of probing

ET processes at clay mineral edge- vs basal surfaces. A
promising advance which may be possible in the coming years
is further improvement in in situ TEM and EELS spectroscopy,
which could combine near-atomic resolution with spectro-
scopic measurements of adsorbed species oxidation states.

3.4.1.7. An Example of Complex Abiotic and Biotic Redox
Chemistry at Interfaces: Comparison of Rates of Cr6+
Reduction to Cr3+. Redox reactions play a major role in
controlling the toxicity and bioavailability of redox-sensitive
environmental contaminants, particularly the oxyanions of
chromium,437,678−680 arsenic,681,682 and selenium.683−686 The
environmental impacts of these oxyanions and other redox-
sensitive contaminants depend on the valence state of the
metal ion and the aflnity of these aqueous species for various
sorbents, among other variables. This section focuses on the
abiotic and biotic pathways of Cr6+ to Cr3+ reduction and the
kinetics of these redox reactions for various common
reductants.
Figure 37 illustrates various abiotic Cr reduction/oxidation

pathways in the presence of Fe- and Mn-bearing minerals and
organic ligands. Fe-bearing biogenic minerals formed by the
microbial reduction of Fe-(oxyhydr)oxides have been identi-
fied.576,687−689 These biogenic Fe2+-bearing phases can reduce
Cr6+ to Cr3+ species in subsurface environments (Table 2).690
Kinetic factors will dictate the dominant pathways for redox-

sensitive contaminant reduction. Here we use CrO4
2− and

HCrO4
− to illustrate the rates of potential reduction pathways.

Included in this rate comparison are measured reduction rates
of chromate by various species including Fe2+(aq),692 S2−

aq,693

Figure 37. Potential abiotic redox cycles of chromium in the presence of Fe- and Mn-bearing minerals and organic ligands. Adapted with
permission from ref 691. Copyright 2013 Elsevier BV.

Table 2. Redox Reactions of CrO4
2− with Fe2+(aq) and Fe2+-Bearing Minerals Resulting in the Reduction of CrO4

2− and the ΔG
(in kJ mol−1) of the Reactions (after Fendorf et al.690)

reaction ΔG° (pH 7)

+ +
[ ] +

+

+ + +
Fe (aq) 1/3HCrO 8/3H O

4/3 Cr Fe (OH) (s) 5/3H

2
4 2

3
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3
0.75 3
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+ +
[ ] + ++ + +

FeCO (s) 1/3HCrO HCrO 8/3H O

4/3 Cr Fe (OH) (s) 2/3H 1/3HCO
3 4 4 2
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3

3 3
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[ ] + + +

+ +
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16/3 Cr Fe (OH) (s) 2/3H SO 2Fe (OH) (s)

2
4

3
2 12 4 2 4 2

3
0.25

3
0.75 3 4

2 3
3

− 1706

+ + + +
[ ] +
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+ +
Fe Fe O 1/3HCrO 14/3H O 1/3H

4/3 Cr Fe (OH) (s) 2Fe(OH) (s)

2
2
3

4 4 2
3

0.25
3

0.75 3 3
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Fe3+-catalyzed reduction of chromate by oxalate,694 TiO2-
catalyzed reduction by mandelic acid,695 and surface reactions
with magnetite,696 siderite, and hydroxy green rust.697 Fendorf
et al.690 included only the reduction rate for Desulfovibrio
vulgaris as a function of pH because it has one of the fastest
published reduction rates for pure cultures of anaerobic
bacteria.698
The cumulative rates for bacterial reduction of chromate in

combination with reaction rates calculated for abiotic
reduction show that abiotic pathways are more than 100×
faster than measured biotic rates. The dominant reductant of
chromate at pH > 5.5 is Fe2+(aq); at pH < 5.5, S2−

(aq) is the
dominant reductant. The abiotic reduction pathways are more
dominant than biotic reduction pathways for Cr6+ reduction to
Cr3+ in anaerobic environments. However, the generation of
reductant pools (e.g., ferrous iron or ferrous sulfide) depends
on microbial activity, as Fe3+ and SO4

2− reduction occurs via
dissimilatory reduction pathways.698,699 In determining the
mechanism of chromate or other contaminant reduction, one
must consider the microbial selection of terminal electron
acceptor(s) and the resulting concentration of competing
chemical reductants such as Fe2+ or S2−. Direct biological
pathways do not appear to contribute appreciably to chromate
reduction in anaerobic environments; however, they may play
a critical role in Cr6+ reduction to Cr3+ in aerated environ-
ments, where reduced constituents other than organic matter
are at a minimum.690 Although either pathway ultimately leads
to Cr6+ reduction, the resulting products and rates of reduction
may di-er significantly. For example, enzymatic reduction of
chromate may result in soluble Cr3+-organic complexes that
may remain stable for extended periods of time.700−702

3.4.2. Photocatalysis. Photo-induced biogeochemical
reactions can play a commanding role in the photic zone of
natural aquatic systems. Solar radiation can stimulate charge
transfer reactions across mineral−water interfaces by several
mechanisms. Direct photoabsorption by common semi-
conducting metal oxide nanoparticles produces reactive charge
carriers by promoting valence band electrons to the
conduction band, leaving positively charged holes in the
valence band. If these charge carriers have suflciently long
lifetimes near the oxide surface, either by direct excitation or
having reached it through di-usion, charge transfer with
adsorbates can occur resulting in photocatalyzed chemical
reactions. Alternatively, many natural organic adsorbates
contain chromophoric groups that can likewise be photo-
excited, causing charge transfer to mineral substrates, and
certain phototrophic bacteria can couple absorption of light
energy to biogeochemical charge transfer with mineral
substrates. Because these photocatalyzed interfacial charge
transfer reactions often change the valence state of metal
cations, they are often coupled to mineral dissolution or
precipitation.
In order for photocatalysis by direct band gap excitation to

occur, the energy di-erence between the valence and
conduction bands (the band gap) and the positions of the
band edges must be appropriate for the reaction of interest.703
For example, Fe-oxides play important roles in natural
photochemical processes. In addition, Fe2O3 and TiO2 have
also gained significance in photocatalytic applications such as
water splitting, motivating substantial investigation into their
interfaces with water for renewable energy applications.
Because of this widespread importance and the breadth of
investigations into their water−oxide interfaces, we will focus

on Fe- and Ti-oxides as examples. However, there are many
other oxides, including but not limited to SrTiO3, FeTiO3,
BaTiO3, SnO2, MnO2, WO3, and ZnO, as well as many sulfides
of Fe, Mn, Cu, Co, Ni, As, and Zn that are also photoactive
and have been studied in the context of natural and/or artificial
photocatalytic systems.

3.4.2.1. Overview of Interfacial Photocatalytic Processes
in the Environment. Photocatalysis plays a number of
important roles in environmental processes. Mineral nano-
particles are ubiquitous at the Earth’s near-surface303,704−706

and their capacity for light harvesting is profound. A key class
of photoactive materials is semiconducting metal oxides, most
of which naturally occur in nanophases that, because of their
chemical stability, are highly persistent. Dissolution of metal
oxides and Fe-oxides in particular, discussed further in section
4.3, can be induced by photoreduction. Such photoreductive
dissolution readily occurs under marine conditions (e.g., in
seawater) and is enhanced by the presence of adsorbed natural
organic matter, leading to important photochemical fluxes of
redox active species such as Cu, Fe,707−709 and Mn.703,710 For
example, aeolian dust transport and subsequent photoreductive
dissolution is an important source of aqueous Fe, which is a
limiting factor on phytoplankton growth over much of the
ocean.711,712 Si-ert and Sulzberger showed that photoreductive
dissolution of hematite is active in the near-ultraviolet (UV)
portion of the solar spectrum (λ < 400 nm), particularly in the
presence of common organic acids acting as photosensi-
tizers.711 However, it is noteworthy that actual interfacial
photoreduction pathways to Fe2+(aq) remain uncertain because
the competition between direct band gap excitation versus
photoexcitation of adsorbed organics is poorly understood.
The lack of comprehensive knowledge about the mechanistic
pathways of photoexcitation processes at particle interfaces
leaves major ambiguities in quantifying the roles of intrinsic
photoexcitation eflciency versus those of extrinsic e-ects.
An increasing number of studies are emerging that

specifically examine photocatalyzed reactions between ad-
sorbed organics and metal oxide surfaces. Photoexcitation of
adsorbed organic molecules can inject excess charge into the
metal oxide, creating the electrons/holes necessary for the
mineral surface to catalyze chemical reactions. To improve
understanding of the charge transfer mechanism and
consequences, recent studies have been taking advantage of
well characterized adsorbed organic dye molecules to act both
as photosensitizers and reactants with transient intermediates.
For example, methylene blue adsorbed on hematite nano-
particles can undergo photocatalytic degradation in the
presence of hydrogen peroxide.713 Photoexcitation of methyl-
ene blue injects hot electrons into hematite and reduces a
fraction of the surface iron to Fe2+, which subsequently reacts
with hydrogen peroxide, yielding the strong oxidant OH• that
decomposes the adsorbed dye. The main degradation pathway
is thus the photo-induced Fenton reaction that is triggered
after photoinduced injection of charge to hematite. Moreover,
the rate of degradation depends on the specific crystal facet at
which chemistry is occurring. For methylene blue on hematite,
photodegradation on the (001) surface is nearly 15 times faster
than on the (012) surface,713 rhodamine B also undergoes
facet-dependent photocatalytic degradation on hematite in a
similar fashion.714
The coupling of light energy to charge transfer reactions at

metal oxide interfaces can also be mediated by microorganisms
in the photic zone. An example of this biologically mediated
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photocatalytic process was shown for the mixed-valent
magnetite, using co-cultures of dissimilatory Fe-reducing
bacteria that in the dark convert Fe3+ in magnetite to Fe2+,
which then when illuminated provides a source of Fe2+ that is
accessed by photoferrotrophic Fe-oxidizing bacteria.715 The
two very di-erent Fe-dependent organisms were thus shown to
cooperatively use magnetite as a sort of battery for reversibly
storing and then releasing electron equivalents with diurnal
cycles of daylight exposure. The redox cycling caused by these
bacteria may represent a biophotocatalytic pathway for iron
mineralization on global scales such as in the creation of
banded iron formations in ancient sediments. Understanding
and controlling photocatalytic chemistry at bacteria−mineral
interfaces can also be used to address important demands in
biotechnology and energy sciences, including bioelectronics,
bioenergy generation, and biofuel cells.
3.4.2.2. Theoretical Treatment of Excited States in Solids

and Adsorbates. Theoretical and computational approaches
to photocatalysis necessarily involve modeling excited states.
Because of this necessity of describing excitations, one must
either move beyond ground state DFT, such as with using the
GW716,717 or Bethe-Salpeter718,719 methods, or employ ground
state DFT in clever ways.703,720 To model the excitation of
organic adsorbates, wave function-based approaches, such as
coupled cluster and multiconfigurational self-consistent field
theory methods, can also be employed. However, their
application is typically limited to a few molecules at most
due to computational expense. Recent developments in
coupled cluster theory for periodic systems have enabled the
use of wave function methods for metal oxides.721,722
If we are only concerned with the events following

excitation, particularly the behavior of the excess electron or
hole, ground state DFT can be used to model mineral surfaces
with a net charge. These approaches have been used with great
success to describe how the electron or hole distorts the oxide
lattice within its vicinity to form a polaron.723−725 These
approaches have been used to examine the influence of polaron
formation on the structure of interfacial water and adsorbates
on TiO2.

726−729 The expense of ab initio models still limits the
use of DFT-based methods to small system sizes and short
time scales. However, the information provided from ab initio
calculations has been used to develop multiscale models of
electron transport across goethite nanoparticles in solution,730
providing a strategy for overcoming some of these issues.
Additional recent developments in mixed quantum-classical
simulations could also be used to reach larger length and time
scales needed to describe polarons at oxide−water inter-
faces.731
Charge transfer between a mineral surface and an adsorbate

typically requires quantum mechanical models, although
Marcus theory-based approaches can often be used for simple
adsorbates, like monatomic ions. Successful modeling of
photoactivated electron transfer processes has been enabled
by developments in nonadiabatic dynamics simulations.732−736

These simulations have been used to quantify electron transfer
on sensitized oxide surfaces, mainly TiO2, and are able to
include thermal fluctuations, vibronic e-ects and quantum
coherence, and solvent e-ects.734,737,738 Extending these
approaches to additional oxide interfaces can shed light on a
variety of photochemical processes.

3.5. Biogeochemical Interfaces
3.5.1. Biological Components. Biological components

are present in water−mineral systems. These biological
components include a variety of di-erent macromolecular
species, such as proteins, amino acids, DNA, RNA, nucleotides,
lipids, and EPS, just to name a few. There is great interest in
understanding the adsorption of these components on the
surfaces of oxides, silicates, and other minerals from
fundamental aspects and applications,739 as well as under-
standing many of the environmental aspects discussed here.
Di-erent experimental techniques, such as ATR-FTIR spec-
troscopy39,740−742 or QCM, can provide insights into the
adsorption process.743 In particular, vibrational spectroscopy
can assess the binding and structure of these biological
components at the oxide− and silicate−water interfaces. This
can be done at di-erent pH values and temperatures to provide
insights into phase transitions of macromolecular biological
species and their interactions with oxide−water and silicate−
water interfaces. Several examples of adsorption studies of
proteins, amino acids, and nucleotides on such surfaces are
described below.
Figure 38 shows ATR-FTIR spectra of BSA on TiO2 particle

surfaces at three pH values.744 The most striking observations

from these spectra are the changes in the amide I and II
absorption bands with pH, which are the two major bands of
the protein infrared spectrum. Secondary structure analysis of
these bands is done by curve fitting the amide I band (between
1600 and 1700 cm−1). Within the broad, amide I band, peak
fitting associated with secondary structural elements, including
α-helices and β-sheets, were determined. This analysis shows
that at low pH the protein structure denatures considerably on
the surface, much more than changes in protein structure in
solution alone. Similar studies on amorphous SiO2 particles
show that although the protein structure changes upon

Figure 38. Normalized ATR-FTIR spectra of 1 mg/mL BSA
adsorption as a function of time on TiO2(22 nm) (A) without
phosphate at pH 7.4 (top), pH 4.5 (middle), and pH 2.0 (bottom),
(B) with phosphate at pH 7.4 (top), pH 4.5 (middle), and pH 2.0
(bottom). Spectra are shown for four di-erent time points: 10, 30, 60,
and 90 min (red, green, blue, and purple colored spectra,
respectively). Reproduced from ref 744. Copyright 2017 American
Chemical Society.
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adsorption compared to in the solution phase, the larger
changes seen for TiO2 adsorption, especially at low pH, are not
seen for BSA adsorption on SiO2.745,746 The results of these
experiments demonstrate several important points. The first is
that protein secondary structure changes upon surface
adsorption and that the extent of that change depends on
the interaction with the underlying surface. The second is that
protein secondary structure changes also depend on pH and
that changes can be greater than that seen in solution phase.
Changes in protein structure depend on pH, surface

coverage, and temperature. Quantitative understanding of
how these changes occur as a function of T on oxide particle
surfaces is limited. Sit et al.747 investigated phase transitions of
protein secondary structure as a function of T for two proteins
adsorbed onto TiO2 surfaces (Figure 39). 2D-COS analysis
was used as a guide for establishing secondary structural
changes as a function of solution phase temperature for two
di-erent plasma proteins, BSA and Fib. The protein with the
greatest structural changes upon adsorption, BSA, did not
show any further transformations as a function of T (Figure
39).
Peptide and amino acid adsorption can provide insights into

adsorption processes of proteins on oxide and silicate
surfaces.748,749 Analyzing the pH-dependent adsorption of
amino acids can provide a better understanding of protein−
surface interactions in vivo and di-erent environmental and
biological milieu. Protein adsorption is highly dependent on
the aflnity between exterior amino acid residues and the NP
surface, and therefore investigating the adsorption of individual
amino acids or small peptides can provide insight into protein
adsorption. A recent study of the adsorption of α-amino acids
onto TiO2 as a function of solution pH showed that depending
on the predominant speciation and TiO2 surface charge,
adsorption involves a combination of carboxylate and amine
group interactions.749 Di-erences in surface aflnity were due
to the di-erent speciation of the functional groups as a
function of solution pH within the amino acids and the TiO2
surface charge at each pH. Di-erences in surface speciation
were attributed to solution pH as well as the impact of the

surface and a surface-induced deprotonation of the amine
group and proton transfer to the carboxylate. Combining these
results with that of specific proteins and their exterior residues
can provide insights into the mechanisms of surface adsorption
and secondary structural changes at di-erent pH and for
di-erent surfaces. Experiments involving hydrogen-deuterium
exchange (H/DX) do provide insights into the residues and
moieties within a larger macromolecule, such as a protein, that
may be interacting with the surface.750,751
Besides proteins, deoxyribonucleic acids (DNA) are also of

interest in the environment. Spectroscopic, kinetic, and
quantitative adsorption measurements show that DNA and
EPS can adsorb onto the surface of goethite.39,752 Analyses of
the spectroscopic data shows that the structure of surface
adsorbed DNA retains a B-form, suggesting the DNA helix
adsorbs on goethite without degradation or changes to the
secondary helical structure. This suggestion is interesting, given
that the data also demonstrated strong interactions between
DNA and goethite with inner-sphere coordination between the
backbone phosphate groups of DNA and the goethite surface.
This adsorption mechanism is confirmed for nucleotide
adsorption on hematite surfaces.539 The IR spectra show
large changes in the phosphate vibrational frequencies
compared to the solution phase, and no other vibrational
modes show these changes. Furthermore, the adsorption
behavior of dAMP on hematite nanoparticle surfaces was
interrogated as a function of solution pH. The results show
that fewer nucleotides adsorb at higher pH. The pH
dependence provides insights into the adsorption process
and the importance of electrostatic interactions. The
adsorption of EPS onto soil minerals has been shown to
depend on electrolyte concentration, thus highlighting the
importance of electrostatics in some cases.742
These studies on the surface adsorption of di-erent

biological components on oxide and silicate surfaces provide
important insights on how these interfaces behave in the
environment. However, the role of surface defects on the
surface adsorption of these larger biological macromolecular
species is poorly understood, the exact detailed nature of the

Figure 39. Changes in BSA structure as a function of temperature. (A) Normalized ATR-FTIR spectra over a temperature range of 25−90 °C for
solution phase BSA and Fib (top) and adsorbed BSA and Fib on TiO2 (bottom). (B) Autocorrelation moving window 2-dimensional correlation
map of the amide I band shown in A relating temperature to spectral intensity changes for solution phase BSA and Fib (top) and adsorbed BSA and
Fib on TiO2 (bottom). The color bar intensity (a.u.) value represents the extent of spectral variation due to the external perturbation, i.e.,
temperature. Reproduced with permission from Sit et al.747 Copyright 2019 Elsevier Ltd.
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surface protein interaction is also diflcult to glean. In addition
to adsorption studies, MD simulations can provide insights
into the details of the surface interactions.753 Future studies
that combine structural analysis using spectroscopic probes,
H/DX mass spectrometry, and MD simulations have the
potential to provide unique insights into the adsorption of
biomolecules on oxide surfaces.
3.5.2. Adsorbate Interaction E3ects and the Impact

of Inorganic Sorbates on Organic and Biological
Sorbates. Most laboratory studies on surface adsorption
and reactivity on oxide− and silicate−water interfaces are on
binary systems. Experiments often focus on a single adsorbate
under varying environmental conditions of pH and ionic
strength. For example, Situm et al.492 showed the important
role of organics on the surface of hematite and the impact
these had on the kinetics of adsorption as well as the fate of As
compounds. Kim and Doudrick103 investigated the impact of
oxalate, a simple model for dissolved organic carbon, on the
adsorption of BSA protein on catalytic and food grade titanium
dioxide. Shakiba et al.537 showed that interactions between
NOM and proteins controlled adsorption onto TiO2 surfaces
in complex environmental media. Recently, Grassian and co-
workers have begun to investigate the impact of the co-
adsorption of phosphate with di-erent biological components.
This work seeks to better understand possible synergistic
e-ects between adsorbates that lead to di-erent behavior than
expected based on a simple linear combination of the two
adsorbates alone.539,744 Phosphate is often present in the
environment and biological systems as well as in di-erent cell
media and in simulated biological fluids.740,741,754,755
Xu and Grassian744 showed that pre-adsorbed phosphate on

TiO2 decreases the degree of structural changes of BSA protein
adsorption at all pHs evaluated, but most important is the

finding that at low pH in the presence of adsorbed phosphate,
there is much less denatured protein present. dAMP
adsorption on hematite surfaces occurs through the phosphate
moiety within the nucleotide, as discussed above. When
phosphate is first adsorbed onto the hematite surface, less
dAMP can adsorb, presumably due to site-blocking by
inorganic phosphate, which occupies the same binding sites
as dAMP. Although there is a displacement of some of the
adsorbed phosphate by dAMP as a function of time, additional
spectral analyses show that there are synergistic e-ects between
the inorganic phosphate and the phosphate in the nucleotide
(Figure 40). Other studies have shown the impact of adsorbed
phosphate on two antibiotic contaminants, including tetracy-
cline.756

3.5.3. Bacteria on Mineral Interfaces. Bacterial adhesion
on mineral surfaces plays a role in a number of biogeochemical
processes, including biosorption, microbial catalyzed oxida-
tion/reduction processes, mineral formation and transforma-
tion, and biodegradation.631,757−760 The interactions between
bacteria and surfaces depend on structural properties (e.g.,
microtopography, composition), chemical functional groups,
surface charge, the hydrophobicity of both the bacteria and the
surface, and the presence of EPS.761−764 Bacteria adsorb to
surfaces in a series of steps: (1) transport to the surface, (2)
initial attachment via van der Waals forces, electrostatic forces,
and hydrophobic interactions, (3) irreversible attachment of
the cells via exo-polysaccharides and/or specific ligands that
employ covalent and H-bonding, hydrophobic interactions,
and ET between the cell and the surface, and (4) microcolony
or biofilm growth that often involves quorum sensing.765−768

Models describing initial bacterial attachment or adhesion are
typically based on thermodynamics or DLVO theory, and
AFM is often employed to measure the adhesion forces.769,770

Figure 40. Linear convolution of adsorbed species on α-Fe2O3. (A) Representative cartoon emphasizing the possible percent absorbance intensity
of a saturated adsorbed phosphate surface spectrum (red dashed box) added to a percent of saturated adsorbed dAMP surface spectrum (blue
dashed box) to yield the spectral absorbance intensity of a multicomponent surface composed of dAMP and phosphate (purple dashed boxed). (B)
The spectra used for the linear convolution at pH 5. (C) The residuals of the experimental spectrum compared to the linear convolution at various
percent combinations where the absorbance ratios correspond to % PO4:% dAMP. The dotted line represents a perfect overlay of the linear
convolution to experimental spectra. Because these cannot be fit using a linear combination, these results suggest synergistic interactions between
adsorbed phosphate and dAMP. Reproduced from ref 539. Copyright 2020 American Chemical Society.
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DLVO theory describes the balance between Lifshitz−van der
Waals interactions and electrostatic forces, and it can account
for observed ionic strength interactions between bacteria and
surfaces. However, in some cases, extended DLVO theories,
which include Lewis acid−base hydrophobic interactions,
repulsive hydration terms, and steric interactions, provide a
better description of bacterial attachment.771−773

The contribution of bacterial surface functional groups to
adhesion has also been investigated. For Shewanella putrefa-
ciens, formation of inner-sphere coordinative bonds to hematite
surface sites has been identified using FTIR during initial
attachment, but cell wall protein and carboxyl groups played a
more important role over longer time periods.774 Similar
findings with respect to the importance of P-OFe bonds were
found for a wider range of species with additional outer- and
inner-sphere (monodentate) sorption of carboxyl groups.39,40
In contrast, no P-OFe bonds or other bonds were identified for
adsorption of Bacillus subtilis to kaolinite or montmorillonite,
and removal of the EPS reduced bacterial adhesion on the clay
minerals and increased adhesion on goethite.761 Finally,
bacterial attachment to minerals has been shown to impact
adsorption of trace contaminants. For example, competition
between As oxyanions and bacterial phosphate and carboxylate
groups for Fe3+-(oxyhydr)oxide surface sites led to reduced
As3+ and As5+ adsorption and As5+ desorption.775 These
studies reveal the complexity of microbial attachment to
mineral surfaces but also highlight the significant progress that
has been made over the past two decades to isolate
mechanisms of bacterial attachment and their impact on
geochemical processes.
3.5.4. How Biofilms A3ect Surface Reactivity. Micro-

organisms, including fungi, such as lichen, and NOM, such as
fulvic and humic acids, are common in aquatic systems and
soils and often coat mineral and rock surfaces, modifying the
rates and mechanisms of chemical and physical mineral
weathering. These species play major roles in such interfacial

chemical processes as mineral disaggregation, hydration and
hydrolysis reactions, dissolution, ET reactions, and secondary
mineral formation.776,777 Consequently, they have an enor-
mous impact on humans and the critical zone by a-ecting
water quality, climate, the rate of chemical weathering of
minerals and soil formation, agricultural soil fertility, the
bioavailability of environmental contaminants, and the
distribution of mineral resources in Earth’s crust.776 They
also add to the complexity of sorption reactions at oxide− and
silicate−water interfaces, which makes molecular-level pro-
cesses at mineral/aqueous solution/NOM/microbial biofilm
interfaces more diflcult to study experimentally.
Microbial organisms commonly occur in consortia known as

biofilms, with the bacteria embedded in a hydrated matrix of
EPS that adheres to surfaces.778−782 The functional groups of
microbial cell surfaces, EPS and dissolved metabolic by-
products excreted by microbial organisms, and NOM compete
with reactive sites on mineral surfaces for hydrated metal−
cation and oxyanion complexes. Such biofilms form micro-
environments in which aqueous chemical conditions (e.g., pH
and redox potential) di-er from those of the host geomedium
(e.g., groundwater). Bacterial and EPS surfaces have a high
aflnity for metal cations even at low pH, and uptake is
enhanced at neutral pH.783−788 Metal cation sorption data and
FTIR spectroscopy indicate a distribution of metal binding
sites consisting mostly of carboxyl and phosphoryl functional
groups.789−793 Initial binding of metal cations may occur on
reactive sites within the bacterial cell wall,792,794 where the
adsorption of metal ions is rapid and reversible.787,795 The
adsorbed metal ions may then act as nucleation sites in the
formation of silicates, carbonates, phosphates, sulfides, and
organometallic complexes containing the metal cation or
oxyanion.263,264,783,788,796−800 Here we address the following
questions about mineral coatings. How does a biofilm or NOM
coating a-ect the reactivity of the underlying mineral surface,
and how do the many carboxyl, phosphoryl, and phenolic and

Figure 41. Application of LP-XSW-FY spectroscopy to studies of Pb2+ partitioning between Burkholderia cepacia biofilm coatings and oriented
single crystal substrates. (left) Schematic illustration of the generation of X-ray standing waves by reflection of X-rays at grazing incidence o- a
mirror-like single-crystal mineral surface coated by a biofilm, showing the e-ect of changing the incidence angle on the spacing between the
antinodes of the X-ray standing waves. (right) Examples of Pb2+ Lα X-ray fluorescent yield (FY) data (heavy lines) for three di-erent scenarios:
(top) Pb2+ is dominantly at the interface between the biofilm coating and the mineral substrate; (middle) Pb2+ is distributed roughly evening
between the mineral surface and the overlying biofilm coating; (bottom) Pb2+ is dominantly in the biofilm coating. Modified from ref 261.
Copyright 2001 National Academy of Sciences.
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alcoholic hydroxyl functional groups in the biofilm coating
compete for cations, such as Pb2+(aq) and Zn2+(aq), or
oxyanions, such as selenite (SeO3

2−), with reactive sites on
the mineral surface? A synchrotron X-ray-based method that
can be used to address these questions is long period X-ray
standing wave fluorescence yield (LP-XSW-FY) spectroscopy;
the basic physics of this application of LP-XSW-FY spectros-
copy are shown in Figure 41.261 In one of the first such studies,
Templeton et al. examined the partitioning of Pb2+(aq) between
Burkholderia cepacia biofilm coatings and oriented α-Al2O3 and
α-Fe2O3 single crystal substrates.261 B. cepacia is a Gram-
negative bacterium common in soils.
As shown in Figure 41, when the maximum of the X-ray

fluorescence yield (FY) of a sorbed element occurs at the
critical angle of the mineral substrate, the fluorescing element
occurs dominantly at the mineral surface, whereas when the FY
maximum occurs at a lower angle Θ, the fluorescing element
occurs dominantly in the biofilm. At pH 6, an ionic strength of
0.005 M, an aqueous Pb concentration of 1 μM, and a 3-hour
reaction time, the FY intensity for the α-Al2O3(1-102) and α-
FeO3(0001) surfaces peaks at the critical angles of the two
substrates (∼160 mdeg and 185 mdeg, respectively, at 14
keV), indicating that Pb2+ is located primarily at the corundum
or hematite surfaces at this concentration. With increasing Pb
concentration, one of the two FY peaks occurs at the critical
angle of each substrate, while the FY peak occurs at ∼60 mdeg
for the α-Al2O3(1-102)-coated surface and at about 85 mdeg
for the α-Fe2O3(0001)-coated surface. The growing FY
intensity at the lower incidence angles with increasing Pb
concentration indicates that Pb2+ is also binding to sites in the
B. cepacia biofilm coating (Figure 42). At all Pb concentrations

studied, the FY-data show that Pb2+ binds primarily to
functional groups in the biofilm on the α-Al2O3(0001) surface.
This study also shows that Pb2+ binds initially to reactive sites
on α-Al2O3(1-102) and α-Fe2O3(0001) even with a biofilm
coating that covers essentially the entire mineral surface, as
confirmed by other microscopic studies such as atomic force
microscopy and confocal laser scanning microscopy. The order
of reactivity of these biofilm-coated surfaces for Pb2+(aq) [α-
Fe2O3(0001) > α-Al2O3(1-102) ≫ α-Al2O3(0001)] is the
same as that observed in uptake and EXAFS studies of Pb2+

sorption on biofilm-free alumina and hematite surfa-
ces.473,474,478 These results are also consistent with the findings
of Brydie et al.801,802
LP-XSW-FY spectroscopy studies of Pb2+ partitioning

between Shewenella oneidensis MR-1 biofilm coatings and
metal-oxide substrates show that the biofilms do not block all
reactive sites on the alumina and hematite surfaces and that
sites on the α-Al2O3(1-102) and α-Fe2O3(0001) surfaces
“outcompete” functional groups in the biofilm (including the
EPS exudate) at low Pb concentrations (Figure 43).265,269
Similar results were found for Elliot soil humic acid (ESHA)
coatings on these metal oxide surfaces.266 As mentioned
earlier, a reaction time of 3 h was used by Templeton et al.261
In the study by Wang et al.266 of Pb(II) partitioning onto
ESHA-coated α-Al2O3(1-102) surfaces, the reaction time was
varied from 3 h to 7 days and resulted in 11.4% Pb2+ at the
surface after 3 h and a steady state of ∼58% Pb after 72 h.266
This finding suggests that an ESHA coating on the α-Al2O3(1-
102) surface results in slower reaction kinetics. Presumably,
slower reaction kinetics would also be found for biofilm-coated
metal oxide surfaces, although this hypothesis has not yet been
tested.
The results of these studies suggest that NOM or biofilm

coatings change the adsorption kinetics of mineral surfaces.803
However, they are not consistent with the suggestion that
NOM coatings block reactive sites on mineral surfaces.804
These studies also show that biofilms can transform redox-
sensitive elements like Se into less toxic and less mobile
forms,262 and they can lead to enhanced sequestration via
adsorption of reduced forms of these elements. Biomineraliza-
tion was also found to result in the formation of a highly
insoluble form of Pb on cell membranes in B. cepacia
biofilms.263
In the following section 4, we will further explore how the

adsorption of (in)organic species and interfacial ET processes
a-ect surface transformations, including dissolution, nuclea-
tion, and growth of solid phases and oriented particle
attachment.

4. THEME 3: DISSOLUTION, NUCLEATION, AND
GROWTH

4.1. Introduction
Dissolution of mineral surfaces, also referred to as chemical
weathering, results from interactions with aqueous solutions,
NOM, and microorganisms, and it profoundly a-ects the
distribution of chemical elements in the Earth’s crust.
Chemical weathering of continents forms soils and releases
chemical species into rivers and groundwater, which leads to
their redistribution, including deposition in the oceans.
Emerging questions related to mineral dissolution and growth
are closely relevant to weathering systems in the critical zone
(defined as biogeochemical systems extending from the tops of
the trees to the bottom of the groundwater), where conditions
can be far from equilibrium. By recognizing the multiple
interconnected processes involved in dissolution, nucleation,
and growth phenomena, scientists can develop a new
understanding of the physical basis for why some settings
exhibit “anomalously” slow (or high) weathering rates and
unexpected reactivities.
In engineered systems, describing solid crystallization

requires a quantitative framework that correctly captures the
underlying physics by linking atomistic details to ensemble

Figure 42. LP-XSW-FY spectroscopy studies of Pb2+partitioning
between Burkholderia cepaciabiofilm coatings and oriented single
crystal substrates. Measured (dashed) and modeled (light line)
reflectivity (Log I0/I1) profiles and Pb Lα FY profiles (circles) with
model fits (heavy line) for α-Al2O3(0001), α-Al2O3(1-102), and α-
Fe2O3(0001) surfaces at (A) 10−6 M and (B) 10−5 M [Pb] at pH 6
after 3 h of reaction. Modified from ref 261. Copyright 2001 National
Academy of Sciences.
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outcomes. In particular, knowledge gaps become apparent
when observed crystallization pathways cannot be adequately
described by classical models of nucleation and growth. A
more accurate predictive framework will improve the science of
material synthesis by taking the longstanding paradigm of
structure-function relationships, understanding where atoms
must be placed to obtain a desired function, and extending it to
process−structure relationships, understanding how to get the
atoms where they need to go to obtain desired structure. This
knowledge is key to predictive materials synthesis, particularly
for those materials that cannot be synthesized along pathways
envisioned in classical models. Moreover, the exquisite control
exhibited by organisms over all the processes of crystallization,
from the location of nuclei to the orientation, phase,
morphology, and 3D organization of the resulting crystals,
serves as an inspiration for precision materials synthesis and
process design.
In section 4, we illustrate the importance of dissolution and

precipitation reactions and discuss mechanisms and theoretical
models capturing the dissolution of oxide and silicate minerals
(Figure 44). We introduce and evaluate the current under-
standing of the nucleation and growth of large crystals, as well
as of nanoscale metal oxide crystallites. Then we highlight
recently recognized underappreciated impacts on dissolution,
precipitation, nucleation, particle attachment, and crystal
growth arising from nontrivial environmental conditions.
This recognition serves as a basis for discussing current
challenges and future opportunities in section 5.
4.2. Importance of Dissolution, Nucleation, And Growth in
Natural and Engineered Environments

4.2.1. Climate Impacts. Cloud formation in the
atmosphere is governed by heterogeneous nucleation pro-
cesses. CCN and ice nucleating particles drive cloud formation

in the atmosphere, and these particles often involve mineral
phases, including oxide and silicate minerals.805 Mineral
aerosols contribute to the Earth’s albedo and radiative forcing
(RF) via cloud formation and by reflecting solar radiation into
space.806 The presence of mineral aerosols in the atmosphere
has o-set temperature increases driven by increases in CO2
and other greenhouse gases.806 Mineral aerosols are a
significant component of the total global aerosol mass,
especially in arid terrestrial regions,807,808 and contribute to
the uncertainty in climate models. As stated in the IPCC AR5
report on clouds and aerosols,808

“...aerosols dominate the uncertainty in the total anthro-
pogenic RF. Furthermore, our inability to better quantify
non-greenhouse gas RFs, and primarily those that result
f rom aerosol−cloud interactions, underlie dif f iculties in
constraining climate sensitivity f rom observations...”
The sources of mineral aerosols are soils, in which complex

biogeochemical reactions809 can alter the surface compositions
with adsorbed compounds.810 Because aerosol radiative e-ects
are surface-chemistry dependent, alteration of a mineral surface
by organics or oxyanions (e.g., CO3

2− and NO3
−) will

significantly change its RF with respect to both long-
wavelength (IR) and short-wavelength (visible and UV)
radiation.811 In addition, surface chemistry changes can lead
to charge reversal as pristine positively charged oxide surfaces
take up anions (section 2.3.3.2). On well-defined substrates,
surface charge properties a-ect ice nucleation.812−815 Addi-
tionally, the role of defects in ice nucleation (IN) for K-
feldspar particles has been recently recognized, with defects
acting as preferred ice-nucleation sites.816 However, this is an
example where the experimental substrate does not realistically
represent the complexity of real-world mineral aerosols.
Hydrophilic surfaces can become hydrophobic with adsorption

Figure 43. LP-XSW-FY spectroscopy studies of Pb2+ partitioning between Shewenella oneidensis MR-1 biofilm coatings and metal-oxide substrates.
(left) LP-XSW-FY spectra (open circles), fits (red line), and X-ray reflectivity data (open squares) and fits for Pb2+ at di-erent lead concentrations
on a Shewanella oneidensis MR-1 biofilm-coated α-Fe2O3(0001) substrate. (right) Plot of log Pb2+ concentrations in the biofilm coating relative to
Pb2+ concentrations on α-Fe2O3(0001) as a function of log aqueous Pb and the % Pb2+ in the biofilm and on α-Fe2O3(0001) at di-erent Pb
concentrations. Adapted with permission from ref 265. Copyright 2016 Elsevier Ltd.
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Figure 44. Dissolution and precipitation (nucleation and growth) processes discussed in section 4. (A) The wide range of time scales and relevant
concentrations where dissolution and precipitation processes are observed. (B) Dynamic chemical transformations and phenomena playing out on
an oxide surface, not to scale (left to right): local flow fields a-ecting dissolution and precipitation; local compositional/mineralogical/
morphological heterogeneities; the presence of biofilms and organic molecules; water structure dictated by the surface and solution chemistry;
homogeneous complexation, nucleation, aggregation reactions, and crystallization; ion-by-ion attachment and epitaxial growth; adsorption
reactions; surface-mediated crystallization reactions, including heterogeneous nucleation and growth; adsorption and nucleation under
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of compounds (section 3.3.1), such as acetate, where the
carboxylate group replaces surface OH−

, leaving a methyl
group on the surface.150 If more extensive patches of organic
matter from microbial or soil humic acids bind to soil particles
before they become aerosols (section 3.3), then the changes to
surface reactivity will be more apparent. Changes in surface
chemistry alter the extent to which mineral aerosols act as
CCN and IN, but for the most part, this surface chemistry is
poorly accounted for in current climate models.817 Additional
complications arise because larger particles may be aggregates
of smaller particles,818 and the adsorbates play a role in particle
aggregation.
Other global climate impacts include dissolution/precip-

itation reactions of mineral phases in ocean water. For
example, ocean acidification due to higher levels of CO2 will
increase the dissolution of carbonate-containing shells.819 Iron
fertilization occurs when Fe-oxy(hydr)oxides provide bioavail-
able Fe to marine life, and mineral aerosols play an important
role in this nutrient cycling process as well.820−822

4.2.2. Subsurface Engineering Processes. Subsurface
formations have attracted increasing interest with growing
societal demands for energy, natural resources, and waste
storage. Subsurface engineering operations include geologic
CO2 sequestration (GCS), conventional and unconventional
oil and gas recovery, geothermal energy production, mining,
and chemo- and radiotoxic waste disposal (section 1.2.4). Such
subsurface engineering operations are conducted at ∼1−3 km
depths, where the physicochemical conditions di-er from
those in near-surface environments. At such depths, due to
lithostatic and geothermal gradients, temperatures and
pressures are elevated, and diagenetic and compaction
processes can lead to highly saline brines and reducing

conditions and the prevalence of nanoconfined chemical
environments. In particular, during GCS, sedimentary rocks
(usually sandstone, consisting of feldspars and quartz) and
caprocks (e.g., shales rich in aluminosilicate clays) undergo
alteration by CO2-acidified brines,91,823 releasing metal ions
and eventually forming carbonate minerals.
While mineral carbonation on a reservoir scale can take from

several years to hundreds of years, interestingly, Shao et al.
found that nanoscale secondary amorphous silica can form on
phlogopite (KMg3Si3AlO10(F,OH)2) surfaces within 8 h
(Figure 45). These nanoscale SiO2 particles preferentially
form close to dissolution pits and edges, and they can relocate
and aggregate quickly.824 During GCS, the coupled dissolution
of aluminosilicate and the nucleation/aggregation/growth of
newly formed secondary nanoparticles can alter rock
permeability when these phases accumulate at the pore throats.
Kate and Gokhale found that 22−81% of the total pore volume
of sandstones from several geological formations had pore radii
smaller than 100 nm, and 2−36% of the total pore volume had
pore radii smaller than 10 nm.825 These small sizes suggest
that, if newly formed amorphous SiO2 nanoparticles grew or
accumulated at the pore throats, they would decrease pore
connectivity and permeability and consequently hinder further
transport of CO2. Thus, the size, shape, locations, and phases
of new solids are important for understanding permeability
changes in subsurface environments.

4.2.3. Nutrient Cycling. Nutrient availability, storage, and
transport are inexorably linked to mineral dissolution and
precipitation reactions. Ultimately, these processes occur at
molecular-scale interfaces, and mineral dissolution/precipita-
tion mechanisms impact the transport of nutrients to and from
living matter (section 1.2.2). Phosphorus bioavailability is

Figure 44. continued

nanoconfinement; and coupled dissolution−precipitation reactions. (C) Complex local interfacial structure of goethite in the presence of inorganic
and organic molecules, where coupled processes can lead to unexpected reactivity trends. Light yellow, anions; purple, cations; teal, Fe(II); orange,
Fe(III); gray, C; red, O; white, H; golden yellow, CaCO3 nucleation precursors. (C) image was drawn with Materials Studio 2016 (Accelrys Inc.,
San Diego CA).

Figure 45. Schematic of proposed reaction pathways for dissolution and precipitation on a phlogopite surface under geologic CO2 sequestration
conditions. The top view, not to scale, shows the evolution of silica particles formed on the edges of a dissolution pit. The inset AFM image shows
nanoscale amorphous silica particles formed close to edges of phlogopite dissolution pits after 8 h reaction with 1 M NaCl under 102 atm of CO2
and at 368 K. Reproduced from ref 824. Copyright 2010 American Chemical Society.
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essential to the growth of plants, and with the need to feed an
increasing human population, the way in which P is made
available in common agricultural practices826 warrants revision.
Global P reserves mined from phosphate rock will be depleted
in 50−100 years, with peak production expected around
2030.827
A promising strategy for phosphate recovery is precipitation

of struvite (MgNH4PO4) and associated compounds from
wastewater streams.828,829 The nucleation and growth kinetics
of struvite830 and molecular-scale in situ AFM studies have
shown the details of how hexametaphosphate, polyphosphate
type 45, and phytic acid inhibit nucleation due to their aflnity
for all principal struvite crystal facets.831 Struvite formation is
closely related to ionic composition, temperature, pH, and ion
speciation.832 In addition to struvite, hydroxyapatite-nucleated
calcium alginate hydrogels have been used for e-ective
recovery of phosphate,833,834 which can be utilized as fertilizer,
enabling a circular economy for the phosphorous chemistry. In
this process, in situ nucleation of calcium phosphate
(hydroxyapatite) in hydrogels decreased the energy barriers
to subsequent calcium phosphate nucleation.
As biogeochemical cycles become increasingly interrelated

with societal needs, the interfaces among these facets warrant
meticulous inspection. The integration of experimental and
theoretical approaches to elucidate the atomic- and molecular-
scale behavior of the interacting systems will enable the
incorporation of these findings into macroscopic models,
greatly strengthening long-term predictions of nutrient cycling.
4.2.4. Water Treatment. Water treatment has employed

coagulative precipitation to remove turbidity since the early
part of the 20th century. To be e-ective, the solid nucleation
and growth must occur within minutes, and particles must
reach sizes suflcient for entrapment of colloidal particles and
gravity settling separation within a similarly short time. Alum
(Al2(SO4)3·18H2O) and ferric chloride (FeCl3·6H2O) are two
of the most common coagulants that produce amorphous Al-
and Fe-hydroxides. Using MD simulations, Zhang et al.835
reported that nucleation of Fe-oxyhydroxide particles proceeds
via cluster aggregation rather than monomer addition. The use
of fast data-acquisition spectroscopic and scattering tools
enabled a clearer picture of the nucleation process for
ferrihydrite: μ-oxo dimers undergo structural reconfiguration
into transient dihydroxo dimers, which rapidly condense to
oligomers and then ferrihydrite.836
Although extensive research has focused on identifying

inner- vs outer-sphere and mono- vs bidentate surface
complexes associated with oxyanion adsorption to precipitated
Al or Fe amorphous and crystalline phases (section 3.2.3),837
until recently, less attention has been paid to understanding
the role of these species in nucleation and particle growth. For
example, Neil et al.838 utilized GISAXS and studied
heterogeneous Fe-hydroxide nucleation and growth on quartz
substrates for systems containing arsenate and phosphate
anions at pH = 3.6 ± 0.2. Systems containing these oxyanions
had more growth, but a system containing only Fe3+ had the
most nucleation events on quartz surfaces. Ex situ analyses of
homogeneously and heterogeneously formed precipitates
indicated that precipitates in the arsenate system had the
highest water content and that oxyanions can bridge Fe-
hydroxide polymeric embryos to form a structure similar to
ferric arsenate or ferric phosphate. EXAFS spectroscopy has
also been employed to develop a nucleation and growth model
that involves Fe3+ bridging of PO4/Fe3+ clusters.839 Similarly,

on-line photodispersion analysis840 showed that the floc
growth rate increased with increasing sulfate concentration
and that the growth rate of Fe-hydroxide was greater than that
of Al-hydroxide.
Particle nucleation and growth are a-ected by the presence

of other surfaces. Anions (e.g., F− and Cl−) or oxyanions can
either enhance or decrease particle growth,445,448,841−843 while
NOM drastically changes the size, charge, and morphology of
particles.844,845 As a result of these interactions, enhanced
coagulation triggered by higher doses of Al or Fe is now a
common treatment for removing NOM,846 as well as for
adsorbing oxyanions, such as As.847 By utilizing in situ GISAXS
and complementary ex situ techniques, Neil et al.848 found
unique fractal aggregation behaviors in a system containing
NOM and precipitating Fe(III) (hydr)oxide nanoparticles.
Furthermore, the coexistence of arsenic and NOM showed two
distinct particle size ranges: larger particles dominated by
arsenic e-ects and smaller particles dominated by NOM
e-ects. The results of these studies suggest that in multi-
component natural waters, complexation with NOM, and
aggregation can occur simultaneously during adsorption,
nucleation, and growth and can a-ect the composition of
amorphous phases.

4.2.5. Mineral Fouling of Membranes. Membrane
performance depends on the water or solvent’s permeability,
the selectivity for rejecting undesired solutes, and the
membrane’s stability. Hence, current membrane research
focuses on maximizing permeability-selectivity, performing
solute-specific separations, and preventing membrane foul-
ing.849−852 Membrane fouling, the precipitation of sparingly
soluble phases in solution, at membrane surfaces, and within
porous membranes contributes to flux declines, reduces
membrane lifespan, and increases energy demands.853,854
Other important scalants (fouling phases) a-ecting water
purification membranes are CaCO3 and CaSO4,855 followed by
Si- and Fe-oxides.856 Fe-(hydr)oxides were the major inorganic
scalants on a full-scale reverse osmosis membrane module
taken from a seawater desalination plant performing
coagulation pre-treatment with FeCl3.857 Local e-ects at the
interface (e.g., concentration, polarization) can lead to
supersaturation with respect to inorganic scalants near
membrane surfaces, especially in highly contaminated waters,
which are of great interest to future water reuse and resource
recovery. These include seawater, industrial wastewater, and
unconventional water resources such as produced waters.858,859
Membrane hydrophobicity/hydrophilicity can a-ect scaling via
surface-induced nucleation and attachment of crystals forming
in solution,664,853,855 while membrane surface charge and
functionality can attract/repel scaling species.860 For example,
in a study of functionalized polyamide membranes, the initial
silica layer formation during heterogeneous nucleation was
controlled predominantly through electrostatic repulsion
rather than changes in interfacial energy or competitive
adsorption.861 In addition, membrane surface morphologies,
not just chemistries, can define the nucleation of scalants.855
Synergistic interactions such as silica scaling on pre-formed

NOM fouling layers:862 combined protein−silica863 or iron-
polysaccharide fouling,864 and co-precipitation of iron
hydroxide and gypsum865 can intensify scaling, making it
irreversible. Thus, there is an urgent need to develop a
fundamental understanding of nucleation and growth of scales
on membrane surfaces. Such a fully developed understanding
can guide the development of water treatment to selectively
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remove fouling/scaling species or prevent their formation
altogether.
4.2.6. Nuclear Waste Management. Light actinide

contaminants (Th, Pa, U, Np, Pu, Am, and Cm) are associated
with anthropogenic activities, such as the mining and milling of
uranium ores, generation of nuclear energy, storage of legacy
waste from nuclear reactors, and manufacturing and testing of
nuclear weapons.866 As a result of these activities, large
quantities of high-level nuclear waste are stored in temporary
repositories in most countries with nuclear capabilities. To
develop a widely accepted plan for managing nuclear waste and
remediating actinide-contaminated sites, the speciation of light
actinides must be understood at the molecular level. This
understanding must encompass a range of geochemical
conditions, including those in nuclear waste storage tanks
and cannisters, nuclear waste repositories, and actinide-
contaminated soils, sediments, and groundwater. It is also
vital to understand the types of geochemical processes that
a-ect di-erent actinide species, including the sorption/
desorption of actinides at mineral/water and NOM/water
interfaces (section 3), ET reactions that have a major impact
on the stability and solubility of redox-sensitive actinide
species, and the dissolution and precipitation of actinide-
containing minerals and amorphous phases that release and/or
sequester actinides.
The oxidation state of actinides primarily determines their

fate and environmental mobility. Although Th, Am, and Cm
exist in only one oxidation state (Th4+, Am3+, and Cm3+), U,
Np, and Pu can exist in multiple oxidation states, depending on
Eh and pH. For example, U can occur as 3+, 4+, 5+, and 6+
oxidation states, with 4+ and 6+ being the most common. U4+

is commonly present in the nearly insoluble mineral uraninite
(UO2), whereas UO2

2+ (uranyl) can occur in over 360 crystal
structures (e.g., schoepite [UO3·1.2H2O]) and uranophane
group minerals, such as sodium boltwoodite [Na(UO2)-
(SiO3OH)·1.5H2O], as well as in many pH-dependent
aqueous species.866 In the presence of soil bacteria, mobile
U6+ can be reduced to sparingly soluble U4+ in a variety of
species other than uraninite, including molecular complexes
bound to biomass.867 During in situ bioremediation, the
stability of U4+ solids in the contaminated subsurface
environments can be limited by reoxidation to more mobile
UO2

2+ species in the presence of Mn-(oxyhydr)oxides.868
There have been many studies of the speciation of redox-

sensitive U, Np, and Pu in actinide-contaminated soils and
high-level nuclear waste currently stored in underground tanks,
such as those at Hanford, WA. See Maher et al.866 for a review
of these studies, which include U.S. DOE field sites at Hanford,
Washington, Rifle, Colorado, Oak Ridge National Laboratory,
Tennessee, Fernald, Ohio, Fry Canyon, Utah, and Rocky Flats,
Colorado. For example, detailed studies of the speciation of U
in contaminated plumes in vadose zone soils at Hanford,
Washington, showed that Na-boltwoodite is one of the major
uranyl-containing precipitates in microcracks in quartz and
plagioclase feldspar grains.869,870 This finding indicates that U
is in a relatively stable form. At shallow depths, U precipitates
as metatorbernite [Cu(UO2PO4)2·8H2O] and cuprosklodow-
skite [Cu(UO2)2(SiO4)(H3O)2·2H2O], which are also rela-
tively stable.870
Studies by Wan et al.871,872 of a U-containing contaminant

plume confirmed the importance of aqueous uranylcarbonato
complexes [UO2(CO3)34−] within the plume body and
Ca2UO2(CO3)3 in the plume front in facilitating U transport

to the groundwater aquifer. This study also highlighted the
importance of colloids of variable compositions, which can
transport U in plumes. In addition, Kersting and Zavarin873
and Kersting874 showed that low levels of Pu can migrate over
kilometer scales in association with clay and zeolite colloidal
particles (10−100 nm). A review of colloid-facilitated transport
of tetravalent actinides in field experiments and real-world
scenarios is given by Zanker and Henning.875

4.2.7. Materials Science. From the perspective of
developing new materials for sustainable energy, water
resources, and information technologies, the highest impor-
tance lies in transforming the design and synthesis of
hierarchical nanostructures, such as multiphase or highly
branched nanoparticles,876−879 nanoparticle superlattices,880
layered 2D materials,881 and mesoporous crystals,882,883 which
exhibit controls over transport of matter and energy not
available in bulk solids or compact nanomaterials. For example,
dense liquid and amorphous precursors o-er the potential for
forming moldable crystalline materials akin to biomineral
structures produced in nature.884,885 Branched nanowires can
have short electron mean-free paths,879 large photon
absorption cross sections,876 and complex patterns of optical
scattering,886 which can improve photovoltaic and photo-
catalytic eflciency; porous framework solids and 3D networks
of 2D materials can provide high catalytic activity and
molecule-specific separation.882,883 In addition, great strides
in synthesis could be achieved if we understood the design
elements of the protein sca-olds that guide the earliest stages
of mineralization and of the soluble proteins that help
orchestrate the events transforming precursors into crystalline
products and guiding the evolution of crystal shape.811,887−907

Thus, developing a quantitative framework describing
crystallization processes would advance the translation of
transformative materials science to disruptive technologies.
Considering the aforementioned importance of dissolution,

nucleation, growth, crystallization, and aggregation in many
fields, in the following section, we will discuss these processes
in more detail.
4.3. Dissolution

Mineral weathering is a crucial part of the global
biogeochemical cycling of elements, with consequences for
the critical zone, including climate.908 These interfacial
reactions, combined with economic motivations to understand
fluid−rock interactions deeper in the Earth’s crust, have
motivated dissolution studies for many decades. Researchers
have sought to establish the physical basis for mineral
dissolution and build quantitative kinetic models that explain
the history of Earth environments over geological time scales
as well as provide predictive models to assess the future
behavior and properties of Earth systems. However, this has
proven challenging because predictive relationships that
incorporate reliable thermodynamic variables over a range of
undersaturation and temperature are still elusive.468 Significant
experimental e-orts have provided considerable insight (e.g.,
Luttge et al. and references therein909), yet, their data, even for
a single mineral under experimental conditions, show apparent
inconsistencies that could not be explained by the mostly
empirical rate laws.909

4.3.1. Dissolution Rate. To develop quantitative models
for dissolution rates in diverse Earth environments and
engineered systems, expressions have been derived to link
mineral dissolution to the solution saturation state and mineral
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surface properties.909−911 These approaches use assumptions
from transition state theory (TST), introduced in the 1930s,912
and the principle of detailed balancing (PDB) to postulate that
the dependence of dissolution rate on driving force obeys the
form:
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where ΔG is the free energy change for the overall dissolution
reaction and R is the gas constant. The rate of reaction in eq 9
is widely rewritten to a more convenient form that gives the
dependence of rate upon solution chemistry:
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where Ksp is the mineral solubility product at standard state
conditions and IAP is the ion activity product or reaction
quotient. By using eqs 9 and 10, these approaches begin with
the assumption that the PDB can be applied across the full
range of chemical driving force from near to far-from-
equilibrium conditions.913,914 However, the original PDB
requires that all elementary steps in a dissolution or growth
reaction be near equilibrium, except for a single, slow rate-
determining step. To apply this approach to diverse geological
settings, it was further assumed that the dissolution process is
independent of undersaturation across the full range of
chemical driving force. Moreover, nonequilibrium surface
defects were thought to not have a significant role in the
dissolution/growth kinetics,915 although nonequilibrium de-
fects are common (Figure 46).916 This concept also caused
most dissolution data to be collected over far-from-equilibrium
conditions, although near-equilibrium conditions are common
in the environment. Moreover, dissolution rates and
mechanisms can di-er significantly when near- vs far-from-
equilibrium conditions are compared.917−919

At far-from-equilibrium conditions, experimental data on
dissolution rates disagree with eq 9 or 10 predictions. To
address this problem, eqs 9 or 10 were modified into two types
of power-law expressions that are still widely ap-
plied.649,914,920,921 A constant, n, was introduced to the
exponential term such that
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where n is not necessarily equal to 1.0.920−922 In this form, the
dissolution rate becomes constant as the degree of under-
saturation increases at far-from-equilibrium conditions. The
approach was rationalized with PDB because eq 11 reduces to
the expected linear form at near-equilibrium conditions, where
nΔG < RT.915 Equations 9 and 10 became widely invoked with
the assumption that the dissolution rates of diverse mineral−
water systems were independent of driving force at far-from-
equilibrium conditions.923,924
A second inconsistency was revealed when additional

experiments showed that the dissolution rates of some
mineral−water systems have an exponential dependence

upon driving force, without any evidence of a plateau.924−927

To address this issue, an exponent was added to the entire
driving force term, so that eqs 9 and 10 became generalized to
the form
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The most widely accepted explanation for this nonlinear rate
law called upon surface defects as a-ecting dissolution.925,928
This realization acknowledged that the wide variations in the
reaction orders found for eqs 13a or 13b were not understood
and that complex surface phenomena must have a
role.428,909,911,929

4.3.2. Dissolution Mechanisms. 4.3.2.1. Hydrolysis.
Metal oxides and silicates are networks of M−O−M bonds,
and the aqueous species of the cations in these networks are
typically monomers or small oligomers with varying degrees of
coordination with H2O or OH−. Consequently, dissolution
mechanisms entail hydrolysis of the M−O−M networks to
break up the solid into smaller soluble units. In general, the

Figure 46. (A) AFM image and cross sections of CeO2 grains, with
grain boundaries of low (a) and high (b) misorientation angles.916
(B) A model of a CeO2 grain boundary with exposed (001) and (356)
faces models the site of enhanced dissolution, in Corkhill et al.916
Incompatible elements will concentrate within grain boundaries.
Image B was drawn with Materials Studio 2016 (Accelrys Inc., San
Diego CA). Adapted from ref 916. Copyright 2014 American
Chemical Society.
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weaker the M−O bond, the higher the proton aflnity allowing
protonation of the M−O−M linkage and initiating hydrolysis
under acidic conditions. For basic solutions, OH−(aq) groups
can directly form bonds with surface M atoms, which leads to
breakage of M−O−M linkages. In either case, the weaker the
M−O bond, the lower the activation energy barrier to
dissolution.
The molecular level mechanisms of how hydrolysis plays out

to dissolve metal oxides and silicates are unclear. Although
hydrolysis of Si−O−Si linkages has been modeled for over 30
years, computational chemistry has not provided a reaction
pathway consistent with the observed rates, activation energies,
and changes in rate constant with salt type and concentration.
Most modeling work has presumed a direct H+-transfer from
H2O or H3O+ in solution to the O in the M−O−M linkage.
However, DFT-MD simulations of quartz−water interfaces
predict that H-bonding to the bridging O (Obr) in the M−O−
M linkage is very weak at best, so the probability of H+-transfer
occurring directly from H2O or H3O+ is extremely small.930
Instead, intrasurface H-bonds between SiOH groups and Obr
may form that could allow for H+-transfer. The percentages of
these types of H-bonds increase with the salt content of the
model solution,11 which may explain the observed increase in
silica dissolution rate constants as salts are added, while the
activation energy remains remarkably constant.433
4.3.2.2. Effiects of Cations. Although extensive “bulk”

dissolution rate studies have yielded considerable early insight,
the community has recognized the inherent empirical nature of
the aforementioned “rate laws”. There is an ongoing need for a
molecular picture that can explain the di-erences in
experimental data sets for the same mineral−water system.
The apparent earlier reported inconsistencies were com-
pounded by experimental measurements that showed the
major solutes in natural waters (Ca2+, Mg2+, Na+, or K+) have
little e-ect on the dissolution rate of silicate minerals922 but
increase the dissolution rate of quartz up to 100 times (Figure
47).931,932
Several studies noted the potential contribution of etch

pits,929 but these insights were interpreted using TST models
without resolving ongoing inconsistencies. Building upon these
insights, Dove et al.933 conducted a quantitative study that
examined the morphology of quartz surfaces during congruent
dissolution for a broad span of undersaturated conditions and
electrolyte concentrations933,934 and in the absence of
secondary precipitates forming on the quartz surface.
As seen in Figure 48, surface structures evolved with an

increasing degree of undersaturation or addition of electrolytes,
which shows the dissolution rate trends, are correlated with the
predominant surface morphology, with a transition from
simple step retreat to the opening of defects (postulated to
be dislocations or impurities) then to nucleating 2-D vacancy
islands at composition impurities or homogeneous sites across
the entire surface.
The changes in the predominant microscopic dissolution

process can be understood in the context of crystal growth
processes and the energy barrier to ion detachment and
attachment. Crystal growth theory considers the probability of
ion attachment at step edges versus dislocation defects versus
growth by nucleation of two-dimensional adatom islands,
either at impurity defects or homogeneously across the surface
(Figure 49). With increasing supersaturation, the dominant
crystal growth process transitions from ion attachment at step
edges to nucleation-driven crystal growth. Not surprisingly, the

principles that describe congruent dissolution processes are
similar to those used in crystal growth models, and rates are
quantified using primary parameters: supersaturation σ, the

Figure 47. (A) Experimental measurements show the dissolution rate
of quartz (mol H4SiO4 m−2 s−1) is dependent upon NaCl
concentration, with increases up to 1.5 orders of magnitude.
Reproduced with permission from ref 931. Copyright 1990 Elsevier
Ltd. (B) Electrolytes modify the dissolution rate’s dependence on the
degree of undersaturation (σ = IAP/Ksp). Blue circles, distilled-
deionized water; red diamonds, 0.0167 M CaCl2; green triangles,
0.05M NaCl. Gray zones show the undersaturation range where the
dominant dissolution mechanism undergoes a transition. Inset uses a
linear ordinate to better illustrate the exponential dependence of rate
on driving force when salts are introduced. (C) Expanded view of rate
dependence on σ at near-equilibrium conditions, showing linear
dependence predicted by PDB. In this region, the widely accepted
first-order rate dependence is fit to the data by forcing rate to zero at σ
= 1.0, as denoted by open symbols. (B,C) Reproduced with
permission from ref 933. Copyright 2005 National Academy of
Sciences.
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interfacial free energy barrier to forming an etch pit at a
dislocation (or forming a vacancy island) α, the step kinetic
coeflcient β, and temperature T.935,936
This mechanistic model for dissolution without secondary

precipitation predicts the behavior of the crystalline polymorph
of SiO2, and the changes with undersaturation from step
retreat to defect-driven and homogeneous etch pit formation
(Figure 50).933 This model reveals the “salt e-ect”, which can
explain the complex dependence of the dissolution rate on the
chemical driving force for the major weathering aluminosili-
cates, feldspar (KAlSi3O8) and kaolinite (Al2Si2O5(OH)4),
when the ratio of the total dissolved Al:Si is stoichiometric

with their composition. These studies of materials that
undergo congruent dissolution provide a physical basis by
which the formalisms of crystal nucleation and step growth can
be coupled to dissolution. That is, analogous to growth,
dissolution occurs when “solutes” are released to solution at a
rate that is controlled by overcoming energy barriers to
“corrosion”. This model does not imply the energy barriers to
growth and dissolution processes are equivalent or symmetric
about the chemical driving force. Energetic and kinetic factors,
including the role of water in the dehydration and hydration
steps, likely present process-specific barriers.

4.3.2.3. Ligand-Promoted Dissolution. The e-ects of
ligands on metal oxides’ solubility and dissolution rates have
been known since the seminal work of Stumm and coworkers
(e.g., Stumm and references therein).937 In particular, Fe can
be the limiting nutrient in marine environments, despite the
fact that large amounts of Fe in the form of mineral dusts are
blown into the oceans from continents (ref 938 and section
4.2.1). To become bioavailable, the mineral dusts must be
dissolved. On the other hand, interactions of marine organic C
compounds with Fe-(oxyhydr)oxides may inhibit conversion
to more crystalline and less soluble Fe-oxides.938
One mechanism to increase the solubility of Fe3+ solid

phases is by creating Fe3+−ligand complexes that are more
soluble than the Fe3+ ion alone. Thus, Fe-oxy(hydr)oxide
dissolution can be substantially promoted by the addition of
other ligands and Fe2+. For example, synergistic e-ects with
factors of 2 to 10 on the dissolution rates of Fe-oxides have
been reported between di-erent ligands, e.g., among organic

Figure 48. AFM images of (100) quartz surfaces exposed to di-erent
solution chemistries for equivalent extents of reaction show the
di-erent dissolution processes that are active across driving force and
solution chemistry (scale bar: 1 mm in all images). (A) For σ = 0.10
in H2O, surfaces are dominated by large etch pits with sloping sides
that converge at dislocation sources. Pits are separated by relatively
flat regions on the surface. (B) Where σ = 0.10 for a solution of
0.0167 M CaCl2, surfaces show a high density of small pits with flat
bottoms and with flanks that are 25% steeper than measured for pits
in (A). (C) At the intermediate driving force of σ = 0.65 in 0.0167 M
CaCl2, mixed larger and smaller flat bottomed pits forms across the
surface. (D) For a driving force of σ = 0.90 in 0.0167 M CaCl2,
surfaces present only straight-edged steps, with no evidence of pitting.
Adapted from ref 933. Copyright 2005 National Academy of Sciences.

Figure 49. Illustrative physical models for (A) classical crystal growth by formation and propagation of steps across a surface, and (B) the reverse
process of dissolution by opening etch pits and step retreat. Adapted from ref 933. Copyright 2005 National Academy of Sciences.

Figure 50. Process-specific models describe the dependence of
dissolution rate (rdiss) on (inverse) undersaturation for measured rates
of quartz and reported rates of aluminosilicate dissolution. Adapted
from ref 933. Copyright 2005 National Academy of Sciences. (A)
Dislocation model predicts the behavior of quartz dissolution rate in
the absence of electrolytes. (B) In contrast, dependence of quartz
dissolution rate on undersaturation in 0.0167 M CaCl2 solutions is
predicted by the nucleation model.
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acids and siderophores. One of the ligands, such as oxalate,
adsorbs strongly on the oxide surface and promotes
dissolution, and the other, such as siderophores, complexes
strongly with the Fe3+ in the dissolved Fe3+−oxalate complex,
which frees the oxalate for continuous adsorption-dissolu-
tion.939 The addition of a small amount of Fe2+ has a major
e-ect, by factors of 10 to 100, on promoting Fe-oxy(hydr)-
oxide dissolution, and the dissolution rate increases linearly
with adsorbed Fe2+ concentration. This promotion e-ect was
initially explained by Fe3+-L− complexes being stronger
reductants than Fe2+ alone, and/or by ligand surface bridging
that facilitates electron transfer from the Fe2+ to the surface
Fe3+.14,940 Recently, a conveyor belt mechanism (section
3.4.1.5), in which sorbed Fe2+ injects electrons into the
conduction band of the mineral that reduces Fe3+ at another
location, has been invoked to rationalize the synergistic e-ect
because ligand-assisted detachment of Fe2+ is more favorable
than that of Fe3+.582,662
However, there is still much to be understood about the

molecular mechanisms of these interactions. For example,
Torres et al.941 ascribed dissolution-enhancement of olivine
((Fe,Mg)SiO4) by the siderophore DFO-B to adsorption and
“...removal of an oxidized surface coating that forms during
dissolution of olivine at circumneutral pH in the presence of O2
and the absence of organic ligands.” These authors cite Cheah et
al.942 as evidence that the rate of goethite dissolution is
proportional to adsorbed DFO-B, but the adsorption isotherms
indicate that DFO-B adsorption decreases by approximately
50% as the oxalate concentration increases above 70 μM.
Cheah et al.942 showed that the increase in rate with oxalate
concentration does not occur until [oxalate] >70 μM.
Consequently, DFO-B adsorption cannot be enhancing the
dissolution rate of goethite. When one considers that high Fe-
siderophore binding constants are the result of the six Fe−O
bonds that can form in solution, it is improbable that more
than two of these bonds could form to a Fe atom on a mineral
surface. Even when a siderophore does adsorb to a Fe-bearing
mineral surface, there is no explanation as to why this should
mobilize the Fe away from the surface. These assumptions are
likely based on the hypothesis that protonation of surface M−
OH groups and ligand bonding to surface atoms “polarize and
weaken” the remaining bonds to the mineral (Stumm and
references therein).937 A key finding in Wang et al.943 is stated
as “The correlation of rate coef f icients with stability constants
suggests that the binding strength of the ligand to Fe in solution
[emphasis added] is related to the rate-limiting step in ligand-
promoted dissolution.” If surface complexation were controlling
dissolution rather than making the ΔG of dissolution more
favorable, the weaker adsorbing siderophores would not
control the rate coeflcients. The need for molecular-level
data is cited by Wang et al.:943 “Deeper interpretation of this
correlation is hampered by the unknown surface speciation of the
adsorbed ligand in general and the coordinative environment of the
precursor of the rate-determining step in particular.”
DFT calculations predict the opposite is generally true.14,944

Instead, an alternative hypothesis is that the ΔG of dissolution
is lowered by the presence of ligands, such as oxalate and
DFO-B, and that this more negative ΔG of dissolution
enhances the dissolution rate because the reverse reaction
(attachment) is less favorable. This is an example of where
molecular mechanisms, thermodynamics, and macroscopic
rates need to be assessed simultaneously to achieve an accurate
picture of the interfacial chemistry. Future experimental work

to assess the accuracy of the DFT predictions regarding the
strength of metal bonds to the bulk crystal after surface ligand
complexation could determine which hypothesis is correct.

4.3.2.4. Reductive and Oxidative Dissolution. Similar to
ligand-promoted dissolution, reductive and oxidative dissolu-
tion are important for marine biochemistry,945 mineral
extraction and mine waste remediation,78 soil biogeochemis-
try,946 and water quality.736,947 The general principle of redox-
mediated dissolution and precipitation is based on the change
in solubility of many elements with variable oxidation state.
For example, Fe2+ is much more soluble than Fe3+, so
reduction leads to dissolution of Fe-oxides, and UO2

2+ (i.e.,
U6+) is more soluble than U4+ (e.g., UO2, uraninite), so
oxidation causes dissolution. Interfacial redox reactions have
been discussed in detail in section 3.4.1.2, so here we focus on
examples of reductive dissolution coupled with ligand-
promoted dissolution. This type of reaction is used by
organisms to acquire Fe and hence is critical in the
environment and for food production. This chemistry is
often enhanced in the presence of light, as is discussed in
section 4.7.10.
During reductive dissolution, Fe3+-oxy(hydr)oxides can

undergo recrystallization, e.g., from ferrihydrite to lepidocro-
cite and then to goethite, and become more resistant to
dissolution.948 During this process, the reduction potential of
the Fe2+−Fe3+ oxide mixture decreases over time.949 With an
increasing amount of Fe3+ dissolved from Fe3+-containing clay
minerals in the presence of Fe2+, the reduction potential of the
system increases, so the corresponding reduction ability keeps
decreasing.949 Smaller particles can undergo Fe2+-catalyzed
reductive dissolution more easily because they tend to be
better hydrated and have higher solubility.950 Facets also
strongly influence the dissolution rate. For example, hematite
(001) facets are more favorable than (012) in reductive
dissolution because the bidentate mononuclear Fe−ascorbate
complexes that form on the (001) facets are better positioned
to undergo interfacial charge transfer than the monodentate
mononuclear configurations on the (012) facets.529
Reductive dissolution of Fe3+-(hydr)oxides is also a-ected

by co-existing species. For example, soluble Al3+ ions adsorb to
goethite surfaces and inhibit reductive dissolution by hydro-
quinone.649 Under oxic conditions, ascorbate itself cannot
reduce goethite to a detectable level because the generated
surface Fe2+ undergoes facile oxidation by aqueous O2.943 With
the addition of di-erent ligands, reductive dissolution rates
could increase, decrease, or remain unchanged, depending on
the solution conditions, including pH, the nature of the ligand,
and the type of Fe3+ oxides.943,951 At least four mechanisms
could explain the ligand e-ects: (1) competitive adsorption of
the reductant and the ligand, (2) favorable generation of
surface Fe2+, which could a-ect the oxide structure, (3) the
complexation of surface Fe2+ by the ligand, and (4) some
ligands are radical scavengers that inhibit reaction between the
radical and surface Fe2+.943
Fe3+-oxide dissolution can noticeably impact the reactivity of

oxides. For example, under acidic conditions, the dissolved
Fe3+ from goethite contributes to the fate of contaminants,649
and the reductive dissolution of Fe3+ oxides can lead to the
release of elements associated with the oxides. For Cu-, Co-,
and Mn-substituted goethite and hematite or Fe3+−As5+ co-
precipitates, the Fe2+-facilitated reductive dissolution of these
oxides is accompanied by the release of Cu, Co, and Mn to
solution, while the released As5+ is largely retained in solid
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phases as amorphous Fe3(AsO4)2.952,953 The release of trace
elements from the corresponding substituted Fe-oxides can be
hindered by the incorporation of Al in the oxides.954 The
speculated reasons include Al or Zn physically blocking Fe sites
or directing electron flow, forming a coating during the oxide
dissolution, or inhibiting bulk electron conduction.954,955
The issues of ligand and siderophore adsorption coupled

with reductive dissolution of goethite are discussed in Wang et
al.,943 who examined the synergistic e-ects of ascorbic acid
with the siderophores DFO-B and N,N′-di(2-hydroxylbenzyl)-
ethylenediamine-N,N′-diacetic acid (HBED). Based on their
data, Wang et al.943 proposed possible mechanisms for the
reductive/ligand-promoted dissolution enhancement, but they
could not distinguish among these individual mechanisms.
Kubicki et al.14 examined potential synergistic e-ects of
reductive dissolution (via Fe2+) and ligand-promoted (via
oxalate) dissolution in the goethite−Fe2+−oxalate system. DFT
calculations were consistent with the observed delocalization of
an adsorbed Fe2+ onto goethite,956 except in the case where a
Fe atom had a single Fe−O−Fe to the model goethite. In this
case, approximately 0.5 e− reduced the charge of the corner site
so that bonding one or two oxalate ligands would be possible
and detachment from the surface would be more likely due to
weaker bonds attaching the surface Fe atom to the bulk. As
shown in this example, combined thermodynamics, kinetics,
spectroscopic, and molecular modeling studies would be useful
in more definitively addressing the details of this important
biogeochemical reaction.
Reductive dissolution of Mn3+/4+ oxides has also been widely

studied since the 1980s. Readers are referred to a recent review
by Huang and Zhang629 for more details regarding the reaction
kinetics, mechanisms, and the impact of reaction matrices.629
While much progress has been made in understanding the
dissolution kinetics and mechanisms of Fe- and Mn-(hydr)-
oxides, the complexity of environmental conditions prevents
quantitatively extrapolating results obtained from simple model
systems to environmental matrices.
Mn-oxides can strongly oxidize both cations and anions,

which makes their complete description even more challenging
(section 3.4.1.4). As a result, their structures may be modified
though Mn reduction. For example, when Mn2+, Fe2+, or Tl+
are added, the layered structure of birnessite (δ-MnIVO2) may
be reduced to a MnIII oxide,957 partly dissolve and
delaminate,958,959 change its layer symmetry,960 or change to
a tunneled Mn oxide.961,962 The size of the resulting tunnels
depends on the redox kinetics cycling.963 This cycling occurs
with nanoparticulate birnessite, which may oxidize species that
are stable under oxygenated conditions (such as Tl+),
suggesting higher oxidation potentials than oxygen, and
therefore the possibility to oxidize water.962 Current related
active research areas include both water oxidation964,965 by
birnessite and the electrochemical properties for processes
such as water splitting to produce H2.
4.3.2.5. Defect-Controlled Dissolution. Defect sites on

surfaces are likely to have lower values of activation energy,
ΔEa, for dissolution. Hence, planar defects (e.g., twinning, such
as Brazil twinning in quartz Figure 1) and point defects (e.g.,
elemental substitution) exposed on the surface may be foci for
dissolution. Another set of under-studied “defect” sites for
dissolution is grain boundaries (Figure 46). At grain-to-grain
contacts, both structural distortions from mismatch of the
adjacent crystal structures and compositional defects may
concentrate and allow dissolution rates an order of magnitude

greater than for the planar surface.916 To date, most
simulations of mineral dissolution have modeled planar
surfaces and steps as the sites for hydrolysis, so a better
coordination of simulation studies with experiments examining
dissolution and surface defects is needed to obtain realistic
dissolution rates and mechanisms for oxides and silicates. To
properly model defects and their propagation at varied
concentrations, accurate reactive force fields and/or tight-
binding DFT models must be developed (sections 5.2.2.4).

4.3.2.6. Biologically-Induced Dissolution. The above
discussions on ligand-promoted, reductive/oxidative, and
defect-controlled dissolution all apply to biologically-induced
dissolution of minerals. This section will focus on unique
features that plants, microorganisms, and biological systems
exhibit to obtain macro- and micronutrients. In addition to
macronutrients, such as N, P, K, and Ca, plants require
elements such as Mn for photosynthesis966,967 and Si for stalk
strength and water retention (Li et al. and references therein;
section 1.2.2).968 Thus, highly insoluble elements must be
extracted to sustain life, so organisms have devised strategies to
continually pump these elements out of minerals in a manner
that is not strictly controlled by chemical equilibrium or
steady-state conditions as reactants are produced to meet the
organisms’ demands.
In addition to using Le Chat̂ellier’s principle to continually

produce reactants that drive dissolution and element
extraction, microenvironments are created in the rhizosphere
that alter chemical conditions to favor mineral dissolution.
Fungi are critical in this regard, and an excellent example of
this e-ect is discussed in Gerrits et al.969 By contrasting the
wild-type with the melanin-deficient mutant (ΔKppks), these
authors studied the impact of Knuf ia petricolo A95 on olivine
(Mg1.86Fe0.19SiO4) dissolution and explored the role of fungal
attachment in creating microenvironments. Their data
demonstrated that di-erences in EPS, such as the pullulan
content between the wild-type and mutant, a-ect ion
attachment and olivine dissolution rates. Furthermore, the
biofilm within the EPS creates an environment where reuse of
siderophores, lower O2 concentrations, and lower pHs all
contribute to enhancing olivine dissolution. Consequently,
molecular-level details within these microenvironments must
be elucidated to predict long-term macroscopic behavior or
design systems to maximize dissolution for sustainable nutrient
cycling and e-ective mineral carbonation (e.g., Rim et al. and
references therein).970
Another vital issue is the dissolution of minerals in lungs and

the gastrointestinal tract as biological fluids react with inhaled
particles, negatively impacting human health (see Sattler et al.,
2020, and section 1.2.3).971 The scope of this topic is so
extensive that it warrants its own review volume,972 so here we
discuss only key points and refer the readers to the abundant
literature on the topic. First, a major concern is the generation
of reactive oxygen species (ROS), such as *OH and *O2

−. The
availability of Fe2+ and the solubility of the solid phase are key
factors because Fenton chemistry helps to create the ROS that
lead to cell or DNA damage.973 Higher body temperatures,
lower pH, and the presence of complexing ligands contribute
to the dissolution of inhaled mineral dust.974 Other elements,
such as U975 and Pb,976 can also be released, and they have
their own complex impacts on health.977 Because the potential
for reactions and negative impacts can be increased when the
phases of interest are in the form of nanoparticulates,73,978,979
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the e-ects of each mineral should be assessed as a function of
size, phase, and surface chemistry.
4.3.3. E3ects of Crystallography on Dissolution.

4.3.3.1. Dissolution of Silica. The dissolution mechanism of
amorphous silica is elusive because noncrystalline solids lack
the long-range structural order that allows the terrace, ledge,
and kink-based models to be applied.933,980 Thus, describing
dissolution probabilities requires statistical approaches to
variations in Si−O−Si bond lengths and angles in solids.
The absence of a regular structure implies that the surfaces of
amorphous phases are atomically rough, so repeated release of
H4SiO4 to solution leaves the surface free energy of the solid
unchanged. Consequently, the dissolution rates of amorphous
phases should scale linearly with increasing driving force
(undersaturation) through the higher probability of detaching
silica tetrahedra from the surface. However, dissolution rate
measurements981 of such amorphous SiO2 polymorphs as
fused quartz glass, synthetic colloids, and biological amorphous
silicas reveal a paradox. While rates measured in solutions that
lack electrolytes show the expected linear dependence on
undersaturation, in contrast, in CaCl2 electrolyte solutions, the
dissolution rates of vitreous silica under conditions of
intermediate to high undersaturation exhibit an exponential
dependence on driving force, as seen for quartz (Figure 51).

To explain this enigma, Dove et al.981 showed that silica
polymorphs present common types of surface-bonded silica
groups to solution with di-ering degrees of polymerization.
Whether amorphous or crystalline, low-pressure silicas share
the silica tetrahedron as a fundamental polymeric unit. Thus,
silica tetrahedra on quartz surfaces have distinct bonding
coordinations at terraces and steps982 that roughly correlate
with degree of polymerization at the amorphous silica−water
interface. There are variations in the Si−O−Si bond angles,983
but both surfaces present two sites for reaction with water,
called Q2 and Q3.984 The Q2 groups are bonded to two
bridging oxygens at a step edge on the (100) surface of quartz
(Figure 52). The Q3 groups that comprise a terrace have a
higher coordination to the mineral structure through binding
to three bridging oxygens and thus have fewer degrees of
freedom.

4.3.3.2. Dissolution of Feldspars. Feldspars are the most
abundant rock-forming minerals in the Earth’s crust. The
dissolution kinetics of feldspars are closely related to their
crystallography (Figure 53A). All feldspars are tectosilicates
and share similar “mirrored crankshaft-chain” frameworks of
polymerized Si and Al tetrahedra (Figure 53B). Each Al or Si is
bonded to four oxygens, and each oxygen is shared with
another tetrahedron, which forms T−O−T linkages (tetrahe-
dral sites (T) and oxygen atoms (O)). The Al content (Al/Si
ratio) of feldspar determines the average T−O bond length.
Thus, T−O−T bond lengths (the average distance between T
sites and O) and Al/Si ordering in feldspars define their
dissolution behavior. Yang et al. examined the role of T−O−T
bond length and Al/Si ordering in feldspar dissolution.985−987

The dissolution rates of feldspars were found to be a linear
function of the average T−O bond length, a relationship which
is applicable from the pure end member of anorthite (Al/Si =
1) to the pure end-member of albite (Al/Si = 1/3), and even
extendable to quartz (Al/Si = 0).
In addition to the T−O bond length, the Al/Si ordering in

feldspars can control their dissolution rates. Each Al or Si has
four closest neighbor T sites. All four neighbors of Al must be
Si because Al−O−Al linkage formation is not energetically
favored. However, the neighbors of Si can be Al or Si. For
di-erent numbers of Si neighbors, Si sites are categorized as SiI,
SiII, SiIII, and SiIV (1, 2, 3, and 4 Si neighbors, respectively,
Figure 53B). The fractions of these four configurations are
determined by the Al/Si ordering, a-ecting the dissolution
kinetics. First, because Al−O−Si linkages are weaker than Si−
O−Si linkages, the four configurations have di-erent
dissolution rates (i.e., dissolution is fastest in SiI), and the
overall dissolution rate of Si is the combination of all four rates.
Second, the hydrolysis of Si−O−Si linkages is weakly a-ected
by protons, while the hydrolysis of Al−O−Si linkages can be
promoted by proton. Hence, with di-erent numbers of Al−O−
Si linkages, the SiI, SiII, SiIII, and SiIV have di-erent pH
dependencies (Figure 53B).987 In feldspar dissolution, the
relatively faster release of Al than Si can be correlated with
crystallographic information from high resolution XRD and
FTIR spectroscopy (Figure 53C). The correlation can explain
how feldspar crystallography (i.e., T−O bond length and Al/Si
ordering) can result in the incongruency of feldspar
dissolution, as shown in Figure 53C,D.986 These results
provide a valuable perspective on feldspar dissolution, which
links the crystallography and the dissolution kinetics in
environmental systems and o-ers useful insight into dis-
solution of engineered materials under extreme conditions.

Figure 51. Measured rates of vitreous silica dissolution versus
undersaturation, C/Ce, show two di-erent trends, where C and Ce are
measured and equilibrium concentrations of H4SiO4°, respectively.
(A) In the absence of electrolytes, the rates show a linear dependence
on chemical driving force, as expected for an amorphous material. (B)
Solutions of NaCl or CaCl2·6H2O at 150 °C induce 100× faster
dissolution rates at high undersaturations because a pit nucleation-
dominated process predominates. The measurements show exponen-
tial dependence upon the degree of undersaturation, just as was
determined for a crystalline polymorph, quartz, at 200 °C. Adapted
from ref 981. Copyright 2008 National Academy of Sciences.
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4.4. Mineral Precipitation. Dissolution provides precur-
sor molecules needed for the formation of new solid phases.
Often, solid formation processes are referred to as “precip-
itation” for simplicity, without clear distinction of nucleation
from growth phenomena. This simplification occurs because it
has been challenging to experimentally detect nucleation in situ
in real-time. In the last two decades, however, significant
advances in mineral nucleation and growth research have been
made, enabled by new X-ray, electron, and laser analytical
capabilities. Here, we highlight the current state of knowledge

of nucleation and growth as two explicit steps in the formation
of solid phases from solutions.

4.4.1. Classical and Nonclassical Nucleation. Nucleation
of solid nanoparticles from a supersaturated liquid solution is
important in nanomaterial synthesis, dendrite formation in Li-
metal batteries, biomineralization, pipeline operation, and rock
alteration.833,988 Solid nucleation can occur both in bulk
solution (homogeneous nucleation) and on a substrate surface
(heterogeneous nucleation).989,990 In the environment, nucle-
ation occurs ubiquitously, providing excellent reactive sites for

Figure 52. (A) Quartz and (B) amorphous silica surfaces present Q2 and Q3 tetrahedra with two and three coordinations to the surface,
respectively. Adapted from ref 981. Copyright 2008 National Academy of Sciences. The physical model holds that amorphous surfaces are
repeatedly atomically roughened at a length scale that is the average distance over which Q2 groups must be removed to get back to a Q3-enriched
SiO2 surface.

Figure 53. E-ect of crystallography on feldspar dissolution. (A) The feldspar group. (B) The “crankshaft chain” structure in feldspar’s framework
and illustrations of the pH dependence of the release of di-erent types of Si atoms. Reproduced with permission from ref 987. Copyright 2014
Elsevier Ltd. (C) Results from feldspar dissolution experiments (I), structure refinements based on synchrotron X-ray di-raction (1 − QT, where
QT represents the distribution of Al between two di-erent types of tetrahedral sites. QT = 0 if completely ordered, and QT = 1 if Al is randomly
distributed), and data from Fourier transform infrared (FTIR) spectroscopy analyses (δω is the displacement of the peak at 650 cm−1, which is
proportional to the square of the di-erence in Al/Si ordering). Here, the dissolution incongruence is shown as I, where I = 0 means congruent and I
= 1 if rSi/rAl = 0. It is obtained from water chemistry experiments and correlates closely with the pattern of the variation in the degree of Al/Si
ordering for the feldspar specimens. The Al/Si ordering varies with anorthite contents, as shown in C. Reproduced with permission from ref 986.
Copyrights 2014 Elsevier Ltd. (D) pH dependence of plagioclase dissolution (rsi) at various anorthite contents. Reproduced with permission from
ref 987. Copyright 2014 Elsevier Ltd.
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trace ions or organic compounds and significantly contributing
to biogeochemical cycles.
Classical nucleation theory, developed by Gibbs in the

1800s, describes nucleation as based on two principles: (1) A
free energy barrier to nucleation (ΔGnuc) is created by surface
tension at the solid−liquid interface. Because the free energy of
nucleation consists of bulk free energy and surface energy
(Figure 54A), the positive surface free energy impedes

nucleation. When the nucleating cluster size becomes bigger
than the critical size, clusters can exceed the chemical driving
force and grow spontaneously. (2) Inherent thermal
fluctuations of the system can allow nucleation clusters to
overcome this energy barrier so that individual ions and
molecules can be added.989,991,992 Based on these principles,
we expect that fluctuations will allow overcoming the energy
barrier, and that the nucleation rate will be exponentially
related to supersaturation (σ) and interfacial energy (α). These
predictions enable quantitative description of the nucleation
process. However, nucleation can include much more complex

processes and may not be the simple sequential addition of
ions and molecules. For these complexities, the nonclassical
nucleation theory (Figure 54B) describes the addition of
complexes, such as multi-ion complexes and oligomers, and the
pathway through transient metastable states of dense liquids,
amorphous solids, and crystalline polymorphs.990,991
Nonclassical nucleation theory explains the interplay of the

free energy landscape and kinetic factors (e.g., ion pairing,
dehydration barriers, cluster sticking coeflcients, and struc-
ture-directing factors) that can drive mineral nucleation and
growth.993 Thus, nonclassical nucleation theory presents a
more complex free energy landscape than the classical
nucleation theory (Figure 55). Deviations from classical
pathways can be expected for two main reasons. First, they
arise from complexities in the free energy landscape that create
metastable structures o-ering lower barrier pathways to the
final stable state (Figure 54B and 56B,C). These metastable
structures can be true bulk phases on a phase diagram that are
more stable than the solution but less stable than the final solid
(Figures 54B and 56B). Alternatively, they can be config-
urations that represent local minima, which are less stable than
the solution itself (Figure 55C), and thus can only exist
transiently and microscopically, but provide an environment in
which the stable configuration appears more readily than in the
bulk.
Specifically, for metal oxides, Figure 56 illustrates both

classical and nonclassical nucleation theoretic views of the
formation of Fe- and Al-oxides (FeOx/AlOx).995 Based on
classical nucleation theory, ferrihydrite can form directly (top),
via unstable and metastable crystalline nuclei. In nonclassical
nucleation (blue box), there are multiple overlapping pathways
for forming stable associated states. In the initial stages of
hydrolysis and condensation, amorphous intermediates form
and transform to ferrihydrite-like domains (middle). Alter-
natively, isolated, stable oligomers can form separately and
subsequently grow and aggregate (bottom). The di-erent
reactions can cross, blending nonclassical pathways that have
di-erent process kinetics. Specific environmental conditions,
such as pH, T, concentration, and/or the presence of additives,
determine the corresponding kinetics.

4.4.1.1. Quantitative Description of Nucleation. Nuclei
can form in solution, with the water−nucleus interfacial energy
as the controlling factor. However, nuclei formation on a
substrate surface is more thermodynamically-favorable due to
the low e-ective interfacial energy (Figure 57).915,990,996

Figure 54. (A) Energy landscape of classical nucleation theory: the
bulk and surface terms are related as functions of cluster size, creating
a free energy barrier. (B) Energy landscape of nonclassical nucleation
theory.

Figure 55. Crystallization by a wide variety of pathways. The possible pathways by which monomers form a stable bulk crystal, and the physical
mechanisms that give rise to them, can have thermodynamic origins (A−C). (A) Classical monomer-by-monomer addition. (B) Aggregation of
metastable particles, such as liquid, amorphous, or poorly crystalline particles. Although not shown, the free energy landscape graphed in (B) can
also result from aggregation by oriented (and nearly oriented) attachment of metastable nanocrystals. (C) Crystallization via the formation of a
metastable bulk phase, such as a liquid or solid polymorph. B and C illustrate the nonclassical nucleation pathway. Reproduced with permission
from ref 994. Copyright 2015 American Association for the Advancement of Science.
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In classical nucleation theory, the nucleation rate can be
expressed by eq 14:915,997,998
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where J0 is a kinetic factor related to the eflciency of building
blocks di-using and attaching to an existing nucleus, and ΔG*
is the thermodynamic barrier generated by the combination of
the bulk reaction free energy and surface energies. ΔG* is
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2 , where υm is the molecular volume of the

nucleating phase, α is the interfacial energy, kB is the
Boltzmann constant (1.38 × 10−23 J K−1), T is temperature
(K), IAP is the ion activity product, and Ksp is the solubility
product of the nucleating phase. For homogeneous nucleation,
16π/3 is a geometric factor from the mathematical derivation
of the nucleation rate, assuming spherical nuclei with an
interfacial energy with the liquid phase of αln (subscript l for
liquid and n for nucleus).999 Any information about the

geometry of the heterogeneously formed nuclei is included in
α, which becomes the e-ective interfacial energy for the
heterogeneous nucleation case.998 An e-ective interfacial
energy, α, for heterogeneous nucleation is a complex function
of the nucleus geometry, including the nucleus shape and the
contact angle of the nuclei on the substrate, and the interfacial
energies among the liquid, nucleus, and substrate (i.e.,
α = α (nucleus geometry, αln, αls, αns), in which the subscripts
l, n, and s denote liquid, nucleus, and substrate, respectively)
(Figure 57).
To quantitatively describe the nucleation process, eq 14 was

derived based on an imaginary pathway in which nuclei
continuously evolve by adding monomers one at a time
(classical nucleation theory). Despite the discovery of more
realistic pathways (nonclassical nucleation theory),906,1000,1001
eq 14 has been successful to experimentally observed
nucleation rates under various conditions.901,903,1000,1002−1005

The e-ective interfacial energy of heterogeneous nucleation
can be obtained by regression of nucleation rates as a function
of supersaturation, according to the logarithmic form of eq
14:1003,1004
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By fixing the nuclei and substrate materials, the kinetic
factors (J0) under various conditions can also be obtained from
the intercept of the linear regression on the ln(J) using eq 16:
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where B is calculated from the known values of υm, kB, and T,
and B·α3 is the slope obtained from linear regression of ln J

Figure 56. Schematic of the broad conceptual framework of distinct pathways to ferrihydrite. This concept is transferable to the formation
mechanisms of other FeOx and AlOx, in principle. Reproduced with permission from ref 995. Copyright 2020 Elsevier.

Figure 57. (left) Formation of a spherical nucleus of radius r from a
solution leads to the free energy changes shown in Figure 54A. (right)
Heterogeneous formation of a hemispherical nucleus on a foreign
substrate.
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over 1/[ln(IAP/Ksp)]2. In this calculation, J0 can be assumed
constant for a given aqueous condition, and α can be
calculated for that aqueous condition. The calculated e-ective

interfacial energy, α, is ·( )B k T
v

3
16

1/3
B
3 3

m
2 . Next, J0 in eq 15 is

attributed to the kinetics of the system and can be expanded

into ( )Aexp E
k T

a

B
,997,1002,1006,1007 where A is a pre-exponential

kinetic factor related to ion di-usion and nuclei surface
properties, and Ea is the apparent activation energy (J·mol−1)
and, therefore, is the kinetic energy barrier. Then, eq 14
becomes

= · ·
*ikjjjjj y{zzzzz ikjjjjj y{zzzzzJ A

E
k T

G
k T

exp expa

B B (17)

With eq 17 and experimentally obtained nucleation rates at
di-erent temperatures, the value of Ea can be obtained from
the relationship between ln(J) and 1/T, and this will provide
the values of Ea + ΔG*. After substituting ideal gas constant R
for kB and calculating ΔG*, the values of Ea can be obtained:

= + *
J A

E G
RT

ln( ) ln( ) a
(18)

Surprisingly little is known concerning the kinetic parameter,
J0; hence most previous studies have assumed a constant J0
term.903,1002,1003 Very recently, using a calibration method
based on nucleation rate results from GISAXS and AFM
experiments,1008 Wu et al.1009 estimated the kinetic factors A
and J0 of poorly crystalline iron (hydr)oxide nanoparticles on
quartz. With Ea obtained from the fitting method (32.8 ± 1.8
kJ/mol), J0 was 1014.4±0.3 nuclei/m2·min at 25°C,1009 which
falls in the range of reported values for other mineral
nucleation processes on quartz surfaces at room temperature,
including 1013.5±0.7 nuclei/m2·min for silica and 1016.1±1.0

nuclei/m2·min for CaCO3.1008,1010
When one attempts to employ nonclassical nucleation

theory to achieve a detailed understanding of kinetic pathways
and transient metastable phases and polymorphs, it emerges
that currently no clear quantitative description provides this
realistic view. So far, only a few attempts have been made on
the nonclassical nucleation pathway, while still using the main
framework of classical nucleation theory’s quantitative
description. Habraken et al. used in situ X-ray scattering and
AFM to study hydroxyapatite nucleation on collagen surfaces.
They found precursor nanometer-sized units of Ca−phosphate
crystallization that were Ca−triphosphate complexes. Consid-
ering the aggregation of amorphous Ca−phosphate precursor
complexes during apatite formation, they thought that excess
free energy (ΔGEx = 4πr2αcomplex) could be eliminated by
prenucleation cluster aggregation and could decrease the
magnitude of the free-energy barrier, as shown in eq 19.1011

* = + =
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(19)
Similarly, for homogeneous magnetite (Fe3O4) nucleation,

Baumgartner et al. considered the aggregation of cluster
precursors in forming the amorphous and crystalline bulk
phases.1000 While such modified equations can capture the
presence of amorphous precursor complexes as an umbrella
term for ΔGEx

1011 or the primary particle energy contribu-

tion,1000 currently, they can be used only to understand the
trend of the nucleation energy barrier and not to specifically
predict the reactions.
Kim et al.833 revised classical nucleation theory to

quantitatively describe plate-like Ca−phosphate nuclei for-
mation in confined collagen fibrils and delineate the
contributions of extrafibrillar nucleation and intrafibrillar
nucleation.833 These fibrils have narrow channel-like gap
regions (40 × 30 × 2 nm3)1012−1015 that provide nucleation
sites with a lower energy barrier: the confined space e-ectively
reduces the surface free energy, ΔGs, by minimizing the
e-ective surface area of nuclei. The modified nucleation energy
barrier for the plate-like confined space is expressed as833

* = =G
hv

k T
h

ln
, heightm

2

B (20)

To successfully describe nonclassical nucleation pathways in
quantitative ways, we will need to fully characterize the phase
identities and extents of the potentially mixed transient
metastable phases over time. In addition, the temporal
evolution of interfacial energy changes should be monitored
as a function of changing nucleus sizes.

4.4.1.2. Challenges in Measurements of Nucleation in
Situ. Because newly formed nanoparticles at solid−water
interfaces are often amorphous and hydrated, accurate
evaluation of nucleation kinetics requires time-resolved in
situ experimental techniques. Previous nanoscale observations
relied on snapshot images of these nanoparticles, which could
have undergone significant alteration in their physicochemical
properties during sample preparation prior to imaging. While
recent advances in in situ microscopic analysis can resolve
some challenges,1016−1018 these studies are still limited to
aqueous environments within a narrow-slit observation
chamber or those held at cryogenic conditions. These
challenges, therefore, prevent us from fully exploring the in
situ nucleation kinetics of metal (hydr)oxides. Specifically,
probing heterogeneous nucleation of nanoparticles on
substrates during their initial stage is extremely challenging.989
Four recent developments allow in situ observation of

nucleation at relevant spatiotemporal scales. First, liquid-cell
TEM enables in situ imaging with nanometer-scale spatial
resolution in time increments of fractions of a second. Nielsen
et al. used a dual-inlet flow stage to observe homogeneous
CaCO3 nucleation and found a range of nucleation pathways
under identical or similar solution conditions, with nucleation
often taking multiple pathways within a single experiment.1017
Second, atomic electron tomography (AET) can determine the
3D atomic structure of homogeneously nucleated materials
without the assumption of crystallinity and with high temporal
resolution (μs/each image).1019 Third, in situ fluid-cell AFM
can be used to observe heterogeneous nucleation and
growth.996,1011 Fourth, an in situ experimental setup developed
by Jun et al.989,1020 uses simultaneous SAXS and GISAXS to
quantify homogeneous and heterogeneous nucleation and
growth, respectively. This approach can provide the nucleus
size, shape, and nucleation rates in real time for di-erent water
chemistries and substrates.

4.4.2. Nonclassical Crystallization. 4.4.2.1. Crystallization
by Particle Attachment (CPA). Crystallization mechanisms
often diverge from this classical picture in both the nucleation
and the growth stages. Many research e-orts have revealed
poorly understood, diverse crystallization pathways that
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involve so called “nonclassical” processes, generally consisting
of multistage pathways and relying on CPA.14 The impacts of
CPA on solid structure and properties are extensive because
these pathways o-er the potential for capturing intermediate
states not otherwise accessible and the resulting crystals often
exhibit complex, hierarchical morphologies with novel proper-
ties (Figure 58).

Such deviations from classical crystallization pathways occur
for two main reasons: First, complexities in the free energy
landscape can create metastable structures, as discussed in
section 4.4.1. Second, dynamic e-ects can create an assembly
of precritical clusters and postcritical particles that sub-
sequently interact and assemble to either form highly branched
structures or coarsen to form compact single crystals.
Alternatively, these e-ects can create a kinetically trapped
metastable or bulk phase (or particles) in a microscopically
unstable phase, or in a globally unstable state. While we now
know such pathways can exist for both thermodynamic and
kinetic reasons, the challenge is to predict which systems
follow which pathway, and why.
4.4.2.2. Multistep Nucleation Processes. Advanced imag-

ing, spectroscopy, and computational methods have improved
our understanding of how multistep nucleation occurs in a
variety of systems (Figure 59). Atomic resolution TEM studies
applied to nucleation metals (Au, γ-Fe, and Re) forming in
vacuum1024,1025 revealed that the onset of nucleation consists
of amorphous cluster nucleation overcoming one free energy
barrier; this is followed by crystallization overcoming a second
free energy barrier, where the amorphous phase exhibits one

critical size and the crystalline phase exhibits a larger critical
size. The nucleation of each phase follows the classical picture,
but the results prove a long-expected phenomenon of
crossover in phase stability with particle size, which arises
from the inverse correlation between surface energies and bulk
phase stability. This phenomenon leads to an inherent two-
step nucleation process not captured by classical nucleation
theory. Other studies detailed the formation and trans-
formation of microscopic transient structures that consist of
atomically-controlled clusters of inorganic semiconductors,1026
micellular units of sequence defined polymers,1027 and dense
liquid droplets of proteins.1028−1030 A number of studies have
documented the development of complex structural units that
drive nucleation through their assembly.1011,1031−1034 These
cases blur the line between nucleation and particle assembly,
with the assembly of preformed units becoming the
mechanism for overcoming the critical size, rather than merely
a feature of postnucleation growth. Computational studies on
zeolite systems showed that oligomerization marks the earliest
stages and highlighted the role of water dissociation in creating
reactive sites for further oligomerization,1031 adding key
insights to the long-established role of amorphous precursors
in zeolite nucleation.1035 Moreover, when zeolite crystals are
present, amorphous or dense liquid precursors can be the main
material source for mineral growth.1036
The role of water in nonclassical pathways was further

illuminated by studies on Mg:CaCO3
907 and the protein

ferritin,1037 showing that the development of crystal order is a
gradual process associated with the loss of water and an
increase in coordination number with neighbors in the lattice
within an initially hydrated amorphous precursor. Other work
showed that, at a suflciently high driving force, the first phase
is a dense liquid for both Au1038 and CaCO3,885,1039,1040 where
the latter case once again reflects a high-water content that
must be eliminated to form the amorphous phase and
subsequent crystals.
Other atomically-resolved AFM measurements and molec-

ular simulations revealed the dramatic impact that surface
charge (or potential) and interfacial structure has on local
speciation128,391 and subsequent nucleation.919,1041,1042 For
example, the inherent surface charge of muscovite mica in
AlCl3 solutions promotes aluminum hydrolysis at the interface,
so that hydrolyzed species (Al(OH)2+ and AlOH2+) become
predominant over unhydrolyzed species (Al3+) by orders of
magnitude, while in bulk solutions the abundance of these
species is reversed.391 As a consequence, monolayer films of
gibbsite (Al(OH)3) form on mica surfaces even when the
solution is undersaturated. In addition, hematite formation in
the presence of oxalate showed that new nanoparticles
nucleated in the interfacial region 2 nm away from the surface
of existing particles, in contrast with simulations that predicted
gradients in Fe3+ concentrations with maxima 1 nm away from
the surface.919 Although the chemical potential of the solution
relative to the crystal in the bulk solution is presumably the
same, the di-erence in solution structure near the interface
suggests that the interfacial energy or the solubility is di-erent
locally.

4.4.2.3. Post Nucleation Growth by Particle Assembly.
The terrace-ledge-kink model for post nucleation crystal
growth, first introduced by Sir Charles Frank more than 70
years ago, was a stunning achievement in imaginative thinking,
as no methods previously existed to indicate there are atomic
steps on surfaces. The addition of the screw dislocation sources

Figure 58. Hierarchical crystallization pathways lead to novel
architectures. (A,B) PbSe nanowire (A)1021 and honeycomb structure
sheet (B)1022 formed by particle assembly. (A) Reproduced from ref
1021. Copyright 2005 American Chemical Society. (B) Adapted with
permission from ref 1022. Copyright 2014 American Association for
the Advancement of Science. (C) Calcite pillars growing epitaxially on
calcite rhomb via dense liquid phase (DLP).1023 (D) Aragonite
bundles forming from CaCO3 DLP droplet. (D) Adapted with
permission from ref 1017. Copyright 2014 American Association for
the Advancement of Science. (E) Spindle-shaped mesocrystal formed
by interface-drive nucleation and subsequent particle attachment. (E)
Adapted with permission from ref 919. Copyright 2021 The Authors,
under exclusive licence to Springer Nature Limited. (F) Branched
rutile nanowire where branches start by attachment and trans-
formation of anatase nanoparticles. (F) Adapted from ref 877.
Copyright 2013 American Chemical Society.
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of steps and the 2D nucleation of islands, introduced by
Burton, Cabrera, and Frank, explained crystallization in a world
of monomers and faceted crystalline interfaces. This picture
began to unravel with the discovery by Ocana et al. in 1995
that Fe2O3 nanocrystals aggregated into larger single crystals by
attaching on the same crystallographic facets with co-alignment
or “oriented attachment” (OA).1043 This OA behavior was
subsequently observed for TiO2 by Penn and Banfield.1044,1045
OA leads to remarkable morphological outcomes, including
the formation of tetrapods,878 chains,1021,1045,1046
sheets,1022,1047 highly branched nanowires,877 and self-similar
3D mesocrystals (Figure 58).919 Song et al. showed that OA
coupled with strain relaxation is even responsible for the
growth of the commonly observed five-fold twin structures of
noble metal nanoparticles.1048 OA and, more generally,
particle-mediated growth of single crystals, has now been
widely observed in semiconductors,877,1021,1022,1049 met-
a l s , 1 0 4 8 , 1 0 5 0 , 1 0 5 1 s i l i c a t e s , 1 0 3 6 , 1 0 5 2 o x -
ides,877,919,1000,1044,1046,1053−1059 carbonates,1055,1060 fluo-
rides,1061 organic compounds,1062 peptides,1063 and pro-
teins.1032 Many styles of particle-mediated growth that result
in single crystal products have been observed since the first
report of OA, including: (1) attachment with crystallographic
coalignment prior to coalescence,1016,1046,1064 (2) attachment
with some degree of misalignment, followed by relaxation
through atomistic processes into a coaligned state,1016,1048 (3)
attachment of metastable particles of a nanoscopic phase onto
crystals of the bulk phase, followed by transforma-
tion,877,1000,1065,1066 and (4) a special class of no. 3 in which
the nanoscopic phase is amorphous.1036,1055,1060

OA reflects an interplay of the solution structure, forces, and
resultant motion (Figure 60), in which the crystal surface

imposes structure on the near-surface solution that leads to a
set of interparticle forces, including hydration barriers, van der
Waals forces modified by the solution structure-dependent
dielectric constant, and electrostatic forces.994,1054,1059 Early
views of the driving force for OA centered on minimization of
surface energy.1067,1068 However, this thermodynamic perspec-

Figure 59. Recent microscopy studies have shed light on multistage nucleation pathways. (A) Reproduced with permission from ref 1024.
Copyright 2020 Springer Nature. Portion of Au nucleation pathways in a carbon nanotube, showing transition from amorphous to crystalline
structure due to (B) crossover in phase stability with size, leading to two nucleation barriers. (B) Reproduced with permission from ref 1025.
Copyright 2020 Springer Nature Limited. (C) Nucleation of ferritin crystal, showing a gradual increase in order (and coordination) simultaneously
throughout the particle. (C) Reproduced with permission from ref 1037. Copyright 2020, The Authors, under exclusive license to Springer Nature
Ltd. (D, E)907 Nucleation of calcite, marked by the rise of the v2 IR peak (D) and the spread of high contrast (E) accompanied by loss of structural
water (D). (D,E) Adapted from ref 907. Copyright 2020 National Academy of Sciences.

Figure 60. OA is a mesoscale response to forces defined by molecular
details of the interfacial region. These details create forces that drive
particle motion. As particles move, the local structure and
corresponding forces evolve, taking particles from a regime of long-
range to short-range interactions that lead to alignment and
attachment. Reproduced with permission from ref 994. Copyright
2015 American Association for the Advancement of Science.
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tive can work only if particle dynamics allow systems to explore
all potential orientations and if attachment events are
reversible. As it happens, neither statement is true, and,
moreover, attachment on any pair of matched faces will reduce
the surface energy of the system. Consequently, face selectivity
must be controlled by particle interaction dynamics and
attachment kinetics.1058 A second early perspective has its
origins in DLVO theory, in which van der Waals attraction and
electrostatic repulsion create an overall attractive potential with
a secondary minimum in which particles reside long enough to
rotate into alignment before overcoming the final (electro-
static) barrier to attachment.1054 This general picture found
support in a pair of studies. The first, based on cryo-TEM,
showed that nanoparticles of goethite were organized into
multi-micrometer rod-shaped arrays of particles that were
aligned but not yet attached.1046 The second, based on in situ
liquid phase TEM (LP-TEM), showed particles di-using to
close proximity, hovering at this distance while they rotated
into alignment, and then jumping into contact with a slight
misalignment that healed by elimination of dislocations.1016
With advances in cryo-TEM and the advent of LP-TEM,

mechanistic studies of OA have come to the fore.
Investigations have utilized AFM-based methods with
custom-made, oriented single-crystal tips to measure the
dependence of crystal−crystal binding on relative crystal
orientations.1069−1075 Measurements on rutile TiO2
(001)1073,1075 and ZnO (0001)1074 yielded rupture forces
that displayed the orientational symmetry expected for each
crystal symmetry: 6-fold for ZnO and 4-fold for TiO2.
However, the results with muscovite mica1069 were less clear
in this regard, with a weak dependence on orientation and
numerous maxima and minima and a dependence on ionic
strength that decreased rapidly to a minimum (at 10 mM for
NaCl) before rising to a maximum (at 30 mM for NaCl)
before decaying again with further increases. Recent simu-
lations of the electrostatic interactions between charged
proteins and muscovite mica revealed a complex solvent
response that creates a unique directionality within a very small
range of separation. Moreover, this directionality can flip its
sign simply by changing an electrolyte from NaCl to KCl.
These complexities, likely manifest in the DFS data for the
mica system, highlight the important role of interfacial
structure.1076

New key contributions have come from molecular
simulations, which have investigated the solution structure
between approaching particles and the resulting interaction
potentials that drive particles together or keep them apart, as
well as attachment mechanisms. One of the most confounding
results to emerge from such simulations is the near-universal
prediction from MD simulations of large barriers to attachment
that arise from the hydration structure created by the
interaction of the crystal surface with the surrounding solution
(Figure 61).1057,1072,1074 Calculations done for MgO,1072
ZnO,1074 gibbsite (γ-AlOH)3),1077 muscovite (KAl2-
(AlSi3O10)(OH)2),128,1072 pyrophylite (Al2Si4O10(OH)2),1072
TiO2,1078 graphene,1079 and boehmite (AlOOH)170 all predict
layering of water with a layer spacing of about 3 Å discernable
to about three layers (Figure 61B). This result is not surprising
and is consistent with X-ray reflectivity studies on many
crystal−water interfaces, but these simulations also predict that
the resulting potential-of-mean-force between two approaching
like-crystal surfaces exhibits minima in free energy at each
integral number of water layers that are separated by barriers
on the order of 10−20 kBT per nm2 of contact area (Figure
61B,C). While a small barrier seems necessary to obtain OA by
creating a secondary minimum where particles can reside long
enough to coalign before attachment, as observed in the case of
goethite, these barriers seem prohibitively large. For particles
of a few nm or more in size, the barrier to attachment is more
than 100 kBT. Given that the attachment attempt frequency is
determined by di-usive translational and rotational motion,
not atomic vibrations, the attachment rates should be
miniscule. Nonetheless, many of these systems undergo OA.
Based on simulations in water vapor suflcient to saturate the
surface of TiO2 crystals, Raju et al.1057 attributed the face-
specific attachment to the ability of certain faces to dissociate
the adsorbed water, but how that mechanism would overcome
barriers associated with elimination of intervening water layers
in bulk water is unclear. Moreover, TiO2 is distinct in its ability
to drive such chemistry, exhibiting photocatalyzed facet-
dependent H2O splitting.1080
Two studies o-ered mechanisms to overcome such barriers.

For the case of hematite (Fe2O3) growing in supersaturated
solution containing Na-oxalate, Zhu et al.919 showed that
oxalate ligands adsorb to the hematite particles and create
interfacial gradients in aqueous speciation that both drive new
particles to nucleate 2 nm away from existing ones and create a

Figure 61. Simulations predict a dependence of interparticle potentials on relative orientation driven by hydration structure, which is strongly
impacted by surface hydrophobicity.1072,1074 (A) Potential of mean force vs distance between ZnO surfaces, showing minima that correspond to
integer numbers of water layers and barriers between minima equivalent to ∼40 kBT for a 10 nm2 contact area.1074 (B) E-ect of hydrophobicity on
water density, with periclase (MgO) being most hydrophilic and pyrophyllite most hydrophobic. (C) Free energy vs distance between MgO
surfaces for the water structure in (B), showing strong orientation dependence and sizeable barriers. Figure (A) adapted from ref 1074, Copyright
2017 Nature Springer, and Figures (B) and (C) adapted from ref 1072. Copyright 2020 American Chemical Society.
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purely attractive potential for their subsequent attachment.
This mechanism has the added consequence that assemblages
of coaligned particles are formed with a shape that reflects
di-erences in nucleation rates along distinct crystallographic
directions. Thus, the random nucleation and di-usion process
that dominates in many OA systems is replaced by a
deterministic process that gives rise to self-similar hierarchical
mesocrystals in this system (Figure 58e).
A second system that avoids solvent-induced barriers is

ZnO, where the presence of a permanent electric dipole
produces a strong long-range attractive interaction that drives
particles towards one another, beginning at distances beyond 5
nm, well beyond the distance at which simulations predict van
der Waals attraction or ion correlation forces operate, with no
observable barrier to attachment.1070 While such a scenario
might be expected to lead to misoriented attachment, as
explained above, the torque arising from the dipole−dipole
interactions rotates the particles into alignment by the time
particles are within ∼5 nm, thus avoiding misalignment at the
point of contact. This result suggests that, even in polarizable
materials that lack a permanent dipole, we may be able to drive
OA using applied electric fields, coupled with translational and
rotational particle mobilities.
Three additional complexities influence the solution

structure, the interplay of forces and torques, and the coupling
to particle mobility that leads to attachment: (1) the shapes of
the particles, which impacts the rate of di-usive particle−
particle encounters relative to that of rotation into align-
ment,1081 (2) hydrodynamic forces/torques and solution

properties, like dielectric permittivity and viscosity, that are
dramatically di-erent near particle surfaces than in the
bulk,312,1082,1083 and (3) the presence of surface-adsorbed
ligands, which can drive the initial assembly of particles into a
superlattice, and then either remain intact to inhibit particle−
particle contact, leaving the particles in an assembled but
unattached state,1084,1085 or be eliminated, resulting in particle
fusion to form a single crystal, often with mesocrystalline
morphology.1047,1086 Finally, a number of studies reported OA
of primary particles of a nanoscopic phase, which convert to
the bulk phase upon attachment to the stable bulk phase
crystal, despite the fact that the nanoscopic phase has a
di-erent stoichiometry or hydration state than the stable bulk
phase.877,1000,1055,1065 One can expect the situation to be
further complicated in cases where the surface potential
evolves with particle size. Although these individual factors
have been identified and considered for individual cases,
defining a generalizable picture that accounts for the impact of
complexities in particle and solution characteristics, especially
the physical properties of the interfacial solution layer and role
of surface potential and adsorbed ligands, remains a major
challenge.

4.5. Coupling of Dissolution and Precipitation and
Simultaneous Reactions. Coupled dissolution and precip-
itation processes can be understood as a continuum extending
from relatively simple congruent reactions that can be modeled
using concepts from nucleation theory (section 4.3) to
exceedingly complex incongruent reactions. While all of
these reactions are governed by kinetic and thermodynamic

Figure 62. AFM images of quartz (100) and calcite (104) surfaces produced from di-erent solution chemistries illustrate dissolution and growth as
reversed processes.934 Quartz surfaces produced after equivalent extents of reaction show the di-erent dissolution processes that occur across
driving force and solution chemistry. Scale bars = 1 micrometer: (A) At a low driving force of σ = 0.90 in 0.0167 M CaCl2, surfaces show only
straight edged steps with no evidence of pitting. (B) When σ = 0.10 in H2O, surfaces are dominated by large etch pits with sloping sides that
converge at a dislocation source. Pits are separated by relatively flat regions on the surface. (C) At an intermediate driving force of σ = 0.65 in a salt
solution of 0.0167 M CaCl2, a mixture of larger and smaller flat bottom pits forms across the surface. (D) When σ = 0.10 and the solution contains
0.0167 M CaCl2, the surface is covered with a high density of small pits with flat bottoms and with flanks 25% steeper than those measured for pits
in the previous image. The growth of calcite occurs as equivalent inverse processes whereby (E) step propagation occurs at near-equilibrium
conditions with (F) a transition to suflcient chemical potential to initiate new steps at dislocation defects and thus generate growth hillocks. (G,H)
At higher driving force, surface nucleation processes dominate net rate.
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principles, incongruent reactions are most widespread in Earth
environments. To elucidate these coupled processes, recent in
situ studies discussed myriad factors that influence these types
of reactions, including metastable intermediate phases and the
roles of local interfacial solution chemistry and mineral
structure.
4.5.1. Simple Congruent Systems. The process-based

kinetic model for dissolution of quartz and calcite (section
4.3.1) shows that dissolution, without secondary products or
potentially at short time scales before the onset of secondary
product formation, can be understood through the lens of
mechanistic nucleation theory developed for mineral growth.
That is, dissolution and growth can be conceptualized as
reciprocal microscopic processes under some conditions. In
Figure 62 (left side), the high-resolution AFM images show
changes in mineral surface structure that occur with an
increasing degree of undersaturation or addition of electrolytes.
For quartz and calcite, the predominant structures transition
from simple step retreat to opening of defects (postulated to be
dislocations or impurities), to nucleating two-dimensional
vacancy islands (i.e., pits) at impurities or homogeneous sites
across the entire surface.
By coupling the formalisms of nucleation and step-growth to

dissolution, the rate of solute release to solution is controlled
by the energy barrier to “corrosion” at dislocation defects or at
impurities or homogeneous sites. Although dissolution and
growth reactions can be modeled as reversed processes, their
rates are not expected to be numerically equivalent. For
example, hydration processes associated with mineral surface
hydrolysis are dissimilar from the desolvation that occurs prior
to ion attachment nucleating 2-D vacancy islands.
In electrolyte solutions, the dissolution rate becomes

dominated by the detachment of the higher coordinated
groups. This detachment increases surface free energy, and the
detachment probability scales exponentially with driving force.
By defining a statistical volume of the reacting unit, the
classical polynuclear theory explains the dependence of
dissolution on chemical potential, while also quantifying the
surface energy of amorphous silica in the absence and presence
of solutes. The polynuclear model also predicts the kinetic
behavior reported for biogenic and colloidal silicas and predicts
both the growth and dissolution rates of colloidal silica, as
shown in Figure 51. This physical picture is analogous to the
degree of polymerization, and thus interfacial energy,
associated with step edges, defects, and layers. Hence, a
plausible mechanism-based model should be formally identical
to the polynuclear theory originally developed for crystal
growth. In principle, such knowledge can be applicable to
many materials with diverse compositions and structural orders
that dissolve congruently when the reacting units are defined
by the energy of the constituent species.
4.5.2. Complex Dynamic Systems. Field and laboratory

observations document the widespread occurrence of multistep
mineral dissolution and reprecipitation and new phase
formation.1087,1088 These processes are remarkably complex
and challenging to decipher because the predominant reaction
processes are strongly dependent on the fluid composition at
the mineral−fluid interface as well as the structural details of
that interface, including surface roughness, porosity, and
confinement. Thus, mineral dissolution and growth are
interrelated dynamic processes, continuously changing in
response to the evolving fluid composition, so that a coupling
of dissolution and precipitation occurs at the reactive

interface.996,1089,1090 The concomitant formation of porosity
in the reacting mineral is an essential feature that allows the
progression of the reaction interface within the mineral by
providing a pathway for fluid access into an impermeable
solid.1089,1091
For more complex minerals, dissolution of a parent mineral

results in a solute composition that is generally supersaturated
with respect to a number of phases whose precipitation will be
spatially and temporally coupled to the dissolution of the
parent phase.996 Cardew and Davey1092 referred to this
scenario as “solvent-mediated phase transformations”. The
role of water is central to coupling dissolution and
precipitation reactions. The structure of water molecules at
charged mineral surfaces is the subject of current research272 to
define how water molecules are oriented and organized at a
surface, and how that changes the surface characteristics and
properties of the solid phase.1093 Water hydrolyses the
unsatisfied surface bonds, solvates the ions, and produces a
solution at the interface. We can, therefore, define an IAP
within the interfacial solution and hence a supersaturation with
respect to any other solid phase that may be more stable.
Although historically the thermodynamics and kinetics of

mineral dissolution and precipitation have been investigated
separately, there is increasing evidence that coupling between
dissolution and precipitation controls the dynamics of the
Earth’s lithosphere.1087,1088,1094,1095 Potential reactions are
dependent on the fluid compositions at the mineral−fluid
interface, which in turn is controlled by local dissolution
occurring preferentially at highly reactive sites, such as etch pit
edges and steps.1096 The resulting fluid compositions at the
mineral−fluid boundary will vary across the mineral surface.
Dissolution and precipitation are interrelated dynamic
processes, continuously changing in response to the heteroge-
neously changing fluid composition across a mineral−fluid
interface. The feedback mechanisms involved in this scenario
present interesting and important information for the under-
standing of Earth processes as well as enabling conditions to be
determined for the control of crystal growth through
replacement reactions.303 In general, crystal growth resulting
from these coupled processes does not follow a traditional
classical crystal growth model, instead it is dominated by the
formation of nanoparticles at the reaction interface.1097
Real-time in situ analytical methods have enabled us to

define and clarify many processes occurring at a reacting
mineral surface. Phase-shift interferometry has been used to
define dissolution at mineral surfaces.909,1089 Similarly, AFM
has enabled reactions to be followed in time sequences so that
reactions can be directly observed at the nano-
scale.996,1090,1097−1099 Recent advances in AFM have visualized
the nature of the mineral−water interface as atoms and ions
can be directly seen moving in response to changing fluid
conditions.1093 Using these methods, reactions are no longer
hypothetical: direct evidence is presented.996,1100 These
findings and the example below suggest a frontier opportunity
to deploy computational models and machine learning
approaches to build comprehensive models that describe
dissolution and dissolution−reprecipitation in these systems.

4.5.2.1. CO2 Sequestration by Mineral Carbonation. GCS
can be a good example of coupled dissolution and precipitation
of minerals. A GCS project led by the CarbFix program is
underway at the HellisheiXi geothermal power plant in Iceland,
where gases released from Reykjavik energy production are
pumped in solution down into the basaltic rocks. Field test
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results show that through the release of cations from
dissolution of the parent basalt rock, CO2 is being sequestered
into new carbonate minerals.1101 Using AFM, Hövelmann et
al.1102 have shown how brucite (Mg(OH)2) can dissolve and
simultaneously reprecipitate a Mg-carbonate phase in the form
of nanoparticles on the brucite surface, as shown seen in Figure
63. Di Lorenzo et al.1103 used the carbonation of wollastonite
(CaSiO3) as a model GCS system for silicate minerals to test
natural and biomimetic catalysts for enhanced CO2 sequestra-
tion, given that most silicate rock-forming minerals are slow to
react at ambient temperatures. Their results show that
dissolution is the rate-limiting step for wollastonite carbo-
nation. Amorphous silica and calcite were formed on mineral
surfaces by wollastonite dissolution coupled with crystal
growth through the formation and aggregation of nano-
particles.
4.6. Biomineralization. In a process referred to as

biomineralization, many living organisms orchestrate mineral
dissolution, nucleation, crystallization, and phase transforma-
tion events to create materials required for their
life.887,889,890,896 Biomineralization occurs in terrestrial and
aquatic environments (including physiological fluids) and is a
major factor in regulating the biogeochemical character of the
planet. Our oxygen-rich atmosphere developed during the
Precambrian through interactions of microbial systems with
the iron-rich minerals of early Earth.1104 In addition, microbial
metabolism induces formation and transformation of Fe-
oxides, and these interactions contribute significantly to the
global Fe cycle.1105,1106 Biomineralization also occurs in the
oceans on such a large scale that it influences many aspects of
seawater chemistry and results in large-scale carbon sequestra-
tion in the form of carbonate sediments. Moreover, major
classes of tissues, such as bones and teeth, are

formed in animals and humans through biomineraliza-
tion.833,889,890,895,902,1107−1114

What sets biomineralization apart from abiotic mineral
formation and dissolution processes is the involvement of an
organic matrix that promotes, inhibits, or otherwise directs
these processes through an interplay of thermodynamic and
kinetic factors (Figure 64).1115 Whether that matrix is
insoluble and provides a sca-old for mineral formation or is
soluble and acts to shape mineral products or drive dissolution,
it manipulates energetic controls over ion transfer and phase
transformation through processes that are inherently interfacial
(Figure 64B,C).833,997 Although few, if any, examples exist for
which there is a clear understanding of the physicochemical
mechanisms by which bioorganic matrices alter free energy
landscapes and kinetic barriers to exert such controls, in vitro
studies point towards a number of possibilities, ranging from
the purely physical, such as the e-ects of confinement on
mineral phase, shape, and orientation,833,1116−1122 to chemi-
cally-defined processes, including the complexation of ions by
highly charged macromolecules, stabilization of hydrated
amorphous phases by both proteins and ions,1109 and
stereochemical e-ects that combine lattice matching with
chemical reactivity to guide nucleation or modify crystal habits.
In addition, living organisms can cause pulsed bioelectricity to
trigger biomineralization,1108 and repeated mechanical loading
induced by their movements can also facilitate the transport of
precursor molecules into confined spaces of organic matrices
and direct biomineralization in specific locations with desired
functionalities.1107
Overlying these energetic controls and of equal or greater

importance are the biological controls that create the local
physicochemical environment for biomineralization. The
biological machinery of the cell, such as membrane proteins,

Figure 63. Left side images: (A−D) AFM deflection images show the characteristic triangular dissolution etch pits formed on a brucite
(Mg(OH)2) surface, together with the immediate formation of nanoparticles after exposure to carbonated water. Particles predominantly form in
positions of higher dissolution, such as deep etch pits and step edges. The nanoparticles then merge and coalesce to form larger particles (circled in
C and enlarged in D), identified by Raman spectroscopy as a hydrated Mg-carbonate phase, probably dypingite Mg5(CO3)4(OH)2·5H2O. CO2 has
been captured into a new stable carbonate phase. Right side images: (A) SEM image and (B,C) corresponding EDX spectra, positions marked by
arrows. Reproduced from ref 1102. Copyright 2012 American Chemical Society.
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vesicles, and ion pumps, bring together the bioorganic
matrices, reactants, and/or precursor phases. Working in
concert and modulated by responses to environmental
conditions, these physiochemical systems produce the mineral
architectures or selective dissolution and transformation
processes characteristic of biomineralizing organisms (Figure
64C). A detailed understanding of these underlying biological
controls exists for few, if any, biomineralizing organisms. Thus,
a number of frontier themes are emerging from research aimed
at elucidating the details of biomineralization processes and
pathways. From the perspective of interfacial science, major
challenges include the sequestration of ions in vesicular spaces
at concentrations and under conditions that generate
amorphous precursor phases, which are then transported to
the sites of crystallization during coral1123 and sea urchin
formation,1124 mechanistic controls of macromolecule chem-
istry and conformation at a specific time and location, and the
roles of solvation water associated with macromolecules and
spectator ions in modulating nucleation and particle-particle
interactions.994,1125,1126
4.7. Underappreciated Impacts of Environmental

Conditions on Dissolution and Precipitation.
4.7.1. Chemical, Physical, and Biological Complexity,
Simulated Biological Fluids, and Usage of Mesocosm.

Capturing environmentally relevant chemical, physical, and
biological complexities in laboratory studies of oxide−water
and silicate−water interfaces is diflcult. Equally diflcult is
understanding and experimentally accessing the details of these
interfaces in the environment. One way to bridge this
complexity gap is to use “controlled” mesocosm experiments,
which have been successfully performed for quantifying the
e-ects of physical and chemical stressors in mining-
contaminant streams,1127 of nanomaterials in water sys-
tems,1128 and even mineral particles on ocean−atmosphere
environments.1129 A great deal can be learned from these
studies, including the environmental fate of micro- and
nanoscale oxide and silicate minerals in aqueous systems.
The use of simulated fluids is another approach to capturing

the chemical complexity of environmental and biological
systems in laboratory studies.822,1130 Simulated biological fluids
and various environmentally relevant media have been used to
investigate metal dissolution from metal and metal ox-
ides.755,822,1130 These simulated fluids contain di-erent metal
cations, oxyanions, and organic compounds, and, importantly,
the pH of the solution di-ers with the biological and
environmental media being simulated. In these di-erent
media, the surface composition is changed by surface
protonation and adsorption reactions.741 For example, Fe-

Figure 64. Biomineralization. (A) An understanding of biomineralization processes and the composition and morphological signatures contained in
the final products is subject to many layers of control from environmental conditions, biological instructions, and the principles of crystal growth
within an organic matrix. (B) Controlled biomineralization via extracellular processes involves pumping cations across a cell membrane and their
movement by di-usion through extracellular fluids to the site of mineralization. (C) Aqueous ions are concentrated intracellularly into a vesicle
compartment that is subsequently secreted. This compartment degrades at the site of mineralization to release cations for biomineral formation.890
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oxide particles of di-erent sizes selectively adsorb antimicrobial
proteins and peptides when placed in culture medium
containing a variety of di-erent components.754
4.7.2. Solid Solutions, Including Complexity of Mineral

Phases, Layered Double Hydroxides, and Phase Trans-
formation. Minerals can remove contaminants of concern
from solution and retard their environmental transport. In
many cases, sorption processes are responsible for the uptake
and immobilization of metal ions. However, when contami-
nants or solutes become structurally incorporated into a bulk
phase, they can be immobilized in the environment until the
phase undergoes transformation or dissolution. These solid
solutions can be classified as substitutional, interstitial, or
omissional, depending respectively on whether solutes reside in
one or more regularly occupied crystallographic sites, whether
they are located in interstices between normal lattice sites or
whether unoccupied structural vacancies are created.1131
Concentrations of metal ions in equilibrium with solid
solutions are often lower than their pure (hydr)oxide
counterparts. For example, compared to PbO·nH2O scales,
the lower equilibrium Pb2+ activity associated with
Pb3(CO3)2(OH)2 or Pb5(PO4)3(OH) prevents the release of
lead from scales in water distribution system pipes into
drinking water.1132−1135 However, recent evidence from water
distribution scales suggests that solid solutions of calcite
(CaxPb1−xCO3) and apatite [CaxPb5−x(PO4)3(OH; Cl; F)]
may control Pb solubility in some systems rather than the pure
mineral phases.1136,1137 Scant thermodynamic data and a
limited understanding of the nucleation, growth, and
dissolution of solid solutions hinder our ability to predict
how the changing chemistry of feed water can result in Pb
release in water distribution systems.
Pb2+ can also be immobilized within vacant sites within

layered minerals. For example, as a class of minerals, layered
Mn-oxides show highly reactive vacant sites within their

structures and can strongly bind and preferentially immobilize
certain metal cations such as Pb2+ (section 3.2.2). Additionally,
they are highly oxidizing agents and thus, structural Mn4+ can
reduce to Mn3+ and Mn2+, which leads to di-erent types of
phase transformations depending on the conditions and types
of reductants (section 4.3.2.4). Such transformations can have
significant implications for immobilization and release of trace
metals.
Layered double hydroxides (LDHs), which can be

considered as solid solutions, have applications across a wide
range of fields, including materials science, catalysis, bio-
medical science, and enviromental chemistry.1138−1146 Uptake
of metal ions in LDHs formed from the dissolution of clay
minerals and Al-oxides has been studied for over two
decades.1144,1147−1153 LDHs have the general formula
[M1−x

2+Mx
3+(OH)2]x+[An−]x/n·mH2O, where M2+ are divalent

cations (e.g., Mg2+, Fe2+, Zn2+, and Ni2+), M3+ are trivalent
cations (e.g., Al3+, Fe3+, and Cr3+), and An− are anions of
valence n. The LDH structure contains edge sharing,
octahedrally-coordinated metal ions (i.e., M2+ and M3+) that
form brucite-like layers. The interlayer anions balance the net
positive charge: they can range from inorganic oxyanions such
as carbonate, nitrate, sulfate, or silicate to organic anions and
are randomly located in the interlayer region along with water
molecules. The layers are held together by H-bonding between
hydroxide groups, anions, and water molecules.1154−1156

Recent work on LDH has emphasized growth mechanisms
and the impact of solution chemistry.1149,1157,1158 In natural
systems, the formation of LDH phases had been shown to be
driven by dissolution of Al-containing sorbents (e.g., clay
minerals and oxides) followed by reprecipitation of the LDH
for minerals such as kaolinite and pyrophyllite, where the LDH
grows heteroepitaxially from the surface.1159−1162 In addition,
the stability and sorption capacity of these phases is a-ected by
the particular anion used to balance charge in the interlayer

Figure 65. FFM provides atomic level maps of solvent structure that can be interpreted in terms of tip−solvent interactions via MD.170 (A)
Boehmite structure. (B) FFM map of force gradient in three orthogonal planes above surface of (A). (C) Simulation cell of silica particle
representing AFM tip above boehmite in pure water. (D) Predicted water density (relative to bulk) vs height above the distinct atomic sites. Dots
indicate locations of peaks in (A). (E) Pattern of H2O (blue) and oxygens of OH (gray) in first hydration layer, as well as silanols on tip (orange/
green) that H-bond to H2O molecules in first hydration layer, thereby defining the observed hydration structure. Adapted from ref 170. Copyright
2021 American Chemical Society.
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and the presence of other solutes.1156,1163,1164 The presence of
Si has been implicated in inhibiting the formation of crystalline
LDH phases, whereas Si-free systems have produced LDH
nanocrystals.1162,1165 High humic acid coatings on kaolinite
inhibited Ni LDH formation in favor of Ni(OH)2(s); in
contrast to the LDH phase, the resulting hydroxide phase was
not resistant to proton-promoted dissolution.1166 While much
progress has been made in understanding metal uptake on and
the stability of LDH phases, we need a better understanding of
LDH phase formation and their growth to design more
eflcient materials for their diverse applications.
Fe-(hydr)oxides can undergo phase transformation from

poorly amorphous oxides to more stable, crystalline oxides or
can recrystallize as more stable forms. These processes are
particularly catalyzed in the presence of aqueous Fe2+659 and
have been interpreted based on the conveyor belt mechanism
(section 3.4.1.5). Future e-orts on elucidating iron oxide phase
transformation will advance our ability to accurately quantify
phase transformation extent, improve our understanding of the
thermodynamic driving forces and reaction mechanisms at the
molecular scale, and assist us in translating laboratory studies
to complex environmental systems.
4.7.3. Impacts of Interfacial Structures on Dissolution and

Precipitation. Studies of crystallization demonstrated the
importance of the interfacial solution structure in defining
chemical speciation, the driving force for nucleation, and the
attractive and repulsive forces for particle assembly. Solvent
orientation and the hydration properties of solutes at solid−
water interfaces also are important in determining dissolu-
tion.286 As discussed in sections 2.2.3, 2.2.4, and 2.3.2,
researchers have used surface vibrational spectroscopic
methods like SFG to demonstrate relationships between
solution pH-surface properties and water orientation at
SiO2−H2O interfaces,11,253,1167,1168 while the information
about the ion distribution at surfaces has been obtained from
a combination of MD simulations170 and X-ray or neutron
scattering.298,392,1036
The ability to probe interfacial structure, particularly

between two mineral surfaces, has been augmented by AFM-
based 3D fast force mapping (FFM), which provides a 3D
image of a solution’s structure at the atomic scale, as seen by an
AFM tip interac t ing wi th the sur face (F igure
65).170,1079,1093,1169−1174 The data consist of a 3D map of
the force gradient along the vertical distance, df/dz seen by the
tip as it approaches and retracts from the surface. Initial studies
were carried out on the interface of water with the surface of
muscovite mica,1169 followed by studies of calcite,1175
graphene, and other 2D materials,1079 and boehmite
(AlOOH).170 The impact of electrolytes on water structure

above muscovite and graphite were also investigated in these
studies.

4.7.4. Chemical Disequilibria by Transport Limitation.
The chemistry of oxide−water interfaces can change with the
flow rate of the solution. In some natural and engineered
systems where the solutions are static or slow moving, this is
not a problem. In other systems, however, such as a flow
through porous media or where suspended colloids are
transported, it may be an issue. From the experimental
viewpoint, static and flow-through experiments may not be
directly comparable, which could explain disagreements in the
literature. Expanded e-orts are needed to quantify the e-ects
of solution flow and perform experiments and simulations
under realistic flow conditions.
For example, Schaefer et al.1176 showed that the SFG signal

from fused silica−solution interfaces in CO2-equilibrated water
varies with the NaCl concentration and time. Although the
observations were interpreted as autocatalytic silica dissolution,
with the species Si(OH)3(OH2)+ generating charge-screening
at the interface, the Si(OH)3(OH2)+ aqueous species has not
been shown to exist at any pH. If it is stable, it is likely so only
under very low pH conditions (i.e., <0).1177 Thus, while the
observation of changing interfacial structure is real, it must still
be explained by a chemistry other than the unlikely dissolution
of nearly insoluble fused silica.
Fluid flow can also a-ect adsorption and dissolution/

nucleation kinetics, which in turn influence the redox rates of
aqueous compounds. For example, Zhou et al.563 performed
column flow-through studies in which the antibiotic cipro-
floxacin (CIP) interacted with a hematite (α-Fe2O3) powder.
Flow interruption led to adsorption and oxidation of the CIP.
These authors concluded that the no-flow conditions allowed
for the conversion of the outer-sphere to inner-sphere
adsorption, which then allowed for ET between the CIP and
Fe3+ of the hematite (section 3.3.2). Furthermore, di-erent
flow rates can a-ect mineral dissolution kinetics when the
systems are controlled by fluid transport.1178,1179 They can also
control the nucleation kinetics of minerals by a-ecting the
induction times before the nucleation rate becomes a
constant.1004

4.7.5. Environmentally Relevant Solute Concentrations.
The presence of spectator ions and complexing ligands have
significant impacts on dissolution and precipitation, the
formation and stability of oxide minerals, and the release and
sequestration of trace metals from solids.1180−1183 These are
typical concentrations of dissolved trace elements in rivers
(Figure 66).1184 A mechanistic understanding of the geo-
chemical processes operative under these low concentrations is
often challenging because of the typical ∼ mg/L detection
limits of spectroscopic and microscopic instrumentation.

Figure 66. Concentrations of dissolved (<2 μg/L) trace elements in river waters. The data is based on the information in Gaillardet et al.1184
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Additionally, redox active species are commonly transient and
thus diflcult to detect. For example, the lowest concentration
employed in spectroscopic experiments examining the
interaction of Fe2+ with phosphate on Fe-oxide surfaces was
reported as 0.1 mM (3.1 mg/L total P).1185 Therefore,
quantifying the role of the species with low concentrations in
dissolution and precipitation processes can be challenging,
especially for analysis of nanoparticles and for ligand- and
redox-driven processes.1186,1187
Nevertheless, mechanisms of dissolution within environ-

mentally relevant and ultralow concentration ranges have been
identified for a number of systems, especially Fe-oxides.1188 In
near surface environments, where Fe3+ is predominantly
present as oxides, oxy(hydroxides), and clay minerals,
dissolved Fe concentrations are typically low (e.g., <1
nM).1189 Fe reaction mechanisms, especially oxidation, at
these low Fe concentrations have been successfully stud-
ied,1190−1192 and over the past several decades, improved
isotope techniques, such as multicollector inductively coupled
plasma mass spectrometry (MC−ICP−MS), have advanced
our understanding of the low concentrations of ions.1193
As discussed in section 4.3.2.3, the strong complexing ability

of biologically produced siderophore ligands provides mech-
anisms for satisfying an organism’s Fe requirements from Fe
minerals or aqueous Fe3+ complexes.1193 Siderophores are
typically present at low concentrations in natural systems (10−7

to 10−10 M) and can promote Fe-oxide dissolution either by a
direct surface-controlled mechanism or by facilitating H+-
promoted or ligand-promoted dissolution mechanisms.1194
However, as with proton-promoted dissolution of Fe3+
minerals, ligand-controlled dissolution of Fe3+ is typically
slow in environmentally relevant aerobic conditions at
circumneutral to alkaline pH.1195
Recent studies have also demonstrated sub-micromolar Fe2+

(as low as 0.2 μmolar) catalyzed dissolution of lepidocrocite
under anoxic, circumneutral pH conditions that is initiated by
adsorption of Fe2+-EDTA (50 μmolar EDTA), followed by
formation of ternary Fe2+ −Fe3+ surface complexes, ET to the
surface Fe3+ sites, and detachment of Fe3+-EDTA.1196
Di-usion-based electron shuttling that reduces spatially distant
metal oxides also provides a mechanism for organisms to
generate bioavailable Fe via Fe3+ dissolution. For example,
microrganisms such as Shewanella can endogenously produce
electron shuttling molecules, such as flavins, that can reduce
soluble and insoluble Fe3+ to Fe2+ and can form Fe-
complexes.1197 Recent evidence for this mechanism has also
been observed with Mn-oxide (i.e., birnessite), in which
reduced flavins produced during lactate oxidation within
Shewanella oneidensis MR-1 reduced birnessite (Mn4+) to
Mn2+ to form rhodochrosite (MnCO3).1198 These studies
highlight the importance of identifying mechanisms by which
ultra-low concentrations or biogenically produced species
impact mineral dissolution and new phase formation.
4.7.6. Extreme pH. Dissolution and precipitation processes

can also occur under extreme pH conditions. For example, at
the Hanford, Washington, and at the Savannah River site,
Georgia, in the United States, legacy nuclear wastes have been
stored in the extremely caustic environment.1199,1200 At
Hanford, an estimated 56 million gallons of extremely caustic
multiphasic wastes, comprised of supernatant liquid, sludges,
and saltcake solids, are stored in 177 underground tanks
awaiting processing and disposal.1201 Containing 170 million
curies of radioactivity and 240 000 tons of complex chemicals,

these wastes resulted from the di-erent reprocessing
techniques used during plutonium production for the U.S.
weapons program from 1943 to 1989.1202,1203 They are rich in
NaOH and Al, introduced to maintain a high pH and sequester
fluoride, respectively, to prolong the life of the aging steel
tanks.1204 Processing these complex mixtures requires retrieval,
mobilization, and chemical manipulation of Al-oxy(hydr)-
oxides, such as gibbsite and boehmite, prior to vitrification.
Understanding the mechanisms and kinetics of dissolution

and reprecipitation of Al-oxy(hydr)oxides in these highly
alkaline conditions has been advanced recently by fundamental
laboratory and computational modeling studies. In contrast to
acidic conditions, where Al speciates as octahedral aquo ions
that readily oligomerize into various polyoxo clusters, at high
pH (Al3+ > 1 M and pH >14), the tetrahedrally-coordinated
aluminate oxyanion monomer (Al(OH)4−) dominates. Thus,
at high pH, the dissolution/precipitation of gibbsite and
boehmite are mediated by Al coordination changes between six
and four.1205−1210 At temperatures above 120 °C, gibbsite
converts to boehmite by dissolution−reprecipitation, entailing
multiple coordination change events enhanced at step
edges.1211−1214 As alkalinity increases to a molar concentration
level, water activity decreases and competition for waters of
solvation increasingly promotes the influence of ion pairing on
metal speciation and oligomerization.1215−1219 The unique
conditions at high pH also enable complex synergistic
interactions between the surfaces of Al-oxy(hydr)oxides and
condensation of other metals such as Cr3+.1220,1221 Here,
multinuclear Cr oxyhydroxides condense on boehmite surfaces
by a structural templating e-ect (Figure 67).1220 and these

sparsely coated Cr could strongly modify the reactivity (in
particular, dissolution) of the underlying boehmite sub-
strate.1221 These collective findings highlight the important
interfacial chemistry that can arise at mineral−water interfaces
at the limit of high alkalinity and low water activity.
In contrast to the highly alkaline conditions of the legacy

nuclear waste example, the unusually low pH of acid mine
drainage represents another extreme of dissolution and
precipitation processes. Acid mine drainage refers to the
wastewater or runo- produced when sulfide-bearing minerals
such as pyrite, chalcopyrite, and pyrrhotite are oxidized in areas

Figure 67. AFM images showing Cr(III) oxyhydroxide clusters on
boehmite (010) surfaces formed after 3 h in Cr(III) = 50 mg/L at pH
13 at room temperature: (A) low-resolution topographic image, and
(B,C) high-resolution phase and topographic images, respectively.
The line profile along bb′ is inserted in the lower left corner of (A).
Reproduced from ref 1220. Copyright 2019 American Chemical
Society.
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where the surrounding soils or host rock provide insuflcient
pH bu-er capacities. The resulting low pH of these waters,
typically between pH 2 and 4, creates a highly reactive
environment in which mineral weathering and subsequent
formation of secondary Fe- or/and Al-containing (hydr)oxide
phases take place. The formation of secondary mineral phases
depends on the water chemistry, including the concentrations
of Fe2+, sulfate, arsenic, phosphate, silica, and organic acid, and
the pH.1222,1223 This all varies with the geology of the mining
region, and the microbiology within the system.1224 For
example, at high sulfate and pH values below 2.8, crystalline
jarosite [KFe3(SO4)2(OH)6] is typically the dominant Fe3+
phase, which can sequester both contaminant cations and
anions within its internal structure.1225−1230 As pH increases,
schwertmannite, ferrihydrite, and goethite can form.1231,1232
4.7.7. High Salinity. The e-ects of salinity on mineral

solubility have received considerable attention over the past
decade. A better understanding of saline water chemistry is
critical for sustainable engineered practices during alternative
water source utilization, water reuse, resource recovery, and
minimal and zero liquid discharge. Predicting the solubility and
fate of major ions (Na+, K+, Ca2+, Ba2+, Mg2+, Cl−, SO4

2−, and
PO4

3−) and minor elements (e.g., B, Ra, U, As, Se, Fe, Zn, Si,
and Cd) in complex, high salinity waters is challenging. For
example, in 2017, the United States generated 3.88 × 109 m3 of
produced water, geologic formation water that is produced
during oil and gas extraction, with salinities ranging from less
than 2000 to nearly 400 000 mg/L TDS.1233 During
unconventional oil and gas recovery operations, the salinity
of the hydraulic fracturing fluids plays a key role in shale
reactivity and mineral precipitation/dissolution, with subse-
quent e-ects on wettability, hydraulic conductivity, and the
generation of mineral fines.84,1234 The complexity of treating or
discharging high salinity waters that also contain contaminants
is the largest impediment to beneficial water reuse.
At the nanoscale, salinity can a-ect the heterogeneous

nucleation of minerals. For example, by using in situ GISAXS
and AFM, Li and Jun1235 studied the e-ects of aqueous salinity
(from 0.15 to 0.85 M NaCl) on thermodynamic and kinetic
factors in the nucleation of CaCO3 on quartz under di-erent
supersaturations (IAP/Ksp(calcite) = 101.40−102.00).1235 The
e-ective interfacial energy (α) dropped from 48 to 35 mJ/
m2, owing to decreased water−CaCO3 and CaCO3−quartz
interfacial energies. This decreased α induced faster CaCO3
nucleation. However, at high salinity, the kinetic factor J0 was
reduced by ∼13 times. In particular, at higher salinity, the
electrostatic attraction between CaCO3 and quartz is lower,
and the ion di-usivity decreases. Hence, the impingement rate
of CaCO3 monomers onto the quartz surface would be slower
at high salinity, and thus the kinetic factor for nucleation would
be reduced. Therefore, a more accurate description of CaCO3
nucleation should account for both thermodynamic and kinetic
factors. The findings highlight the importance of salinity in
nucleation thermodynamics and the kinetics of mineral phases
abundant in GCS, resource recovery, desalination membranes,
and contaminated environments.
Regardless of the particular crystal or amorphous phase, a

major challenge to understanding precipitation in high salinity
waters is to obtain the thermodynamic parameters of the
minerals. In many cases, the diflculties result from the lack of
experimental data under concurrent extreme ionic strength,
temperature, and pressure, and they are compounded by the
need to select an appropriate model for activity corrections.1236

For highly saline waters over 1 or 2 M, the Pitzer activity
formulation is typically recommended.1237 However, there are
still limitations when using the Pitzer activity model; for
example, the model does not specifically include ion pair
formation (e.g., NaSO4

−). Interactions of ion pairs with
functional groups at interfaces, especially in membrane pores,
cannot be accurately captured without incorporating the
species specifically. Further complicating attempts to predict
solubility in these complex systems are interactions involving
scale inhibitors, including the impacts of the isolated and
combined e-ects of silica, Ca2+, Mg2+, and Fe2+.1238 These
challenges highlight the necessity for increased understanding
of ion interactions to predict solubility behavior and under-
stand the role of background ions on nucleation processes in
highly saline waters.

4.7.8. Highly Confined Spaces. When water is confined
inside nanoscale pores or in thin films, its dielectric constant,
density, surface tension, and freezing temperature decrease.
The nanoconfinement-driven alterations in the structure,
dynamics, and thermodynamics of water311,312 decrease the
free energies of solvation for ions and clusters, making them
less negative, and therefore, change the energy landscape for
nucleation and growth reactions inside water-filled nanopores.
Additionally, steric constraints define what solid phases can
form inside nanopores, because for crystal growth to proceed,
the nucleus must reach its critical size, a size that is often close
to the nanoscale dimension of the pore. Therefore,
thermodynamically stable phases cannot form in nanopores
when the pore size is near or below the critical nucleus size, in
which case less stable phases are observed. For example, ice
with cubic structure is rarely found in nature; however, it is the
stable solid phase when water freezes inside alumina nanopores
(anodic aluminum oxide, AAO) with diameters at or less than
35 nm.1239 Suzuki et al.1239 propose that cubic ice is stabilized
inside <35 nm pores because it has a smaller critical nucleus
size than hexagonal ice. Also, ice nucleation mechanisms di-er
for di-erent pore diameters: in <35 nm pores, cubic ice inside
alumina channels nucleates homogeneously, starting in the
middle of the pore, while in larger pores, hexagonal ice grows
heterogeneously, initiating at the pore walls.1239
The confinement-dependent growth of organic compounds

has been studied in detail (see the review by Jiang and Ward,
2014). These studies show that by confining nucleation and
growth reactions in nanopores that are near the critical nucleus
size, less stable organic polymorphs can be grown in
controlled-pore glasses, porous AAO membranes, and other
nanoporous matrices. Additionally, crystal growth in nano-
pores depends on their geometry: for example, in aligned
cylindrical nanochannels, crystal habit can be controlled
because nanocrystals orient themselves so that the fastest
growing facet advances along the longest dimension of the
nanochannel.1240,1241
Some studies have found that precipitation inside nanopores

can be suppressed.1242 In controlled pore glasses where both
macropores and nanopores are present, CaCO3 preferentially
formed inside macropores but not inside examined nanopores
(8 and 32 nm diameters). Following surface functionalization
with an anhydride-terminated self-assembled monolayer,
CaCO3 began to precipitate inside the nanopores as well.1242
This change is attributed to potentially increased ion di-usion
inside the functionalized pores, and it points to the critical role
that surface chemistry plays during crystal nucleation and
growth inside nanoconfined domains. An important physical
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distinction of nanoconfined systems is that the supersaturation
state decreases measurably following the precipitation reaction
due to limited volume of aqueous phase inside the nano-
confined spaces. Therefore, a higher degree of supersaturation
is required to sustain nucleation in progressively smaller pores
or droplets, such as those found in biomineralization
scenarios.1243,1244
This system will be even more complicated if the pH in the

nanopore space is di-erent from that in the bulk solution.1245
Zhu et al. found that in negatively charged 3 nm silica
nanopores, anion concentrations were enhanced, whereas
cation concentrations were suppressed. The e-ects of these
opposite surface propensities of ions became stronger at high
salinity, causing electroneutrality breakdown in the nanopores.
Additional protons may then compensate for the excess of
anions, inducing a significant pH decrease. Compared to the
bulk solution pH, the pH in the nanopores was lowered by as
much as two units.1245
While the nucleation energy barrier is higher in nanopores

than in unconfined spaces, if complexing ligands or nucleation
inhibitors exist in solution, the free energy landscape can be
significantly altered. Kim et al. showed that during Ca-
phosphate biomineralization in nanoconfined collagen ma-
trices, the complexing ligands can increase the apparent
solubility of the nucleating phase in solution and the interfacial
energies between nuclei and mineralization fluids. In contrast,
the confined nanospaces can lower the energy barrier by
reducing the reactive surface area of nuclei, decreasing the
surface energy penalty and thus forming nanoparticles in the
nanoconfined domain.833
Intriguing observations for the reactivity of confined mineral

surfaces terminated by thin water films have been reported. For
example, during forsterite Mg2SiO4 carbonation reactions in
thin water films, the formation of magnesite MgCO3 is limited
until the water layer thickness reaches 1.5 monolayers.1246
Once the water layer is thick enough for carbonation reactions
to proceed, micrometer-scale magnesite precipitates form on
surfaces with only nm-scale water films.1247 These studies also
indicate that the activation energy for MgCO3 formation
depends on the thickness of the water film: in water films
limited to ∼1 nm (5 H2O monolayers), MgCO3 precipitation
has anomalously low activation energy (36 ± 6 kJ mol−1).
When the H2O thickness is decreased from 0.92 to 0.64 nm,
the apparent activation energy for carbonation reaction is
doubled.1248
4.7.9. Surface Reactivity in Systems with Low Activity of

Water. During GCS, deep groundwaters can dissolve in the
injected supercritical scCO2 phase. The resulting water-bearing
scCO2 can react with Ca-, Mg-, and Fe-bearing silicates,
dissolving them and forming carbonates and amorphous
silica.1249−1267 Shao et al. reported that when phlogopite
contacted scCO2−H2O(g), the resulting formation of dis-
solution pits and secondary mineral phases significantly
changed the surface morphology. Compared to phlogopite in
contact with scCO2−H2O(l), the dissolution pits in scCO2−
H2O(g) were deeper, suggesting faster dissolution. In addition,
after 1 week of reaction in the scCO2−H2O(g) system, the
bottom of the phlogopite pits was covered by secondary
mineral coatings, and isolated nanoscale precipitates simulta-
neously formed on both the unaltered surface and the new
layer.1264 Notably, the formation of surface coatings on
phlogopite occurred less than a week after CO2 injection.

These surface coatings could change the wettability of the pre-
existing rock and thus alter fluid transport during GCS.
The system pressure and the pressure history also a-ect

mineral carbonation in GCS. Min et al. studied wollastonite
carbonation in water-bearing scCO2 at 35, 60, and 93 °C, 25−
125 bar, and 0−140 × Sw, where Sw represents 100% water
saturation in scCO2.1268 Figure 68A shows that the extent of
reaction increased significantly with increasing pressure. The
results di-er from the findings of Whitfield et al. in that the
kinetics of wollastonite carbonation are independent of
pressure,1267 and they depend on whether the mineral was in
contact with only water vapor1268 or additionally in contact
with liquid water.1267 There are several possible explanations

Figure 68. (A) Reacted thicknesses of wollastonite particles with a
volumetric mean size of 3.8 μm, after 40 h at 140 × Sw, 60 °C, and
di-erent pressures of CO2. The density scales for CO2 and water at
di-erent pressures are not shown. The reacted thicknesses show the
same trend as the densities of CO2 and water. (B) Reacted thicknesses
of wollastonite particles with a volumetric mean size of 3.8 μm after
40 h at di-erent water saturation percentages, 60 °C, and 75 bar CO2.
The reacted thicknesses reached a plateau beyond 75 × Sw. (C) The
reacted thicknesses of wollastonite particles with a volumetric mean
size of 3.8 μm after 40 h at varying pressures, 60 °C, and 140 × Sw.
The reacted thicknesses are similar for the control sample reacted
only at 100 bar and the sample reacted at 50 bar after an initial
reaction at 100 bar. The sample reacted at 100 bar after initial
reaction at 50 bar had a larger reacted thickness than the sample
reacted only at 50 bar and was similar to the sample reacted only at
100 bar. Reproduced with permission from ref 1268 Copyright 2018
Elsevier BV.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.2c00130
Chem. Rev. 2023, 123, 6413−6544

6491

https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00130?fig=fig68&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00130?fig=fig68&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00130?fig=fig68&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00130?fig=fig68&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00130?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


for the higher reaction extent with higher pressure. First,
Figure 68A shows that the thickness of the reaction front is
proportional to the density of CO2. With higher pressure, CO2
can di-use deeper below wollastonite surfaces. Second,
pressure can also change the water density in the water-
bearing scCO2. As seen in Figure 68B, at 75 bar, a plateau is
reached after 75 × Sw. In comparison, at 100 bar, 20 × Sw is
suflcient to establish a plateau, suggesting that a lower
pressure reaction needs more water, which is attributed to the
lower water density. Third, under di-erent pressures of CO2,
mineral surfaces might exhibit di-erent extents of hydro-
philicity, as shown by Saraji et al.1269 Min et al. investigated the
e-ects of pressure history on wollastonite dissolution at 60°C
with 140 × Sw. As Figure 68C shows, a sample initially reacted
at 100 bar for 20 h did not react further in a less reactive
condition at 50 bar. However, a sample initially reacted at 50
bar for 20 h reacted even further at 100 bar. Interestingly, the
final reacted thickness was the same for a sample reacted only
at 100 bar for 40 h, suggesting that product layers produced at
di-erent pressures have the same permeability to water-bearing
scCO2.1268
4.7.10. Photochemically-Induced Oxidation and Conse-

quent Precipitation of Oxides. The solubilities of materials are
strongly dependent on their oxidation state. Photochemical
redox reactions can quickly oxidize soluble ions and trigger fast
precipitation. For example, Mn2+(aq) oxidation has an estimated
half-life of 200 to 300 days in abiotic systems,1270 and studies
have reported only the abiotic inorganic oxidation from
Mn2+(aq) to Mn3+.1271 Thus, until recently, bacteria-mediated
Mn oxidation was thought to be the biggest contributor to Mn
oxidation in natural systems because of the fast Mn oxidation
and the formation of MnO2.1272−1275 Consequently, an abiotic
inorganic process has not been considered as a prominent
oxidation pathway to Mn4+. However, Jung et al.1276,1277
reported the fast photochemically-assisted oxidation of
Mn2+(aq) in the presence of nitrate in the absence of
microorganisms or organic matter and the consequential
formation of δ-MnO2 nanosheets within a few hours. The
nitrate photolysis generates superoxide radicals (O2

•−) that
trigger fast oxidation of Mn2+(aq) to Mn4+ via two steps, each of
which transfers one electron, with Mn3+ as an intermediate.
The Mn4+ oxide formation rate was comparable to or even
higher than biologically mediated Mn4+ oxide formation. In the
presence of halide ions, such as bromide and chloride, the
oxidation of Mn2+(aq) into Mn4+ was facilitated by newly
formed reactive halogen species and promoted δ-MnO2
formation.1278,1279 These findings bring to our attention the
importance of the photochemically-assisted abiotic pathway
(e.g., via the generation of reactive radical species) for redox-
active metal oxidation and formation of oxide nanoparticle
formation in natural and engineered systems.

5. FUTURE DIRECTIONS

5.1. Critical Research Questions and Problems
This section summarizes pressing research questions, asks how
and why current theoretical frameworks are lacking and
outlines a roadmap for advancing our knowledge of solid−
water interfaces and their inherent complexities.
5.1.1. Classical Theories and Their Limitations.

5.1.1.1. Theories Related to Interfacial Structure and
Dynamics. 5.1.1.1.1. EDL Theory. For over a century, electric
double layer models have been used to describe the ion

concentration profile and the decaying potential at charged
surfaces.1280 Yet, questions remain as to whether these mean-
field models can fully capture the structure and reactivity of
interfaces on a molecular level. As discussed in section 2.3.1,
mineral oxides generate localized charged sites through
deprotonation, protonation, or substitution reactions.225
Classical MD simulations accounting for the localization of
the surface charge found stronger interactions and more
accumulation of cations near the surface than they did for a
delocalized charge.225 More recent simulations that calculate
the potential-of-mean-force have addressed the question of
which ions drive adsorption on neutral surfaces.198 Still,
questions about how ions a-ect the interfacial structure,
chemical potential, water dielectric properties, and van der
Waals forces remain. Furthermore, the impacts of nano-
confinement, heterogeneity, surface curvature, and particle−
particle interactions on EDL structure are unsettled.
Another persistent question is how thick is the interface?

Spectroscopic measurements and MD simulations observe
three layers (1 nm) of ordered water away from the solid
surface, with or without added salt (refs 137, 165, 196, 198,
213, 215, 930, and 1281−1283), but the interfacial potential
based on the EDL and the Debye−Hückel theory extends
nanometers or micrometerss away from the surface at high and
low ionic strength, respectively. We note that classical and
DFT-MD simulation dimensions are commonly <10 nm and
may not capture longer range e-ects. Spectral evidence
suggests that water exhibits a small amount of net order or
polarization induced by the electric field far from the surface at
low ionic strength and distances of 100s of nanome-
ters.246,1284,1285 Whether this observation disagrees with the
simulations is unclear. Only a small net orientation of water
would be required to generate a substantial nonlinear optical
experimental signal, given the large amount of water within the
volume defined by the signal coherence length and the Debye
length; as simulations only sample small volumes, this signal
may be lost. Ideally, one would compare experimental
observables with traditional mean-field models to determine
whether such simulations reveal the expected decay profile in
potentials, ion distribution, and water orientation.
Finally, the interactions of charged species with charged

surfaces often behave in a manner that is not described by
classical EDL models. As discussed in section 2.3.3.2,
overcharging or charge reversal within the EDL has been
observed, particularly in the presence of multivalent ions. A
concentration of charges in the Stern layer that over-
compensates for the charge density of the oxide surface cannot
be explained by classic mean-field models; however, models
have been put forth that explain overcharging based on the
aflnity of surface sites for cations (specific adsorption models)
versus models that invoke ion−ion or ion−site correlations as
the driving force for overcharging.388 The experimental
signatures of the di-erent mechanisms of overcharging have
been proposed, which should allow the theory and simulations
to be refined to account for the di-erent mechanisms.249,392 To
date, no unified theory has described the impacts of surface
potentials on interfacial structure, surface speciation, and water
dynamics, and how these further impact the adsorption
dynamics, the stability of adsorbates, mineral dissolution, and
nucleation. In all cases, advances in experiment, computation,
and theory are required to allow us to determine the evolution
of the potential, surface charge, ion distribution, and water
structure across the EDL.
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5.1.1.1.2. Theories of van der Waals and Other Short-
Range Forces Defined by Water Structure. van der Waals
forces arise from dynamic electron correlations and are
especially important in solid−water interfacial systems.1286,1287
Readers are referred to detailed reviews.1288,1289 We note
nontrivial environmental conditions, where predicting water
structure, van der Waals, and other short-range forces presents
challenges. For instance, as discussed in section 2.3.2.3,
nanoconfined surfaces are examples of nontrivial solid−water
interfaces, including water-filled nanopores, nanotubes, thin
water films, and (within nanoscale spaces) the region in
between two particles approaching each other prior to OA.
Nanoconfinement can decrease H2O density by as much as
20% compared to bulk H2O,307,334 and dramatically lower
dielectric permittivity, from 78 (bulk H2O) to ∼2.312 Although
the mean H2O density decreases under nanoconfinement, the
apparent H2O viscosity can increase at the same time, in
particular for hydrophilic surfaces where H2O’s slip length at a
surface, a distance relative to the wall where the tangential
velocity vanishes,1290 determines the e-ective H2O viscos-
ity.1291 How the interplay between decreasing H2O density
and changing apparent near-surface H2O viscosity a-ects
surface protonation, surface complexation, redox reactions,
OA, and particle nucleation and aggregation is unknown.
Furthermore, in nanoconfined spaces (e.g., a few nanometers),
polarization can strongly a-ect and even control the structure
of the local aqueous environments.1245
Theories incorporating van der Waals and other short-range

forces o-er complex explanations for the processes of coupled
dissolution and nucleation of minerals. For example,
nanostructures on mineral surfaces, newly formed via
nucleation, growth, and aggregation, alter the electrical
properties of mineral surfaces, a-ecting reactions with charged
species. Using electric-force microscopy, Kendall et al. found
that the electrical properties of heterogeneously-formed
manganese oxide nanostructures on a MnCO3 substrate
change as a function of water activity (e.g., relative
humidity).1292 At low RH, the surface potential contribution
is important, while the polarization of mobile ions becomes the
major component at high RH (RH >52%) (Figure 69). The
heterogeneity of surface chemistry created by Mn oxide
formation on MnCO3 resulted in reduced ion mobility
compared to that from bare MnCO3, and it generated the
highest ion polarization on the edge of a Mn oxide
nanostructure, creating electrical heterogeneity.
At present, the outstanding research questions related to

theories of van der Waals and other short-range forces defined
by water structure include the following:

• How does water at nanoconfined surfaces slip as a
function of hydrophobicity, surface functional groups,
humidity, and salt content?

• How do changes in dielectric properties at an interface
alter van der Waals forces, and how does this van der
Waals force anisotropy further lead to torques during
particle attachment?

• How do both dielectric profiles and van der Waals forces
dynamically evolve as particles come together, and what
is the impact of fluctuating dipoles? How can we
measure these coupled phenomena separately?

• What are the energy barriers associated with the flipping
of interfacial water molecules due to overcharging or
charge reversal?

5.1.1.1.3. Thermodynamics of Solid−Water Interfaces.
The most outstanding research question regarding thermody-
namics at solid−water interfaces is this: How does the solid-
solution interface alter the thermodynamic properties related to
solubility, interfacial energies, electron transfer, and stability of
certain chemical species? The energetics of interfacial reactions
often cannot be explained by the current thermodynamic
framework, especially for nanoconfined surfaces.316,333,335 The
current lack of a satisfactory explanation raises a question: Are
the common reference states, such as 1 M concentration of solute,
still applicable to surfaces and nanoconf ined domains? Current
simulations often struggle to connect with experimental
observations, because they do not capture all the parameters
and complexities that allow us to link the chemical potential of
a chemical moiety/species in bulk materials to the chemical
potential of the same chemical moiety at an interface (see
more discussion in section 5.1.4).
Limitations in current thermodynamic frameworks become

apparent for solid surfaces in contact with high salinity
electrolytes or in ultra-high or ultra-low pH solutions (section
4.7). Researchers ask: Can chemical potentials for interfacial and
aqueous species in high salinity electrolytes be predicted using
current theories? The answer is often “No”, because activity
correction coeflcients are empirical in nature, and even the
databases for the empirical models are far from comprehensive.
Similarly, nanoconfined surfaces often show unexpected
reactivities due to changes in the thermodynamic properties
of nanoconfined H2O. We need to update thermodynamic
approaches to be able to predict the thermodynamic properties
of nanoconfined chemical species and chemical species in high
salinity environments, where the activity of H2O is low.
Confinement in nanopores can cause local separation between
anion- and cation-enriched regions due to the ion-specific
surface interactions, which defines local fluid chemistry in
nanopores. Zhu et al. (2022) found that anions have a high
propensity to concentrate near the surface inside 3 nm silica

Figure 69. Edge polarization e-ects are apparent in these dc electric-force microscopy images of Mn oxide on a MnCO3 surface at 75% relative
humidity. Imaging mode: (A) contact, (B) negative dc (note edges), and (C) height profiles of a−b. (D) schematic of mobile ion concentration
gradient shown in the yellow box in (C). Reproduced from ref 1292. Copyright 2008 American Chemical Society.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.2c00130
Chem. Rev. 2023, 123, 6413−6544

6493

https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00130?fig=fig69&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00130?fig=fig69&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00130?fig=fig69&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00130?fig=fig69&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00130?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


nanopores, while cation transport into the nanopore is
suppressed. This di-erence causes a local breakdown in
electroneutrality, decreasing the pH within nanopores. One
force driving this phenomenon is the polarization in nano-
pores, which increases concentrations of anions, but not
cations. The impacts of nanoconfinement on the pH are even
more significant in high salinity systems.1245 Although the
distinctive di-erences between the local pH and that in bulk
solution a-ect ion adsorption, dissolution, and nucleation in
nanopores, our understanding of these e-ects is still in its
infancy.
Future research should develop consistent quantum

mechanics-based correction coeflcients to account for
interfacial e-ects on fundamental thermodynamic properties:
the free energies of hydration, deprotonation, complexation,
electron transfer, and other interfacial reactions. Ultimately, we
hope to develop a unified thermodynamic model of the surface
with a common set of standard conditions (reference states for
high salinity, low/high pH, low/high T and P, and nano-
confinement).
5.1.1.1.4. DLVO Theory. According to the classical DLVO

theory, the overall interaction energies between two particles
are determined from the sum of two forces, i.e., electrostatic
repulsive forces and van der Waals attractive forces. To
accurately calculate the energies, we need to have the surfaces
well characterized to obtain particle information, including
particle size, surface charge, and surface roughness.294 This
characterization may not be possible when it comes to mixed-
phase particles or coated surfaces, when water structure is not
homogeneous around particles, or in the presence of co-
solutes, all conditions that can a-ect local surface structures
and make accurate representation nearly impossible. In
addition, other forces must be considered in complex systems.
For example, in the presence of NOM, particle surfaces are
coated with large NOM molecules, which, in addition to
changing surface charge status, can introduce steric hindrance
between two particles. A modified DLVO theory attempted to
consider the impact of steric hindrance on particle interaction
energies;1293 however, the thickness of the adsorbed NOM
layer is required for the calculation.656,1293 This thickness is
not easily obtainable, given the diversity in and heterogeneity
of the types of NOM. There is even less information regarding
biopolymers, microorganisms, etc. Furthermore, the surface
potential and structure can evolve with prenucleation cluster
development, solid nucleation, and crystal growth. They can
reciprocally a-ect solid nucleation and crystal growth by
changing the driving force of prenucleation cluster aggregation
and particle−particle interactions and attachment. In the
following section, we provide more discussion about the
impact of surface potential and interfacial structure on solid
nucleation and growth.
5.1.1.2. Classical and Nonclassical Theories for Nuclea-

tion, Growth, and Dissolution of Solids. 5.1.1.2.1. Quantita-
tive Descriptions of Nonclassical Pathways of Nucleation.
As shown in section 4.4.1, classical nucleation theory provides
a quantitative description for capturing the thermodynamic
aspects of nucleation. Many recent studies have pointed out
that nucleation involves multiple kinetic steps in a complex
energetic landscape. Although such nonclassical nucleation
theory can provide details about kinetic pathways and describe
transient metastable phases and polymorphs, no clear
quantitative description captures this realistic view. There
have been attempts to embrace the nonclassical nucleation

pathway while using the main framework of classical nucleation
theory’s quantitative description.833,1011 A new framework that
describes the nonclassical pathway of the nucleation will be an
important future direction.
To capture nucleation and dissolution, computation

techniques such as MD and Monte Carlo (MC) have been
used.1294,1295 These high atomic resolution techniques allow us
to study nucleation and dissolution, but the energy barriers
associated with the nucleation can be much larger than the
energy scale sampled by MD and MC simulations. For this
reason, observing a nucleation event with MD and MC is hard
within a typical molecular simulation time scale.1296 Thus, over
the last decades, many enhanced sampling techniques, such as
metadynamics, have been used to describe the energetics of
nucleation and cluster structures.1296−1298 A more detailed
introduction to metadynamics on homogenous nucleation is
available in a review by Giberti et al.1296 Advancing such
enhanced sampling techniques will assist our understanding of
solid dissolution and heterogeneous nucleation reactions.
In addition, recent advances in understanding the dynamics,

formation energies, and structure of prenucleation clusters
have sharpened our awareness of several knowledge gaps
largely driven by the role of the hydration−dehydration
reactions, chemical transformations, and phase evolution that
accompany nucleation, as well as the impact of surface
potential,1108 whether inherent or applied, on the development
of nuclei associated with system complexity. In the case of
nonclassical nucleation pathways, the complexities relate to the
chemical transformations and phase evolution that accompany
nucleation. In particular, research is needed to answer these
questions:

• How do crystalline phases emerge along nucleation
pathways that start from dense liquid phases (DLP)/
amorphous phases and that are accompanied by an
evolution in chemical composition as solidification and
crystallization proceed, and how is water eliminated
from the DLP in this process?

• How does surface potential impact interfacial structure,
surface speciation, and the formation dynamics and
stability of nuclei?

5.1.1.2.2. Quantitative Descriptions of Growth by Particle
Attachment. Recent developments in understanding the forces
and response dynamics leading to CPA have defined new
knowledge gaps associated with complexities in the structural
features of the solid−liquid interfaces that underlie inter-
particle potentials. These complexities center on heterogene-
ities and anisotropies in particle and solution properties. The
following findings highlight the need to understand how
particle and solution properties deviate from the time-averaged
predictions for ideal, charge-neutral, flat surface interparticle
potentials, and response dynamics: (1) the near-universal
prediction of large hydration barriers, (2) the fact that dipolar
interactions can overwhelm other terms in the potential, (3)
the finding that H-bond formation can facilitate the
elimination of water and is a natural consequence of
hydroxylation reactions. In particular, research is needed to
answer the following questions:

• How do the complexities of a particle system impact
CPA? These complexities include pH-dependent surface
potential, interfacial solution structure and the resulting
unique interfacial solution properties, anisotropies in
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particle shape and solvent dielectric constant, and
stoichiometric variations of particles.

• How does the presence of surface-bound organic ligands
and solution electrolytes impact the interfacial solution
structure, the resultant dielectric and transport proper-
ties, and interparticle forces to enhance or hinder CPA?

5.1.1.2.3. Roles of Nucleus and Interfacial Solution
Structure and Chemistry in Nucleation. Despite numerous
insights provided by computational work, surface X-ray
scattering and di-raction, and surface vibrational spectroscopy,
the nature of the solution structure between mineral surfaces
separated by nanometers remains largely undescribed.
Although data and simulations exist for solutions in contact
with a free surface for a small set of minerals, such as mica,
rutile, and quartz, investigations of what happens as surfaces
approach one another have barely begun. Here, 3-D FFM
combined with molecular simulations o-ers an opportunity to
gain new understanding. Besides the evolution of solution
structure as surfaces approach, key unknowns include the
dependence of solution structure on electrolyte type and
strength, the e-ects of surface ligands, particle shapes, and
surface curvature and defects (e.g., steps, kinks, vacancies, and
impurities) on solution structure. Even with robust e-orts in
surface X-ray scattering and di-raction, vibrational spectros-
copy, and 3-D FFM, understanding how hydration barriers are
eliminated will depend on molecular simulations for the
foreseeable future, because the time scale for water dynamics is
orders of magnitude beyond that of the measurements that
sample the time-averaged structure. Developing a time-
resolved in situ experimental technique that can overcome
this limitation is a challenge with promise.
5.1.1.2.4. Coupled Dissolution and Crystal Precipitation:

Defining Reaction Pathways. Real-time nanoscale imaging of
mineral surface reactions has given insights into the
mechanisms of crystal growth and dissolution.996,1090,1096,1097
Together with advanced analytical tools to define compositions
and structures at the atomic and nanoscale levels, we have a
clearer view of the mechanisms governing crystallization and
potential reaction pathways, either classical crystal nucleation
and growth or nanoparticle-mediated nonclassical growth, with
the knowledge that both of these pathways may not be
mutually exclusive. Isotope tracing of these fluid reactions also
clarifies the actual mechanisms. Given that minerals start to
dissolve in undersaturated aqueous solutions, subsequent
reactions will be controlled by the dynamic changes in the
interfacial mineral−fluid composition. From these initial
reactions, subsequent larger-scale e-ects of these reactions
can be better understood, but nanoscale observations need to
be better linked to larger-scale data. One of the next challenges
is relating these nanoscale observations and measurements by
up-scaling to the micro- and millimeter scales.
Defining the reaction pathways that lead to the addition or

removal of ions from steps and terraces is not an easy task.
Progress has occurred in atomic- and nanoscale speciation
analysis, but work remains to be done because observables
range from molecular to micrometer-scale. Di-erent growth
regimes occur, depending on the fluid composition at the
mineral−fluid interfacial boundary layer. If a solution is
supersaturated with a phase, then that phase may precipitate
in a classical pathway of monomer attachment to active kink
sites, such as step edges, resulting in island and spiral growth
producing advancing steps that spread and cover the growing

crystal as a new growth layer. However, if the solution is
slightly saturated or undersaturated with any phase, then
dissolution is accompanied by precipitation (nucleation and
growth) of nanoparticles along active dissolving sites, such as
step edges or etch pit sites. Following the laws of
thermodynamics, this process implies that the interfacial fluid
has become supersaturated with another phase. These
nanoparticles usually merge and eventually spread over the
substrate surface. Their identification is hampered by the fact
that these initial particles are usually disordered. Also, if the
solution contains other impurities in contact with a dissolving
surface, the released ions may allow the interfacial fluid to
become supersaturated with respect to another phase, which
may then precipitate.1096 This phenomenon also happens in
scenarios observed in AFM images, such as the precipitation of
a Ca-phosphate (apatite) when a PO4-rich solution is passed
over a calcite surface.65,1299 To identify the relevant species,
regular or surface enhanced Raman spectroscopy, IR spectros-
copy, and surface-sensitive analytical techniques such as
grazing incidence synchrotron-based X-ray analysis can be
utilized. More detailed discussion about these techniques is
available in the SI.

5.1.1.2.5. Confinement Effiects on Dissolution and
Precipitation. Future work on precipitation under nano-
confinement needs to focus on decoupling steric e-ects from
thermodynamic and kinetic e-ects. Experimental data from
Stack et al.1242 and Miller et al.1300 reveal important deviations
in both the kinetics and thermodynamics of precipitation
reactions in nanoconfined pores and films. Classical crystal
growth theory successfully predicts the suppression of
nucleation and growth in nanopores that are at or below the
critical nucleus size. However, experiments indicate that
suppression may also take place in pores that are larger than
critical nuclei, because nanoconfinement-driven changes to the
H-bonding and solvation structure around ions1301 determine
the formation of inner-sphere adsorption complexes and
polynuclear species inside nanopores.304,335 Theory predicts
that free energy of ion solvation decreases (becomes less
negative) when the dielectric constant of water decreases
inside nanopores and near surfaces; hence, ions have a lower
barrier for the formation of dimer and other polynuclear
species.335 Therefore, based on thermodynamics alone, if the
pore is large enough to accommodate a critical nucleus,
precipitation inside the pore will be enhanced; nonetheless, the
opposite is frequently observed. Furthermore, the local pH of
nanopores can be significantly di-erent from that of the bulk
solution, drastically altering the driving forces of nucleation
and dissolution.1245 Taking all these aspects into account, there
is a critical need for new predictive theories of nucleation and
growth in nanoscale domains. Ideally, to accurately capture
local chemistries in nanoconfined spaces, these theories will
encompass both nanoconfinement-driven changes to thermo-
dynamic and kinetic parameters as well as new experimental
and computational approaches. In addition, research into the
e-ects of nanoconfinement on solid dissolution is still in its
infancy, presenting a fruitful research topic for future
experiments and modeling.

5.1.2. Connecting Nanoscale Findings to Larger Scale
Predictive Models. Nanoscale thermodynamics and kinetics
deviate from known bulk scale phenomena. More accurate
representations are needed to describe the relations among
nanostructure, dynamics, and reactivity in complex geo-
chemical phenomena at the macroscale, using surface
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complexation or reactive transport modeling. Thus, the
nanoscale represents a bridge connecting the atomic scale to
the macroscale.1302 To cross the nanobridge (address “nano-
size” gap), we need to understand how surface and adsorbate-
induced long-range order and collective motions a-ect the
thermophysical properties of the solid−water interface (section
5.1.1). Moreover, as the complexity of experimental
approaches increases to meet the demand of mesocosm
experiments and beyond, advanced computation and machine
learning tools must be enlisted to understand geoscience
problems over wide spatiotemporal scales (section 5.2).
As an example, to obtain the PZC of the (110) surface of

rutile, Fitts et al.405 connected molecular-level measurements,
DFT calculations, and surface complexation modeling, using
SHG spectroscopy to detect changes in surface potential as a
function of pH and salt content. DFT calculations supplied
estimates of the surface Ti−O and H-bonding, which are key
parameters in the MUlti-SIte Complexation398 model. The
agreement between the model and the SHG-determined PZC
were within experimental uncertainty, which demonstrated the
connection of molecular-level parameters to observed acid−
base behavior of surfaces and the need to determine sample
and face-specific PZCs for minerals rather than using averaged
values from powder experiments.
The structures and processes encountered in studying

coupled processes in fine-grained sedimentary rocks have
been reviewed by Ilgen et al., who described complexity over
length scales that cover ∼15 orders of magnitude.437 In the
nanopores of geologic materials, such as diatomaceous matter,
nanoconfinement a-ects fluid and ion adsorptive behavior and
reactivity.1245,1303 These nanoconfinement-driven changes of
interfacial reactions a-ect reservoir-scale transport of water,
nutrients, and contaminants, both on land and in the
subsurface.
Experimentally obtained nucleation information, such as

nucleation rates, activation energies, and interfacial energies,
are important in scaling up nanoscale observations of chemical
reactions to larger scale predictions. Recently, Li et al.
incorporated experimentally-obtained kinetic and thermody-
namic information about calcium carbonate nucleation into a
reactive transport model code, CrunchTope,1304 and improved
the modeling of the evolution of the Ca(OH)2-depleted zone
and the surface dissolution zone at supercritical CO2-brine-
cement interfaces. This is the first work that incorporates
nucleation information into a reactive transport model,
successfully scaling up molecular scale reactions into a larger
prediction. Furthermore, this new combination of experimental
and modeling work successfully incorporates the pore-size
controlled nucleation in nanoscale confined spaces and the
higher solubility of materials in nanopore spaces than in
unconfined spaces.
Transferring molecular-scale data (e.g., Keq and k) into

macroscale reactive transport codes is complicated because this
data is usually collected on chemically pure systems with a
limited number of components. Real-world environments,
however, have complicated aqueous chemistries and solution
conditions (e.g., pH, I, [CO2], T, and P),1305−1307 and they
can have three phases, including fluid-gas-solid interfa-
ces1308,1309 with spatiotemporal variations in compositions of
all phases. Typically, these factors are not included in
experiments conducted to obtain thermodynamic and kinetic
parameters, so the applicability of laboratory values must be
skeptically regarded. In addition, the porous nature of soils and

sedimentary rocks means that seemingly simple concepts
such as surface areaare no longer related to BET or
geometric surfaces in a straightforward manner.1307 Reactive
transport modelers are forced to extrapolate the values of
parameters such as dissolution rate constants from conditions
far from real systems of interest. Furthermore, the pore size
distribution and its network influence variations in flow rates,
and these parameters are rarely evaluated for their e-ects on
solid dissolution and precipitation in molecular-scale experi-
ments. Although estimating surface areas based on imaging of
porous media can provide a more useful assessment of reactive
surface areas,1307 the resolution so far is limited to ≈0.3 μm,
which is suflcient for sandy materials but not for clay-
dominated sediments such as shales. Reactivity as a function of
pore and pore opening sizes can also significantly impact the
accuracy of model results.1310 Hence, connecting thermody-
namic and kinetic parameters with realistic reactive surface
areas will be key to advancing predictive modeling capabilities,
because porosity and permeability can be controlled by
precipitation of phases such as SiO2.1307 We can expect
continued advances in computational approaches that integrate
multiscale phenomena to help interpret complex experimental
results and accurately predict broad spatiotemporal behavior
rooted in dissolution and precipitation phenomena of
mineral−water interfaces. These advances will position
scientists and engineers across disciplines to gain valuable
insights on major challenges in the coming decades.

5.1.3. Rigorous Methodologies for Incorporating
Complexity into Study Design. Disagreement among
experimental observations and theories describing interface
structure and reactivity are often reported for nanoconfined
surfaces with high surface-to-fluid ratios and for complex and
highly concentrated solutions containing electrolyte and/or
organic compounds, where cooperative and coupled inter-
actions can lead to unexpected behaviors. One of the key
questions is How do surface and solution complexityincluding
deviations f rom an atomically f lat surface, anisotropies in particle
shape, and solvent dielectric properties, surface reactivity, adsorbed
electrolytes and organics, nanoconf inement, and solvent f luctua-
tionsimpact interfacial structure, surface speciation, interparticle
forces, and particle attachment dynamics?
New methodologies are needed to examine solid−water

interfaces relevant to real-world conditions.1311 Current
interface studies are designed on reductionist approaches by
utilizing either “the cleanest possible system”, with simple and
dilute background electrolytes and a few reactive species, or
“samples collected in the field”, characterized by complex
solution chemistries, multi-mineralic compositions, and organ-
ic and inorganic surface coatings. These studies on real-world
samples provide crucial information about reaction products
and speciation in these systems,1311 but they are often too
complex to tease out the discrete chemical mechanisms and
pathways of interfacial reactions. Additionally, field studies
capture the final or steady-state conditions of the system, but
provide limited information on intermediate reaction steps and
pathways. To bridge the gap between clean systems and field
investigations, we must be able to say how simple systems can
more accurately capture complex processes that are operative in the
environment.
The issue of surface “cleanliness” (complexity gap) is

sometimes ignored in interfacial chemistry studies. Adventi-
tious carbon, common on solid surfaces, a-ects both physical
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and chemical properties,1312 raising the question of what is the
impact of the adventitious carbon on experimental results?
Furthermore, in the soil and aqueous environments,

microbial biofilms often grow on solid surfaces. Laboratory
investigations have shown that when a reactive surface is
covered with microbial biofilm, ions can still di-use through
the biofilm and bind to the surface; however, the kinetics of
adsorption reactions are a-ected unpredictably.261 These
observations have led to the following new research questions:

• How do we incorporate the dynamic processes that
impact adsorption, solubility, nucleation, and reactivity
in the presence of biofilms and complex organic
compounds?

• How do surface-bound organic ligands and electrolytes
a-ect interfacial solution structures and the resultant
dielectric and transport properties and interparticle
forces?

Multidisciplinary investigations of interfacial reactions form
a new field, where microbes and complex organics can be used
as interfacial reactivity probes to identify dynamics and
pathways of interfacial reactions.
Complex heterogeneities at the molecular- to continuum-

scales need to be resolved. In particular, lateral surface
heterogeneity at a molecular level arises from an underlying
lattice structure with localized electron densities defined by the
crystal lattice or local electronic structure characteristic for
amorphous solids. We do not know how this imprinted-by-the-
interface pattern a-ects the distribution and dynamics of ions,
or what that means for the interfacial structure and behavior of
interfaces. At the nanoscale, variations in composition, surface
roughness, and curvature (e.g., surfaces of nanoparticles and
nanopores) a-ect local charge distribution and charge
densities, and this can change which solid phases are forming
in the localized domains.1292 At micron- to millimeter-scales,
the heterogeneity of surfaces leads to variation of reactivity; in
particular, dissolution is often intricately coupled to precip-
itation reactions (section 4.5). These unexplained observations
show that in undersaturated solutions, precipitation on the
solid surface can take place. In fact, in complicated
heterogeneous systems, dissolution and precipitation are not
two independent processes, as they are coupled at interfaces.
This leads to the question: What are the driving forces for these
coupled dissolution−precipitation reactions, and are their rates
interdependent?
These complexities must be addressed to answer the

questions:
• Can reactive transport models be developed that more

accurately capture interfacial processes, including
dissolution/reprecipitation, aggregation, biofilm forma-
tion/growth, while also accounting for mineral hetero-
geneity, nanoconfinement, and local hydrodynamics?

• Can we create a more complete understanding of the
kinetically-coupled phenomena that occur at interfaces,
including surface restructuring, dissolution/precipita-
tion, etc.?

• How can we measure and predict the local chemistry
and surface potential evolution at solid−water interfaces
to better describe the coupled processes?

5.1.4. Connection between Theory, Computation,
and Experiment. Although enormous progress has been
made in the last 20 years, the remaining disconnects among
theory, computation, and experiment make a comprehensive

molecular model of many interfacial phenomena elusive. Thus,
it is necessary to use a combination of theory, experimentation,
and computation to characterize these complex, dynamic
systems. A strategic approach can employ a set of
benchmarking systems (e.g., agreed upon minerals, probe
molecules, surface preparation, and experimental conditions,
etc.) that can be studied across platforms to critically evaluate
the basis of the underlying assumptions embedded in the
theories and models. For example, extracting the z-dependent
evolution (where z is the distance from the solid surface) of the
hydrogen-bonding structure and orientation of water and other
non-centrosymmetric interfacial species has allowed for
comparisons between simulations and experiments. While
overall qualitative agreement between experiment and CMD
modeling in these systems has been achieved, there is often a
lack of quantitative agreement about surface speciation,
reaction energetics, and kinetics. It is necessary to improve
accuracy while simulating the chemical identity and density of
charged surface sites as well as aqueous ion speciation and
comparing them to experimental data. Furthermore, we need
to provide computational validation of experimental observ-
ables that are proposed to identify interfacial species. For
example, some researchers attribute the presence of a peak at
3650 cm−1 in the SFG spectrum of the silica−water interface
to surface silanols, while other work341 includes computations
that suggest this spectral feature arises from water
molecules.340 Based on peak-fitting of O 1s binding energies
in XPS, surface silanolium charged sites (-SiOH2

+) have also
been posited,342 but DFT calculations indicate that the proton
aflnities of O atoms in SiOH and SiOSi sites on silica surfaces
are equivalent.344,1313 If these XPS assignments are incorrect or
incomplete, then the molecular picture of the interface needs
to be readdressed with respect to these interfacial species.
Direct comparisons of experimentally-consistent simulations

with classic EDL theories such as the Guoy−Chapman−Stern
model are required to address a critical outstanding question:
How accurate are mean-f ield models in capturing interfacial
structure? These models are the most commonly used to
interpret interfacial phenomena, and they form the basis of
many predictive models based on surface complexation.
Extracting parameters from simulations that relate to these
models, such as the z-dependent interfacial potentials
(including dipole potentials), ion work functions, and z-
dependent ion concentrations, will allow for straightforward
comparisons. Improving these EDL models should directly
translate to improved surface complexation modeling, although
it might require a significant rebuilding of the models from first
principles.
Finally, current and future researchers should consider the

following questions as they design collaborative explorations of
interfacial phenomena.

• What improvements can be made in computational
models that will allow us to guide, interpret, and validate
experiments that are conducted over longer time scales
and in more complex systems than currently employed
in simulations?

• What common computational and experimental bench-
mark system would allow us to develop theories that
address the complexity of interfacial water dynamics,
adsorption/desorption, and precipitation/dissolution
processes, as well as complicating factors like flow and
multi-mineralic system compositions?
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• What is the added value in simulating more realistic
systems (e.g., pH, pressure, temperature, and ionic
strength)?

Substantial advances in experimental and computational
power will be needed as discussed below. To reach the goal of
creating predictive models that capture interfacial processes, a
deliberate combination of experimental, analytical, and
computational approaches will be critical, as will the develop-
ment of new models that improve classic theories based on
insights from these combined experimental/computational
studies.
5.2. Developments in Analytical and Computational
Methods That Will Enable Advances

5.2.1. Advanced Analytical Characterization Tools for
in Situ Nanoscale Kinetics. Developing techniques to probe
oxide− and silicate−water interfacial phenomena in situ is a
step toward the study of realistic systems. The structural,
dynamical, and chemical heterogeneity of interfaces require
that experimental techniques provide nanoscale resolution and
chemical specificity. Bringing real-world chemical complexity
to the laboratory and implementing mobile versions of
techniques into the environment can provide unprecedented
new insights into oxide− and silicate−water interfaces. In cases
where this is not yet possible, mesocosm experiments are
critical to bridging the complexity gap. Closer integration of
analytical and computational methods is key to helping
interpret increasingly complex experimental results.
The complex phenomena explored in oxide− and silicate−

water interface research occur on wide spatiotemporal scales.
The nanoscale represents a critical domain for bridging
experimental and theoretical knowledge uncovered by atomic
scale approaches and macroscopic, field-scale geochemical
research. Advances in X-ray and neutron scattering techniques,
scanning probe technologies, and electron/ion/optical micros-
copies continue to improve their ability to o-er real-time
monitoring of interfacial processes via an expanding suite of in
situ environments. Below we highlight a number of
experimental methods that will enable new insights into
studies of oxide− and silicate−water interfaces. While the
following discussion summarizes recent advances, it is not
intended to encompass all advanced analytical techniques.
More detailed discussion is available in the SI.
5.2.1.1. Upgrades of Storage Ring and Free Electron

Laser-Based Synchrotron Light Sources in the U.S.
Synchrotron radiation sources have played major roles in
atomic- and molecular-level studies of solid surfaces and their
interaction with water, other liquids, and gases. For example,
much of our current knowledge of the EDL comes from
synchrotron X-ray-based scattering and spectroscopy studies:
see sections 2.3.2, 2.3.3.1, and 2.3.3.2.258,273,274,276
Upgrades to existing synchrotron facilities, which will

involve replacement of the electron storage rings with next-
generation magnet technology known as multibend achro-
mats,1314 will result in significant gains in brightness, which in
turn will result in X-ray beams that are micrometer to sub-
micrometer (∼10 nm) in diameter. These advances will allow
new classes of spatial- and time-resolved studies of real
environments operando, such as the electrochemistry occurring
in batteries or the chemistry occurring at solid−aqueous
solution interfaces as a function of solution variables such as
pH, Eh, and ionic strength. The gains in X-ray beam coherence
will result in higher spatial resolution measurements, whereas

the gains in brightness will allow ultrafast measurements. This
combination will allow operando studies of realistic rather than
simple systems. For example, in situ nucleation of nanoparticle
formation and phase transformation can be probed by GISAXS
or transmission mode SAXS and WAXS with a higher
spatiotemporal resolution.989 The improved high-resolution
and real-time in situ data can provide the measurement
statistics necessary to decipher elusive pathways of classical and
nonclassical nucleation, growth, and crystallization of solids in
fluids and at interfaces (see sections 4.4 and 5.1 for more
detailed discussion). The gains in brightness will allow more
rapid interrogation of individual biological cells, illuminating
how they interact with drugs and how elements are distributed
around grain boundaries in polycrystalline materials, which in
turn will lead to understanding their mechanical properties.
Next-generation synchrotron radiation will allow ultrafast

spectroscopic measurements on the order of a few hundred
femtoseconds, of catalytic reactions, stimulated by femto-
second laser pulses. With an expected 106 X-ray pulses per
second with femtosecond widths, rings under construction will
permit ultrafast spectroscopy and X-ray scattering experiments
that will yield new knowledge about chemical reaction
mechanisms. For example, at the Linac Coherent Light Source
(LCLS),1315 new methods such as serial femtosecond
crystallography (SFX) can follow structural changes on time
scales of picoseconds. The fluctuations of di-raction peaks
describe the dynamic responses of materials’ X-ray reflectivity,
with preserved phase information.
One concern about higher brightness synchrotron radiation

sources is the possibility of beam damage to samples. One
recent example of beam damage is the study of GaAs/In0.2
Ga0.8 As/GaAs core−shell nanowires using nanoprobe
XRD.1316 Nanowires exposed to high brightness X-ray beams
under ambient conditions were found to have severe optical
and morphological damage. Under a He atmosphere, the
damage was reduced. These authors concluded that the beam
damage was caused by oxidation processes from beam-induced
ozone reactions in ambient air. Beam damage could also
potentially cause dehydration reactions of hydrous solids or
oxidation/reduction of redox-sensitive elements such as Cr, Fe,
As, and Se. An important scientific challenge is how to
minimize beam interactions with samples and beam-induced
reactions caused by the higher brightness of the synchrotron
radiation source. Future e-orts should address this challenge
and confirm the findings with results from complementary
experimental and modeling approaches.

5.2.1.2. Neutron Spin Echo-Based Methods. NSE experi-
ments were briefly described earlier in this review. Further
progress in NSE techniques has been realized by the
development of Modulation of Intensity with Zero E-ort
(MIEZE) spectroscopy and Neutron Resonance Spin Echo
(NRSE) (Franz et al. and references therein).1389 These
techniques allow measurements of picosecond to nanosecond
dynamics for the nanostructure range typically observed using
small-angle scattering (1−200 nm). In longitudinal NRSE, a
range 1 fs to 20 ns is achievable. Benchmarking MIEZE
measurements of water show the seven order-of-magnitude
(0.01 to 1000 ps) dynamic range of the technique.1389 One
advantage of these approaches includes continuous coverage
over a broad range of dynamics in one measurement,
compared to other techniques that require careful merging of
dynamic information from several instrument configurations.
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Additionally, S(q,τ) information is obtained directly and does
not require a Fourier transform from the frequency domain.
5.2.1.3. Nonlinear Optics. Nonlinear optics is at a point

where experimentally determined estimates of nonresonant
and resonant χ(2) values and Φ(0)tot, the total interfacial
potential drop across mineral−water interfaces, can serve as
benchmarks for testing theory. As a fundamental structural
property of noncentrosymmetric matter, χ(2) encodes for the
distribution of charges and nuclei in space and is thereby
directly accessible through atomistic simulations, as is Φ(0)tot.
The latter can also serve as a benchmark for mean-field
theories that go beyond the “standard” (the Gouy−Chapman−
Stern model), because the total interfacial potential includes
the Coulombic, dipolar, and multipolar contributions to the
potential, including the dipolar potential from net-aligned
water molecules. Moreover, measurements should be sensitive
to ion-specific e-ects on interfacial structure and electrostatics
and manifest themselves in both non-resonant and resonant
χ(2) values and Φ(0)tot, making these parameters good
candidates for developing models that go beyond primitive
ion assumptions. Lastly, relative permittivity and capacitance
estimates for the interfacial region provided by theory can also
be constrained by the experimentally determined Φ(0)tot
values.
Moving from purely spectroscopic forms of nonlinear optics

to imaging opens the door for pursuing spatially- and
temporally-resolved dynamic changes at oxide and silicate−
water interfaces. The time resolution in raster-free widefield
illumination is in the subsecond range, and the spatial
resolution in nonlinear optical microscopy is about half the
signal wavelength, a few 100 nm. However, as a coherent
method, SHG and SFG imaging have been shown by Roke and
co-workers1317 and Baldelli and co-workers,1318 respectively, to
be sensitive to submicrometer-scale regions. Modifications
such as structured illumination1319 o-er opportunities to
further improve the resolution. As in any vibrational spectros-
copy, water’s “strong absorber” problem needs to be overcome
to obtain maps of the Im(χ(2)) of interfacial water molecules
after correction for the χ(3)Φ0, tot contribution from the di-use
layer. Heterodyne-detected nonlinear optical microscopy, both
for second harmonic as well as vSFG, will need to be
developed to realize such an experiment, and maintaining
stable optical phases will be important in this regard. Once
achieved, such approaches will o-er direct, spatially resolved
views, in real time, of how the strength of the interfacial H-
bond network evolves in response to an external stimulus, such
as a change in pH or electrolyte concentration.
5.2.1.4. Transmission Electron and Scanning Electron

Microscopy (TEM and SEM). TEM and SEM are no longer
limited to high-vacuum sample environments and no longer
require special sample coatings. Environmental TEM (E-
TEM), which introduces a gas into the TEM sample
chamber,1320,1321 is becoming a standard technique at several
large facilities, many of which allow access to a larger
community of scientists worldwide. E-TEM is routinely used
to investigate mineral substrates under a humid atmos-
phere.1322,1323 Moreover, by lowering the temperature below
the dew point, the formation of liquid water and ice films on
mineral substrates can be directly imaged.1324
The advent of in situ liquid phase TEM (LP-TEM) and SEM

(LP-SEM) in microfabricated silicon/silicon nitride cells and
sandwiched graphene films has enabled direct observation of
mineral particles in solution, including their nucleation,

growth, interaction dynamics, aggregation, and fu-
sion.1321,1325−1328 Commercial microfabricated TEM cells
can include capabilities for fluid flow,1326,1328−1330 mixing of
reagents,1017 heating to near 100 °C,919,1331 and the
application of electric fields.1332−1337 In situ LP-TEM and
-SEM have led to numerous important discoveries about the
behavior of mineral systems in aqueous electrolytes. For
example, a recent study by Zhu et al.919 provided an
explanation for the formation of self-similar hematite
mesocrystals from ferrihydrite suspensions, which has sig-
nificant consequences for understanding the structural and
chemical heterogeneity at mineral−water interfaces. The
authors found that when Na-oxalate was added to ferrihydrite
suspensions that were heated to 80°C, isolated hematite
particles rarely appeared in the solution, but once formed,
interfacial gradients at the oxalate-covered surfaces drove
hematite particles to repeatedly nucleate about 2 nm from
those surfaces, to which they then attach, thereby generating
the mesocrystals.

5.2.2. Computational. 5.2.2.1. Quantum Computing.
Although not yet fully practical, quantum computers are
beginning to show promise in expanding computational
chemistry methods.1338 The electronic structure of a H2
molecule was first calculated in 2016 using a programmable
array of superconducting qubits,1339 and this feat was soon
followed by similar calculations of metal hydrides.1340 Of
particular interest to environmental chemists and geochemists,
especially those investigating oxide−water interactions, is the
ground-state electronic structure of a water molecule that was
recently determined using a quantum computer using trapped
ions as the qubits.1341 Prognosticators of advances in computer
technology indicate that quantum computational supremacy is
near,1342 and this prediction bodes well for future computa-
tional studies of aqueous interfacial structures and reactivities.
How soon practical quantum computers, and the associated
quantum algorithms, will be developed to investigate complex
oxide− and silicate−water systems remains to be seen, but we
suspect that the computational tools 20 years from now will
certainly perform beyond our expectations.

5.2.2.2. Nuclear Quantum Effiects. Nuclear quantum e-ects
are often neglected in classical and DFT simulations, but they
can be critical in processes such as photo-induced proton
transfer and proton-coupled electron transfers (PCET) that
occur on the surfaces of oxide catalysts and natural
minerals1343 (see also section 3.4). By following the nuclear-
electronic orbital (NEO) approach, significant advances in
overcoming the Born−Oppenheimer approximation for
electrons and positrons have been made for problems such
as transition states, reaction paths, and thermodynamics,1344 as
well as proton aflnities.1345 Recent e-orts to develop a
multicomponent unitary coupled cluster method have shown
promise for simple systems, although incorporating these
techniques into complex systems will require further
research.1346 The development and deployment of quantum
computers should speed up progress in this area.1346

5.2.2.3. Methods for Modeling Nonadiabatic Electron-
Transfer (ET) Dynamics. ET can be modeled by a variety of
standard molecular modeling techniques, including ab initio
molecular dynamics, when ΔGt ≈ kT, as well as by Eyring−
Polanyi transition state theory and extensions, reactive flux
methods, rare event methods, and discrepancy techniques
when ΔGt ≫ kT. Because many metal oxide minerals are wide
band gap semiconductors, electron transport often needs to be

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.2c00130
Chem. Rev. 2023, 123, 6413−6544

6499

pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00130?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


treated as mediated by thermally activated hopping of charge
carriers self-trapped as mid-gap states, such as by small polaron
hopping.591,724,725 Ideally, to accurately portray metal ion
adsorption and interfacial/bulk ET with a realistic description
of structure, hydration, and defects requires use of periodic
cells and large system sizes.
Moving beyond DFT for estimating the ET rates and

reaction energetics has recently become tractable with the
implementation of new algorithms that enable wavefunctions
that can describe localized diabatic electronic states (e.g.,
constrained DFT) and computation of the electronic coupling
matrix element in computational chemistry software, such as
NWChem102 and CP2K.1347 Emerging methods hold promise
for higher accuracy for modeling ET by moving beyond first-
quantized, many-body methods, such as MCSCF and
CASSCF, into second-quantized methods consistent with
higher level theories, such as select configuration interaction
(CI), coupled cluster methods, Møller−Plesset perturbation
theories, and Greens function theories. Although historically
prohibitively expensive, new implementations for plane-wave
basis sets will enable the advantages of second-quantized
Hamiltonians in accurately calculating excited states and the
thermochemistry for ET. This advance is particularly
important because many oxide− and silicate−water interfaces
of interest are strongly correlated systems.
Mixed quantum-classical methods can enable modeling of

ET in larger, more complex systems than those that can be
treated with the methods discussed above. Ring polymer MD
simulations of an electron in a classical environment can
produce accurate ET rates, including the e-ects of quantum
tunneling, and their extension to nonadiabatic dynamics can
describe Marcus’ inverted regime.1348−1351 A recent extension
of these path integral-based methods to charge carriers in
solids can model ET, polarons, and trap states.731 Similarly,
combining quantum master equations with classical models of
the environment surrounding an electron is a promising route
to eflcient and accurate computation of ET rates.1352 Further
development of these quantum-classical approaches promises
to enable modeling ET in increasingly complex systems on
large spatial and temporal scales.
The above techniques focus on equilibrium systems, but

many important interfacial redox processes, and interfacial
chemistry more broadly, occur out of equilibrium, for example,
in the presence of thermal gradients or flow. Driving the
system out of equilibrium can drastically increase its complex-
ity: thermal gradients in hydrothermal vents can enhance
reactivity and favor metastable products.1353 Similarly, flowing
a solution over a surface can alter the interfacial structure and
chemistry (“f low gap”).347,400,401 Generalizations of ET
theories to nonequilibrium steady states are beginning to
emerge for simple models,1354,1355 and their generalization and
application to water−oxide interfaces should provide impor-
tant insights into interfacial processes under real-world
conditions.
5.2.2.4. Extending Spatial and Temporal Scales. Given the

incomplete knowledge of the physicochemical processes that
occur at mineral−water interfaces and the extent to which such
processes control key phenomena, the scientific benefits gained
by investigating interfacial chemistry with atomistic simulations
have been transformative. Two main issues have limited the
application of molecular simulations to this class of problems:

(1) The wide range of spatial and temporal scales intrinsic to
these problems.

(2) The need for an accurate treatment of chemical reaction
mechanisms and charge-transfer, balanced with realisti-
cally screened long-ranged electrostatic interactions.

Three developments will overcome these limitations and
allow for atomistic simulations that overlap the spatial and
temporal scales of reactive transport models (see section
4.7.6). These developments are machine learning-based
interatomic potentials, exascale computing, and tight-binding
DFT (DFTB). The following sections will extend our
discussion of exascale computing-enabled interatomic potential
(section 5.2.2.4.1) and DFTB (section 5.2.2.4.2). Then, we will
introduce approaches to assess larger scale reactive processes,
such as surface complexation modeling (section 5.2.2.4.3) and
reactive transport modeling (section 5.2.2.4.4)

5.2.2.4.1. Machine Learning Applications. Building upon
the growth in data collection, storage capabilities, and
computing power, machine learning modeling has become a
powerful tool for revealing hidden patterns or building
predictive correlations that challenge conventional analytical
methods.1356 The self-learning ability of machine learning
algorithms to make predictions or decisions (output or
outcome) is based on a suflcient amount of data, known as
“training data”. Researchers in the field of environmental
science and geochemistry have started taking advantage of this
exciting tool. For example, recent work has relied on di-erent
machine learning algorithms, such as a deep neural network or
a convolutional neural network, to develop predictive models
for estimating the redox reaction rate constants for a wide
range of organic compounds reacting with either hydroxyl
radicals or a soluble Fe2+−ligand complex. Readers are referred
to a recent feature article by Zhong et al. for many more
applications of machine learning in the field of environmental
science and engineering.1357
Machine learning has only begun to be applied to model

oxide−water interfaces.435 As a first step, data could be
compiled into a large dataset of known surfaces and
corresponding surface complexes. Then, machine learning
models could be developed to link those surface features
(inputs) to these complexes (output) so that we can predict
the formation of certain surface complexes once we know the
corresponding surface features. Regarding dissolution kinetics,
machine learning models can be built to connect di-erent
surface features (input) and their dissolution kinetics under
di-erent reaction conditions. Once the models are calibrated
and validated, the dissolution kinetics may be predicted based
on their key features. Another potential application is analysing
di-erent X-ray spectra, or any other microscopic images or
spectra, that are not easily attainable and require extensive
expertise. With machine learning algorithms, predictive models
can be developed to link surface features to their respective
spectra/images, or vice versa, and predictions can be made
with respect to the desired features/spectra without the need
for experimental approaches.
In addition, investigating systems and processes of interest in

the molecular level demands lengths and time inaccessible to
conventional electronic structure methods with state-of-the-art
computer resources. Machine-learning interatomic poten-
tials1358 can be systematic and scalable (e.g., FitS-
NAP31359−1361). Development of an exascale computing-
enabled interatomic potentials capable of simulating 107
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atoms for time scales on the order of milliseconds would
provide a paradigm-shifting capability that would allow
researchers to address challenges in relating molecular
simulations to chemical observables.
Current examples of combining computational chemistry

and machine learning include work on anatase (TiO2) and
H2O. For example, Andrade et al.1362 extended the
spatiotemporal scales of DFT-MD simulations using a deep
neural network (DNN) approach to model the potential
energy surface (PES). The DNN was trained via an active
learning iterative scheme to determine the state of H2O on the
surface by modeling H+-transfers at the interface. These
authors observed a “solvent-assisted concerted proton transfer”
to form a pair of short-lived hydroxyl groups on the TiO2
surface, similar to that modeled for TiO2 rutile and SnO2
cassiterite (110) surfaces.199 Studies combining DFT and SFG
to benchmark the accuracy of models are a key component of
this approach, ensuring the simulations are realistic.203
Performing similar studies on TiO2 nanoparticles and their
aggregation behavior would yield a predictive model of crystal
growth.1363 A similar approach was used to create a model of
amorphous TiO2

229 that will be invaluable for understanding
poorly crystalline, metastable nanoparticles in the environ-
ment.1364 Machine learning techniques can improve the
modeling of molecular and transition-state energies,1365,1366
proton potentials,1367 energy levels,1367 and solvation environ-
ments,1368 but, to our knowledge, these approaches have not
been applied to oxide−water interface systems.
Despite the potential of machine learning tools, their

applications face limitations and challenges, for which
collaborating with data/computer scientists and learning
“best practices” in machine learning are viable options. Also,
a given prediction application typically lacks well-curated
datasets, which requires experts to conduct comprehensive
literature reviews and compile high-quality databases based on
their domain knowledge. Here, the complex nature of di-erent
interfaces, the limited amount of data available for “clean”
surfaces, and the much less data available for “complex”
surfaces will likely prevent immediately developing machine
learning models. Therefore, before any models can be set up,
researchers will have to combine machine learning and
experimental approaches to actively develop appropriate
datasets. Finally, a machine learning algorithm is a “black
box”, so proper model interpretation is necessary to ensure that
calibrated machine learning models are built on sound physical
science. For more information on how to develop proper
machine learning models, readers are referred to a recent
feature article.1357
5.2.2.4.2. Tight Binding DFT. DFTB makes approximations

to DFT calculations and balances a simulation’s size, length,
and accuracy while including reactivity. DFTB is 2−3 orders of
magnitude faster than DFT and provides detailed electronic
structures (lacking in CMD) by solving Kohn−Sham
equations using a parameterized Hamiltonian.1369−1371 DFTB
allows for computation of energy gradients on systems of over
106 atoms,1372,1373 and its methods can be parameterized to
reproduce experimental water structures1374 and reaction
barriers,1375 and used with rare-event methods.1376,1377 Recent
work has successfully modeled the defect structures of the
quartz(101) surface.1378
5.2.2.4.3. Surface Complexation Modeling. SCMs have the

potential to incorporate molecular-level information into
predictive tools that describe macroscopic adsorption behavior.

The development of these models has already benefitted from
prior advances in spectroscopic, microscopic, and computa-
tional tools, such as XAS and FTIR spectroscopy, AFM, STM,
and MD simulations. Nevertheless, accurate prediction of
adsorption phenomena in natural and engineered systems
requires a greater shift in model parameterization, from
multiparameter optimization approaches to independent
molecular-level parameter estimation based on surface
structure, morphology, and reactivity. Using STEM, work on
direct measurements of crystal face contributions has begun for
goethite and rutile (cf. section 3.2.2), which are converted to
independently obtained reactive surface site densities that may
be incorporated into SCMs. Another example of a crucial
parameter for any mineral surface is the surface potential.
Recent advances using tools such as ambient jet (or near
ambient pressure) XPS have been used to determine the
surface potentials of silica nanoparticles in various background
electrolytes, as well as the location of the shear plane and the
capacitance of the Stern layer.254
As a further example, the model inherent value for specific

capacitance of the Stern layer(s) depends on the relative ε of
the Stern layer(s) and its thickness. The availability of both
parameters from independent experimental or theoretical
investigations will constrain their values and also shed light
on the validity of the models. The thickness of the Stern layer
is related to the number of water molecules bound in this layer.
Nonlinear optical (NLO) measurements may in principle yield
information on the amount of bound water and the net dipole
orientation. Moreover, contributions from water orientation to
the electric field at an interface can be obtained, and this can in
principle be used in CD-MUSIC type approaches and be
related to advanced chemical calculations. Coupling with
additional methods, such as direct surface potential measure-
ments (or application of external electric fields), can show to
what extent the net dipole is a-ected. Another issue is whether
the ε of the interfaces changes with the electric field strength
(which is a-ected by the pH). The field strength a-ects water
orientation and the amount of water. In this sense, available
NLO measurements do suggest that the amount of oriented/
bound water, and thus the “thickness” of the Stern layer, varies.
Such variations would cause changes in the capacitance values,
currently assumed to be constant. These issues can probably be
addressed soon: with experiment-based data on such
variations, new models can be formulated, and existing models
can be further refined.
The water dipole orientation in current models is

perpendicular to the surface, but angles deviating from the
surface normal are probably the rule rather than the exception.
As another example, outer-sphere surface complexation
constants can now be determined from molecular simulations.
These constants and the position of the outer-sphere complex
are other fitting parameters that are inherently diflcult to
constrain by macroscopic data. Furthermore, the optimization
process for binding constants is often correlated to capacitance.
Overall, only a combination of methods will provide a
comprehensive picture of mineral specific EDLs.
Finally, to predict proton aflnities at surfaces, these new

data will compel the field to revise or develop new model
formulations (e.g., refined MUSIC equations) based on more
detailed crystallographic data of the bulk solids. It is possible to
use experimentally determined bond distances or values from
simulations to obtain a more relevant MUSIC equation,405 and
simulations constrain assumptions of H-bonding.12,1379 Simu-
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lations might make the use of the MUSIC equation obsolete
because one can obtain the pKa value of a given regular site and
of defect sites directly.162,414 Although there is usually good
agreement between the MUSIC equation and such simu-
lations, in some cases, the pKa values from simulations have
shown huge di-erences between hematite,407 and gibbsite
basal planes.406 Overall, there are promising opportunities to
obtain independent parameter values for surface complexation
models from various sources. These opportunities will
challenge the validity of the assumptions inherent in the
models and show that mineral−water interfaces are far more
complex than these models currently have to portray.
Ultimately, the multicomponent character and the phys-

icochemical heterogeneities of real-world systems will impose
limits on surface complexation models. Multiple surfaces
(potentially of varying mineral composition) competing for
solutes, the role of defects, surface blockage, e-ects of
dissolution/reprecipitation, and ternary surface complexes
remain challenging from all points of view. Still, insights
from fundamental studies characterizing these systems
continue to drive the evolution of these models.
5.2.2.4.4. Reactive Transport Modeling. With advances in

computational power, the power and possibilities of non-
reactive and reactive transport calculations have also
significantly advanced.1380 Many di-erent reactive transport
codes are available, and major geochemical software also
includes simpler hydrodynamic options.1381 Of course, many
of the developed codes are tailored to the specific purpose of a
project or require details of the planned calculations.
In this context, reactive transport in the sense of pollutant

migration can be handled by standard codes such as
PHREEQC for laboratory systems or with simplification of
natural complexity for environmental settings. The challenge is
to describe the transport of pollutants of interest and variations
in pH. As an example, with pH fronts in a column, which may
be caused by the adsorption phenomena themselves,
describing the transport of pollutants with pH-dependent
uptake behavior may become a formidable task, even for
laboratory systems. One problem concerns the uncertainty of
the exposed surface area of material in the column,1307 even if
the porous medium behaves ideally. Another critical issue
concerns the assumption of local equilibrium, because it is
known that desorption may be sluggish with strongly adsorbing
solutes. Kinetic parameters appear to be largely missing in this
context, and even the slow desorption is not properly
understood. In such applications, chemical feedbacks are the
main challenge, such as the pH e-ect mentioned above.
The simulation of dissolution/precipitation within a porous

medium poses another challenge in reactive transport
modeling.1382 Variations in solution composition can be
caused by chemical and physical feedbacks, such as increasing
porosity1383 or pore clogging.1384 Yet another challenge lies in
the connection of reactive transport processes with heat-flow
and mechanical phenomena.1385 Two reviews1386,1387 provide
more detailed discussion about reactive transport modeling,
and future perspectives on reactive transport modeling have
been discussed in view of the history of this modeling
technique.1388

6. SUMMARY
Oxide− and silicate−water interfaces are central to environ-
mental processes, such as global elemental cycling, the
transport of contaminants and nutrients, nucleation of clouds

by mineral dust, and health impacts of inhaled particulate
matter. Oxide− and silicate−water interfaces are also widely
used in industry for water purification, catalysis, diagnostics,
and drug delivery, yet much about their detailed chemistry
under relevant conditions remains unknown. The challenge is
four-fold. First, interfacial chemistry evolves in complex ways
because it is dynamically coupled to the composition of both
the solid and the aqueous phase and yet is distinct from either.
Second, the number of atoms present at the surface is small
compared to the number of atoms that compose the bulk
(either solid or the liquid) phases, complicating the
deconvolution of surface analytical signals from the bulk
response. Third, real-world interfaces are inherently heteroge-
neous, down to the nanoscale, making it diflcult to distinguish
di-erent types of surface sites with their corresponding
reactivities or to create predictive models that capture this
complexity. Lastly, interfacial processes span femtosecond to
millennial time scales, necessitating a breadth of experimental,
analytical, and theoretical approaches.
These challenges lead researchers to use “average” properties

to understand the structure of the oxide−water interface,
measurements of surface acidity or surface potentials reported
for related colloids or powders. Similarly, modelers use mean
field approximations to predict how minerals impact environ-
mental transport processes. Only rarely are interfacial systems
explored using more advanced techniques to ascertain
information about continuously evolving reactant binding,
transient species, or phase transformations at the interface.
This oversimplified approach limits our ability to predict the
interfacial structure and, therefore, the reactivity in realistic,
more complex environments.
We see a need for collaboration among scientists and

engineers with expertise that includes chemistry, materials
science, and environmental science. Diverse researchers,
working in teams, are necessary to generate breakthroughs
while combining experimental, analytical, and computational
approaches that can lead to predictive models for complex real-
world systems. Incomplete and over-simplified descriptions of
interfacial structures and dynamics ultimately limit our ability
to tailor and control natural and engineered systems involving
oxide− and silicate−water interfaces, such as catalysis, water
purification, containment of contaminant plumes, radioactive
waste disposal, and the capture, utilization, and storage of CO2.
This lack of knowledge lies at a fundamental molecular level,
and accordingly it impacts all fields where oxide−water
interfaces play a role.
In this review, we have illustrated how a molecular

foundation will allow us to create solutions for clean water,
improved agriculture, better health, renewable energy, and a
sustainable climate. The urgency of these grand challenges
demands immediate investment in multidisciplinary collabo-
rations that leverage recent computational and experimental
advances.
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ABBREVIATIONS AND SYMBOLS

Symbols
α = interfacial energy
α(2) = hyperpolarizability
rdiss = dissolution rate
Δμ = chemical potential, equal to kBT ln σ
σ = supersaturation (degree of saturation = IAP/Ksp)
σH = proton related surface charge density
σo = surface charge density in the plane of the inner surface
potential
σo,H = proton related surface charge density in the plane of
the inner surface potential
υm = molecular volume of the nucleating phase
ϖ = angular frequency (no definition in text)
λ = electron transfer reorganization energy
ζ = zeta potential
χ(2) = second-order susceptibility
χ(3) = third-order susceptibility
Ψd or Φd = di-use layer potential
Ψo or Φ0 = inner surface potential
ΦOHP = potential at the outer Helmholtz plane
A = Arrhenius pre-exponential kinetic factor
aCL = condensate−liquid interface
aSC = substrate−condensate interface
aSL = substrate−liquid interface
aeff = e-ective interfacial energy
df/dz = force gradient
ΔEa = activation energy
ΔG = Gibbs free energy change
ΔG* = thermodynamic barrier
ΔGnuc = thermodynamic barrier to nucleation
I = ionic strength
IAP = ion activity product
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k = rate constant
kB = Boltzmann constant
Ksp = solubility product
J = nucleation rate
J0 = kinetic factor
pHo = pH of zero surface potential
pKa = −log acidity constant
Q = the reaction quotient
QC = transition state configuration
rc = critical nucleus size
R = the universal gas constant
T = temperature
VAB = electronic coupling matrix element

Properties, Materials, and Processes

AAO = anodic aluminum oxide
am-SiO2 = amorphous silica
BIL = bonded interfacial layer
BM = bidentate mononuclear complex
BSA = bovine serum albumin
CCN = cloud condensation nuclei
CCS = carbon capture and storage
CFC = crystal face contribution
CIP = ciprofloxacin
CPA = crystallization by particle attachment
dAMP = deoxyadenosine monophosphate
DCC = deep convective cloud
DFO-B = desferroxamine-B
DL = di-use layer
DLP = dense liquid phase
DMA = dimethyl arsenate
EDL = electrical double layer
EPS = extracellular polymeric substances
ET = electron transfer
ETM = electron-transporting materials
FA = fulvic acid
GCS = geologic CO2 sequestration
IN = ice nuclei
MM = monodentate mononuclear
I = ionic strength
IAP = ion activity product
IEP = isoelectric point
iAs = inorganic arsenate
LDH = layered double hydroxide
NOM = natural organic matter
OA = oriented attachment
OHP = outer Helmholtz plane
PBL = planetary boundary layer
PDB = principle of detailed balancing
PFAS = polyfluoroalkyl substances
pHPZC = pH at the point of zero charge
PM = particulate matter
PSC = perovskite solar cell
PTE = potentially toxic elements
PZC = point-of-zero charge
Q2 = (SiO4)4− group bonded to two bridging oxygens
Q3 = (SiO4)4− group bonded to three bridging oxygens
RH = relative humidity
REE = rare earth element
RF = radiative forcing
Rg = radius of gyration
ROS = reactive oxygen species
SAL = surface alteration layer

SAM = self-assembled monolayer
scCO2 = supercritical carbon dioxide
SS, SC, DC, TC = surface sites, singly-, doubly-, and triply-
coordinated
TDS = total dissolved solids
TST = transition state theory

Techniques and Equations

2DCOS = two-dimensional correlation spectroscopy
AET = atom electron tomography
AFM = atomic force microscopy
AIMD = ab initio molecular dynamics
APT = atom probe tomography
APXPS = ambient pressure X-ray photoelectron spectros-
copy
ATR FTIR = attenuated total reflectance Fourier transform
infrared
BET = Brunauer−Emmett−Teller surface area measure-
ment
CD-MUSIC = charge distribution multisite complexation
CLAYFF = a classical force field for mineral−water systems
CMD = classical molecular dynamics
CNT = classical nucleation theory
CT = computed tomography
CTR = crystal truncation rod
cwODNP NMR = continuous wave Overhauser e-ect
dynamic nuclear polarization nuclear magnetic resonance
spectroscopy
DFS = dynamic force spectroscopy
DFT = density functional theory
DLVO = Derjaguin−Landau−Verwey−Overbeek
DOSY NMR = di-usion-ordered nuclear magnetic reso-
nance spectroscopy
EFC = eutectic freeze crystallization
EXAFS = extended X-ray adsorption fine structure
FFM = fast force mapping
FTIR = Fourier transform infrared
FT-ICR-MS = Fourier transform ion cyclotron resonance
mass spectrometry
GGA = generalized-gradient approximation
GISAXS = grazing-incidence small angle X-ray scattering
GI-XAFS = grazing-incidence X-ray absorption fine
structure spectroscopy
H/DX = hydrogen−deuterium exchange
HPRO = high pressure reverse osmosis
INS = inelastic neutron scattering
INTERFACE = a classical force field for mineral−water
systems
IR = infrared
ISFETs = ion-sensitive field-e-ect transistors
LEED = low-energy electron di-raction
LP-XSW-FY = long-period X-ray standing wave fluorescence
yield
MAR = managed aquifer recharge
MC = Monte Carlo
MC-ICP-MS = multicollector inductively coupled plasma
mass spectrometry
MD = molecular dynamics
ML = machine learning
MLL = multilayer Laue lenses
MO = molecular orbital
MUSIC = multisite complexation
NLO = nonlinear optics
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NMR = nuclear magnetic resonance
NSE = neutron spin echo
OARO = osmotically assisted reverse osmosis
PDB = principle of detailed balancing
PFG NMR = pulsed-field gradient nuclear magnetic
resonance
PSI = phase shift interferometry
QCM = quartz crystal microbalance
QENS = quasielastic neutron scattering
QEXAFS = quick extended X-ray adsorption fine structure
RAXR = resonant anomalous X-ray reflectivity
RS = Robinson−Stokes equation
SAXS = small-angle X-ray scattering
SCAN = strongly constrained and appropriately normed
SCM = surface complexation model
SEM = scanning electron microscopy
SFG = sum frequency generation
SHG = second harmonic generation
SIT = specific ion interaction theory
SNOM = scanning near-field optical microscope
STA = solvent tip approximation
STEM HAADF = scanning transmission electron micros-
copy using high-angle annular dark-field imaging
SWAPPS = standing wave ambient pressure photoelectron
spectroscopy
SWAT = soil and water assessment tool
TEM = transmission electron microscopy
TOF SIMS = time-of-flight secondary-ion mass spectrom-
etry
TRLFS = time-resolved laser-induced fluorescence spec-
troscopy
TST = transition state theory
UHV = ultra-high vacuum
VSI = vertical scanning interferometry
XPS = X-ray photoelectron spectroscopy
XPCS = X-ray photon correlation spectroscopy
XRF = X-ray fluorescence
XANES = X-ray adsorption near-edge spectroscopy
XRR = X-ray reflectivity
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M.; Bahrami, D.; Bertram, F.; Lewis, R.; Davtyan, A.; Schuelli, T.
Spatially-Resolved Luminescence and Crystal Structure of Single
Core-Shell Nanowires Measured in the As-Grown Geometry.
Nanotechnology 2020, 31, 214002.
(1317) Nahalka, I.; Zwaschka, G.; Campen, R. K.; Marchioro, A.;
Roke, S. Mapping Electrochemical Heterogeneity at Gold Surfaces: A
Second Harmonic Imaging Study. J. Phys. Chem. C 2020, 124 (37),
20021−20034.
(1318) Shah, S. A.; Baldelli, S. Chemical Imaging of Surfaces With
Sum Frequency Generation Vibrational Spectroscopy. Acc. Chem. Res.
2020, 53 (6), 1139−1150.
(1319) Yeh, C.-H.; Tan, C.-Z.; Cheng, C.-h. A.; Hung, J.-T.; Chen,
S.-Y. Improving Resolution of Second Harmonic Generation
Microscopy Via Scanning Structured Illumination. Biomed. Opt.
Express 2018, 9 (12), 6081−6081.
(1320) Jinschek, J. R. Advances in the Environmental Transmission
Electron Microscope (ETEM) for Nanoscale In Situ Studies of Gas-
Solid Interactions. Chem. Commun. 2014, 50 (21), 2696−2706.
(1321) Wu, J.; Shan, H.; Chen, W.; Gu, X.; Tao, P.; Song, C.; Shang,
W.; Deng, T. In Situ Environmental TEM in Imaging Gas and Liquid
Phase Chemical Reactions for Materials Research. Adv. Mater. 2016,
28 (44), 9686−9712.
(1322) Luo, L.; Su, M.; Yan, P.; Zou, L.; Schreiber, D. K.; Baer, D.
R.; Zhu, Z.; Zhou, G.; Wang, Y.; Bruemmer, S. M.; et al. Atomic
Origins of Water-Vapour-Promoted Alloy Oxidation. Nat. Mater.
2018, 17 (6), 514−518.
(1323) Wise, M. E.; Biskos, G.; Martin, S. T.; Russell, L. M.; Buseck,
P. R. Phase Transitions of Single Salt Particles Studied Using a
Transmission Electron Microscope with an Environmental Cell.
Aerosol Sci. Technol. 2005, 39 (9), 849−856.
(1324) Wang, B. B.; Knopf, D. A.; China, S.; Arey, B. W.; Harder, T.
H.; Gilles, M. K.; Laskin, A. Direct Observation of Ice Nucleation
Events on Individual Atmospheric Particles. Phys. Chem. Chem. Phys.
2016, 18 (43), 29721−29731.
(1325) de Jonge, N.; Ross, F. M. Electron Microscopy of Specimens
in Liquid. Nat. Nanotechnol. 2011, 6 (11), 695−704.
(1326) De Yoreo, J. J.; Sommerdijk, N. A. J. M. Investigating
Materials Formation with Liquid-Phase and Cryogenic TEM. Nat.
Rev. Mater. 2016, 1, 16035.
(1327) Ross, F. M. Opportunities and Challenges in Liquid Cell
Electron Microscopy. Science 2015, 350, aaa9886.
(1328) Ross, F. M. Liquid Cell Electron Microscopy; Cambridge
University Press: New York, 2017.
(1329) Klein, K. L.; Anderson, I. M.; De Jonge, N. Transmission
Electron Microscopy with a Liquid Flow Cell. J. Microsc. 2011, 242
(2), 117−123.
(1330) Nielsen, M. H.; De Yoreo, J. J. In New Perspectives on Mineral
Nucleation and Growth: From Solution Precursors to Solid Materials; van
Driessche, A. E. S., Kellermeier, M., Benning, L. G., Gebauer, D., Eds.;
Springer, 2016.
(1331) Zhu, G.; Reiner, H.; Colfen, H.; De Yoreo, J. J. Addressing
Some of the Technical Challenges Associated with Liquid Phase S/
TEM Studies of Particle Nucleation, Growth and Assembly. Micron
2019, 118, 35−42.
(1332) Radisic, A.; Vereecken, P. M.; Hannon, J. B.; Searson, P. C.;
Ross, F. M. Quantifying Electrochemical Nucleation and Growth of
Nanoscale Clusters Using Real-Time Kinetic Data. Nano Lett. 2006, 6
(2), 238−242.
(1333) Radisic, A.; Vereecken, P. M.; Searson, P. C.; Ross, F. M. The
Morphology and Nucleation Kinetics of Copper Islands During
Electrodeposition. Surf. Sci. 2006, 600 (9), 1817−1826.
(1334) Wang, C. M.; Liao, H. G.; Ross, F. M. Observation of
Materials Processes in Liquids by Electron Microscopy. MRS Bull.
2015, 40 (1), 46−52.

(1335) Williamson, M. J.; Tromp, R. M.; Vereecken, P. M.; Hull, R.;
Ross, F. M. Dynamic Microscopy of Nanoscale Cluster Growth at the
Solid-Liquid Interface. Nat. Mater. 2003, 2 (8), 532−536.
(1336) Beker, A. F.; Sun, H.; Lemang, M.; van Omme, J. T.; Spruit,
R. G.; Bremmer, M.; Basak, S.; Perez Garza, H. H. In Situ
Electrochemistry Inside a TEM with Controlled Mass Transport.
Nanoscale 2020, 12 (43), 22192−22201.
(1337) Huang, J. Y.; Zhong, L.; Wang, C. M.; Sullivan, J. P.; Xu, W.;
Zhang, L. Q.; Mao, S. X.; Hudak, N. S.; Liu, X. H.; Subramanian, A.;
et al. In Situ Observation of the Electrochemical Lithiation of a Single
SnO2 Nanowire Electrode. Science 2010, 330 (6010), 1515−1520.
(1338) Kassal, I.; Whitfield, J. D.; Perdomo-Ortiz, A.; Yung, M. H.;
Aspuru-Guzik, A. Simulating Chemistry Using Quantum Computers.
Annu. Rev. Phys. Chem. 2011, 62, 185−207.
(1339) O’Malley, P. J. J.; Babbush, R.; Kivlichan, I. D.; Romero, J.;
McClean, J. R.; Barends, R.; Kelly, J.; Roushan, P.; Tranter, A.; Ding,
N.; et al. Scalable Quantum Simulation of Molecular Energies. Phys.
Rev. X 2016, 6, 031007.
(1340) Kandala, A.; Mezzacapo, A.; Temme, K.; Takita, M.; Brink,
M.; Chow, J. M.; Gambetta, J. M. Hardware-Efficient Variational
Quantum Eigensolver for Small Molecules and Quantum Magnets.
Nature 2017, 549 (7671), 242−246.
(1341) Nam, Y.; Chen, J.-S.; Pisenti, N. C.; Wright, K.; Delaney, C.;
Maslov, D.; Brown, K. R.; Allen, S.; Amini, J. M.; Apisdorf, J.; et al.
Ground-State Energy Estimation of the Water Molecule on a
Trapped-Ion Quantum Computer. npj Quantum Inf. 2020, 6, 33.
(1342) Villalonga, B.; Lyakh, D.; Boixo, S.; Neven, H.; Humble, T.
S.; Biswas, R.; Rieffel, E. G.; Ho, A.; Mandra, S. Establishing the
Quantum Supremacy Frontier with a 281 Pflop/S Simulation.
Quantum Sci. Technol. 2020, 5, 034003.
(1343) Hammes-Schiffer, S.; Galli, G. Integration of Theory and
Experiment in the Modelling of Heterogeneous Electrocatalysis. Nat.
Energy 2021, 6 (7), 700−705.
(1344) Schneider, P. E.; Tao, Z.; Pavosevic, F.; Epifanovsky, E.;
Feng, X. T.; Hammes-Schiffer, S. Transition States, Reaction Paths,
and Thermochemistry Using the Nuclear-Electronic Orbital Analytic
Hessian. J. Chem. Phys. 2021, 154, 054108.
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Parameterization of the DFTB3Method for Br, Ca, Cl, F, I, K, and Na
in Organic and Biological Systems. J. Chem. Theory Comput. 2015, 11
(1), 332−342.
(1370) Elstner, M.; Porezag, D.; Jungnickel, G.; Elsner, J.; Haugk,
M.; Frauenheim, T.; Suhai, S.; Seifert, G. Self-Consistent-Charge
Density-Functional Tight-Binding Method for Simulations of
Complex Materials Properties. Phys. Rev. B 1998, 58, 7260−7268.
(1371) Cui, Q.; Elstner, M. Density Functional Tight Binding:
Values of Semi-Empirical Methods in an Ab Initio Era. Phys. Chem.
Chem. Phys. 2014, 16 (28), 14368−14377.

(1372) Nishizawa, H.; Nishimura, Y.; Kobayashi, M.; Irle, S.; Nakai,
H. Three Pillars for Achieving Quantum Mechanical Molecular
Dynamics Simulations of Huge Systems: Divide-and-Conquer,
Density-Functional Tight-Binding, and Massively Parallel Computa-
tion. J. Comput. Chem. 2016, 37 (21), 1983−1992.
(1373) Nishimoto, Y.; Fedorov, D. G.; Irle, S. Density-Functional
Tight-Binding Combined with the Fragment Molecular Orbital
Method. J. Chem. Theory Comput. 2014, 10 (11), 4801−4812.
(1374) Goyal, P.; Qian, H. J.; Irle, S.; Lu, X.; Roston, D.; Mori, T.;
Elstner, M.; Cui, Q. Molecular Simulation of Water and Hydration
Effects in Different Environments: Challenges and Developments for
DFTB Based Models. J. Phys. Chem. B 2014, 118 (38), 11007−11027.
(1375) Gruden, M.; Andjeklovic, L.; Jissy, A. K.; Stepanovic,́ S.;
Zlatar, M.; Cui, Q.; Elstner, M. Benchmarking Density Functional
Tight Binding Models for Barrier Heights and Reaction Energetics of
Organic Molecules. J. Comput. Chem. 2017, 38 (25), 2171−2185.
(1376) Ito, S.; Fedorov, D. G.; Okamoto, Y.; Irle, S. Implementation
of Replica-Exchange Umbrella Sampling in GAMESS. Comput. Phys.
Commun. 2018, 228, 152−162.
(1377) Ito, S.; Irle, S.; Okamoto, Y. Implementation of Replica-
Exchange Umbrella Sampling in the DFTB+ Semiempirical Quantum
Chemistry Package. Comput. Phys. Commun. 2016, 204, 1−10.
(1378) Yuan, K.; Rampal, N.; Fenter, P.; Kubicki, J. D.; Stack, A. G.;
Irle, S. Density Functional Tight-Binding Simulations Reveal the
Presence of Surface Defects on the Quartz (101)-Water Interface. J.
Phys. Chem. C 2021, 125 (29), 16246−16255.
(1379) Machesky, M. L.; Predota, M.; Wesolowski, D. J.; Vlcek, L.;
Cummings, P. T.; Rosenqvist, J. R.; Ridley, M. K.; Kubicki, J. D.;
Bandura, A. V.; Kumar, N.; Solo, J. O. Surface Protonation at the
Rutile (110) Interface: Explicit Incorporation of Solvation Structure
Within the Refined MUSIC Model Framework. Langmuir 2008, 24,
12331−12339.
(1380) Dentz, M.; Le Borgne, T.; Englert, A.; Bijeljic, B. Mixing,
Spreading And Reaction in Heterogeneous Media: A Brief Review. J.
Contam. Hydrol. 2011, 120-121, 1−17.
(1381) Steefel, C. I.; Appelo, C. A. J.; Arora, B.; Jacques, D.;
Kalbacher, T.; Kolditz, O.; Lagneau, V.; Lichtner, P. C.; Mayer, K. U.;
Meeussen, J. C. L.; et al. Reactive Transport Codes for Subsurface
Environmental Simulation. Comput. Geosci. 2015, 19 (3), 445−478.
(1382) Gasperino, D.; Yeckel, A.; Olmsted, B. K.; Ward, M. D.;
Derby, J. J. Mass Transfer Limitations at Crystallizing Interfaces in an
Atomic Force Microscopy Fluid Cell: A Finite Element Analysis.
Langmuir 2006, 22 (15), 6578−6586.
(1383) Georget, F.; Prevost, J. H.; Huet, B. Reactive Transport
Modelling of Cement Paste Leaching in Brines. Cem. Concr. Res.
2018, 111, 183−196.
(1384) Surasani, V. K.; Li, L.; Ajo-Franklin, J. B.; Hubbard, C.;
Hubbard, S. S.; Wu, Y. Bioclogging and Permeability Alteration by L-
mesenteroides in a Sandstone Reservoir: A Reactive Transport
Modeling Study. Energy Fuels 2013, 27 (11), 6538−6551.
(1385) Kolditz, O.; Bauer, S.; Bilke, L.; Böttcher, N.; Delfs, J. O.;
Fischer, T.; Görke, U. J.; Kalbacher, T.; Kosakowski, G.; McDermott,
C. I.; et al. OpenGeoSys: An Open-Source Initiative for Numerical
Simulation of Thermo-Hydro-Mechanical/Chemical (THM/C)
Processes in Porous Media. Environ. Earth Sci. 2012, 67 (2), 589−
599.
(1386) Pore Scale Geochemical Processes; Steefel, C. I., Emmanuel, S.,
Anovitz, L., Eds.; De Gruyter, 2015; Vol. 80.
(1387) Reactive Transport in Natural and Engineered Systems;
Druhan, J., Tournassat, C., Eds.; De Gruyter: Berlin, 2020; Vol. 85.
(1388) Steefel, C. I. 1. Reactive Transport at the Crossroads. In
Reactive Transport in Natural and Engineered Systems; Reviews in
Mineralogy & Geochemistry; Druhan, J., Tournassat, C., Eds.; De
Gruyter, 2019; Vol. 85; pp 1−26.
(1389) Franz, C.; Saubert, S.; Wendl, A.; Haslbeck, F. X.; Soltwedel,
O.; Jochum, J. K.; Spitz, L.; Kindervater, J.; Bauer, A.; Boni, P.;
Pfleiderer, C. MIEZE Neutron Spin-Echo Spectroscopy of Strongly
Correlated Electron Systems. J. Phys. Soc. Jpn. 2019, 88 (8), 081002.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.2c00130
Chem. Rev. 2023, 123, 6413−6544

6544

https://doi.org/10.1038/nchem.2155
https://doi.org/10.1103/PhysRevLett.121.247704
https://doi.org/10.1103/PhysRevLett.121.247704
https://doi.org/10.1073/pnas.1609141113
https://doi.org/10.1073/pnas.1609141113
https://doi.org/10.1021/acs.chemrev.1c00107?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.1c00107?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.1c00107?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c01339?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c01339?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c01339?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.5126336
https://doi.org/10.1063/1.5126336
https://doi.org/10.1021/acs.jpca.0c02450?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.0c02450?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.0c02450?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jcp.2014.12.018
https://doi.org/10.1016/j.jcp.2014.12.018
https://doi.org/10.1063/1.5017641
https://doi.org/10.1063/1.5017641
https://doi.org/10.1039/C9SC05116C
https://doi.org/10.1039/C9SC05116C
https://doi.org/10.1038/s41467-017-00276-2
https://doi.org/10.1038/s41467-017-00276-2
https://doi.org/10.1038/s41467-017-00276-2
https://doi.org/10.1063/1.5088393
https://doi.org/10.1063/1.5088393
https://doi.org/10.1063/1.5088393
https://doi.org/10.1063/5.0032362
https://doi.org/10.1063/5.0032362
https://doi.org/10.1063/5.0032362
https://doi.org/10.1021/acs.jpclett.1c00229?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.1c00229?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.1c00229?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.0c02132?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.0c02132?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.0c02132?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct5009137?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct5009137?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevB.58.7260
https://doi.org/10.1103/PhysRevB.58.7260
https://doi.org/10.1103/PhysRevB.58.7260
https://doi.org/10.1039/C4CP00908H
https://doi.org/10.1039/C4CP00908H
https://doi.org/10.1002/jcc.24419
https://doi.org/10.1002/jcc.24419
https://doi.org/10.1002/jcc.24419
https://doi.org/10.1002/jcc.24419
https://doi.org/10.1021/ct500489d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct500489d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct500489d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp503372v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp503372v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp503372v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/jcc.24866
https://doi.org/10.1002/jcc.24866
https://doi.org/10.1002/jcc.24866
https://doi.org/10.1016/j.cpc.2018.01.014
https://doi.org/10.1016/j.cpc.2018.01.014
https://doi.org/10.1016/j.cpc.2016.02.010
https://doi.org/10.1016/j.cpc.2016.02.010
https://doi.org/10.1016/j.cpc.2016.02.010
https://doi.org/10.1021/acs.jpcc.1c03689?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.1c03689?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la801356m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la801356m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la801356m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jconhyd.2010.05.002
https://doi.org/10.1016/j.jconhyd.2010.05.002
https://doi.org/10.1007/s10596-014-9443-x
https://doi.org/10.1007/s10596-014-9443-x
https://doi.org/10.1021/la060592k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la060592k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cemconres.2018.05.015
https://doi.org/10.1016/j.cemconres.2018.05.015
https://doi.org/10.1021/ef401446f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ef401446f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ef401446f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s12665-012-1546-x
https://doi.org/10.1007/s12665-012-1546-x
https://doi.org/10.1007/s12665-012-1546-x
https://doi.org/10.7566/JPSJ.88.081002
https://doi.org/10.7566/JPSJ.88.081002
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00130?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


S1 
 

Supplemental Information 
 
Oxide- and Silicate-Water Interfaces and Their Roles 
in Technology and the Environment  
José Leobardo Bañuelos,1 Eric Borguet,*2 Gordon E. Brown, Jr.,3 Randall T. Cygan,4 James J. 
DeYoreo,5 Patricia M. Dove,6 Marie-Pierre Gaigeot,7 Franz M. Geiger,8 Julianne M. Gibbs,*9 
Vicki H. Grassian,10 Anastasia G. Ilgen,*11 Young-Shin Jun,*12 Nadine Kabengi,*13 Lynn Katz,14 
James D. Kubicki,*15 Johannes Lützenkirchen,16 Christine V. Putnis,17 Richard C. Remsing,18 
Kevin M. Rosso,19 Gernot Rother,20 Marialore Sulpizi,21  Mario Villalobos,22 Huichun Zhang23  
 

TABLE OF CONTENTS 

1. Overview of Techniques for Probing Oxide- and Silicate-Water Interfaces …………...2 

2. Experimental Analytical Techniques ………………………………………………………...3 
2.1 Synchrotron-based techniques …………………………………………………….3 

2.1.1. Extended X-ray Absorption Fine Structure (EXAFS) Spectroscopy …………5 
2.1.2. X-ray reflectivity (XRR) …………………………………………………….7 
2.1.3. Small-Angle X-ray Scattering (SAXS) ………………………………………8 
2.1.4. Neutron Diffraction/X-Ray Diffraction/Pair Distribution Function Analysis .9 
2.1.5 Ambient Pressure X-ray Photoelectron Spectroscopy (APXPS) ……………..11 
2.1.6. µ-XRF and µ-XANES ………………………………………………………..11 
2.1.7 Nano-XRF ……………………………………………………………………..12 
2.1.8. Radiography and Computed Tomography ……………………………………13 

2.2. Neutron Scattering ………………………………………………………………...14 
2.2.1. Inelastic Scattering (INS) ……………………………………………………..14 
2.2.2. Quasi-Elastic Neutron Scattering (QENS) ……………………………………15 

2.3. Vibrational Spectroscopic Methods ……………………………………………….16 
2.3.1. Attenuated Total-Reflectance Fourier-Transform Infrared (ATR FTIR) and 
Synchrotron IR ………………………………………………………………………16 
2.3.2 Sum Frequency Generation (SFG) …………………………………………….16 
2.3.3. Raman Spectroscopy ………………………………………………………….17 

2.4. Nuclear Magnetic Resonance-Based Techniques (NMR) …………………………18 
2.5. Atomic Force Microscopy, Scanning Tunneling Microscopy, Optical Techniques 19 

2.5.1. Atomic Force Microscopy (AFM) ……………………………………………19 
5.2.2. Transmission Electron and Scanning Electron Microscopy (TEM & SEM) …19 
2.5.3. Atomic Probe Tomography (APT) ……………………………………………20 
2.5.4. Spatially-Resolved Mass Spectrometry (FT-ICRMS & TOF SIMS) …………21 
2.5.5. Vertical Scanning and Phase Shift Interferometry ……………………………22 

 



S2 
 

1. Overview of Techniques for Probing Oxide- and Silicate-Water Interfaces 

Since Brown et al.,1 advances in oxide-water interface chemistry have benefited from 

developments in advanced instrumentation and computational chemistry. Surface and interfacial 

imaging and spectroscopy of oxide-water systems have become available. Especially significant 

are the advances in X-ray and neutron sources 2-4 and the development of multiple synchrotron 

facilities for diffraction, reflectivity, absorption, scattering, and related spectroscopies.5-9 Brighter 

X-ray sources and improved particle accelerators have provided improved energies, coherence, 

and resolutions for diffraction, scattering, imaging, tomographic, spectroscopies, and other 

techniques. Upgrades and projects for major international accelerator facilities that are upcoming 

were compiled in a recent report sponsored by the European Physical Society Accelerator Group.10 

The techniques that enabled discoveries reported in our review are summarized in Table S1. 

Surface-specific analytical spectroscopies such as sum-frequency generation, SFG, 11-13 

and second harmonic generation, SHG,14-16 atomic force and interfacial force microscopies,1,17-19 

and high-resolution reflectivity,8 crystal truncation rod (CTR) methods,6,7 and other advanced X-

ray techniques 20 have played a leading role in moving our understanding forward. Current 

advancements allow for smaller samples for difficult to synthesize nanoparticles as well as the 

ability to study different adsorbates. 

Software based on molecular orbital (MO) and density functional theories (DFT) have leapt 

forward. The latest codes utilize on convenient graphical interfaces (GUIs) for submitting 

computational jobs and post-processing analysis. Quantum mechanics codes based on DFT allow 

simulation of chemical systems of 1000s of atoms, typically employing periodic boundaries for 

simulating crystalline materials, surfaces and interfacial systems. Molecular simulations using 

classical-based energy force fields (or interatomic potentials – IAPs) that are typically 

parametrized from experimental data and quantum calculations, allow modelling millions of 
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atoms.21 Use of both deterministic (e.g., molecular dynamics - MD) and stochastic (e.g., Monte 

Carlo - MC) approaches allow quantum and classical computing methods to supplement the 

experimental and spectroscopic work on the oxide-water systems. 22-24  

In parallel with the experimental innovations, there have been significant developments in 

computational platforms and user-friendly software. Micro-processing power and computer 

hardware have advanced to provide users with outstanding computational power to address aspects 

of oxide-water chemistry. High-performance computing (HPC) methods using massively-parallel 

supercomputers have evolved to allow advance quantum-based approaches to become accessible 

to many researchers.25 Exascale (1018 floating point operations per second – FLOPS) computing 

is expected soon for distributed and massively parallel supercomputers.26 However, integrating 

simulation with experiment is essential for studying metal oxide-water interfaces.27 

To further introduce recent advanced experimental analytical techniques, the following 

section will provide summaries of recent advances most relevant to the main manuscript content. 

However, it is not intended to encompass all advanced analytical techniques.  

 

2. Experimental Analytical Techniques 
 
2.1 Synchrotron-based techniques 
 

The development of synchrotron radiation (SR) sources in the early 1970’s and more 

recently has revolutionized the way X-ray science is done in many disciplines, including interfacial 

chemistry, environmental chemistry/geochemistry, materials science, and protein crystallography, 

all of which require atomic-level characterization studies. The key reason is that SR provides 

continuum vacuum ultraviolet (VUV) and X-ray radiation with about 13 orders of magnitude 

greater average brightness from 3rd generation sources than from standard sealed or rotating anode 

X-ray tubes (Figure S1). Fourth generation SR sources, such as the Linac Coherent Light Source 
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(LCLS) at SLAC National Accelerator Laboratory (Stanford University), provide about 30 orders 

of magnitude greater peak brightness than sealed X-ray tubes. These enormous increases in X-ray 

brightness have led to the development of many new atomic-level characterization methods and 

new discoveries about chemical processes in many fields of science, particularly those involving 

interfacial chemistry. 

      
Figure S1. Comparison of average and peak brightness of synchrotron radiation sources and 
laboratory X-ray sources. The rate of increase of the number of transistors on a microchip doubling 
every two years (Moore’s Law – green dashed line) is less than the rate of increase of the average 
brightness of synchrotron radiation sources (red solid line) (after J. Stohr, Stanford Synchrotron 
Radiation Lightsource (SSRL), personal comm.). 

 

X-ray scattering offers benefits for exploring structural, dynamical and energetic properties 

of nanoscale mineral-water interface interactions. X-ray fluorescence, diffraction, absorption, 

microtomography, standing wave, emission, and reflectivity have been reviewed,20 with a 

presentation of seminal works applying these experimental approaches to geochemistry and 

environmental science problems. The high intensity of synchrotron sources now allows 

unprecedented high spatial and time resolution measurements of evolving nanostructures both in 
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situ and over a wide range of conditions. Elastic scattering techniques including X-ray reflectivity 

(XRR), small-angle X-ray scattering, and X-ray micro-computed tomography (X-ray µCT) 

represent an important subset of methods of value to the study of oxide- and silicate-water 

interfaces.  

2.1.1. Extended X-ray Absorption Fine Structure (EXAFS) Spectroscopy 

The first SR experiments relevant to interfacial chemistry/geochemistry and environmental 

science, although not performed on Earth or environmental materials, were extended X-ray 

absorption fine structure (EXAFS) spectroscopy measurements on amorphous and crystalline 

germanium oxide conducted on the SPEAR storage ring at the Stanford Synchrotron Radiation 

Project in 1971 by Dale Sayers, Farrel Lytle, and Edward Stern.28,29 Prior to the availability of SR 

in the hard X-ray energy range (> 5 keV), EXAFS spectroscopy measurements were impractical 

because of the high X-ray flux required and the need for a continuously tunable range of X-ray 

energies extending up to 1000 eV above the absorption threshold of the element of interest. In the 

50 years since these synchrotron-based EXAFS measurements, this method has been applied to 

materials ranging from metalloproteins and catalysts to silicate liquids at high temperatures, cation 

complexes in aqueous and hydrothermal solutions, and complex environmental samples 

containing heavy metal and metalloid contaminants and pollutants, just to name a few.  

 

The most widely used synchrotron-based analytical methods characterized samples of 

importance in low temperature geochemistry and environmental science is EXAFS spectroscopy. 

Early applications of EXAFS spectroscopy to these fields as well as to mineralogy are reviewed 

by Brown et al.30 XAFS spectroscopy measures the absorption of X-rays by a selected element in 

a sample at and above that element’s characteristic absorption edge energy. Such measurements 

are typically feasible only with X-rays from a synchrotron radiation source, particularly if the 
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element of interest is at low concentration (< 1 wt.%). Absorption edges correspond to excitation 

of deep core electrons to valence or continuum levels of an atom and occur at unique energies for 

each element. The X-ray absorption near edge structure (XANES) spectrum is sensitive to the 

valence state of the atom and the geometry and types of surrounding atoms, whereas the extended 

X-ray absorption fine structure (EXAFS) spectrum provides quantitative information on the 

distances between absorbing atoms and surrounding atoms (out to a radial distance of about 5 Å), 

the atomic number of surrounding atoms, and their relative disorder (both positional and thermal). 

Because EXAFS spectroscopy is a local probe, it does not require the long-range order of a 

crystalline sample and is one of the few methods that can provide quantitative structural 

information about the local environments around cations and anions in amorphous materials, such 

as silicate glasses and silicate melts, or in aqueous solutions, hydrothermal/supercritical fluids, or 

complex environmental samples. X-ray or neutron scattering can provide this information in cases 

where the pair correlations of interest are separable from all other pair correlations contributing to 

a radial distribution function. Synchrotron-based differential anomalous scattering can probe the 

medium-range structure around selected elements in amorphous and poorly crystalline materials 

by combining the element selectivity of EXAFS spectroscopy with the high k-range of X-ray 

scattering. Also, because EXAFS spectroscopy is element specific, it can be quite sensitive to the 

surface of a sample in which the element of interest occurs only at or near the surface. This feature 

allows one to determine the geometry, composition, and mode of attachment of a range of 

adsorbate ions at mineral/water interfaces.31 

Examples of the application of EXAFS spectroscopy for determining the surface 

complexation geometries of heavy metals and actinides at ferric hydroxide (FeOX)/aqueous 

solution interfaces are shown in Table 1 from Waychunas et al.32 In addition to EXAFS 



S7 
 

spectroscopy methods, synchrotron-based micro-X-ray fluorescence spectroscopy and 

synchrotron X-ray diffraction methods are now commonly used in studies of Earth materials, 

environmental materials, and technological materials. Other synchrotron-based analytical methods 

include VUV and soft X-ray photoemission spectroscopy, X-ray standing waves, X-ray reflectivity 

measurements, small angle X-ray scattering, X-ray microtomography, X-ray microscopy 

measurements, photoelectron diffraction, and synchrotron infrared spectroscopy. Each of these 

methods is beginning to provide useful, and in many cases, unique information about Earth and 

environmental materials and their interactions with aqueous fluids, atmospheric gases, organic 

matter, microbial organisms, plant roots, and environmental contaminants. The potential of many 

of these methods, particularly those that require high brightness (μEXAFS, μXRD, X-ray 

reflectivity, X-ray standing waves, X-ray microtomography, and X-ray microscopy), could not be 

fully realized prior to the availability of third-generation synchrotron radiation sources in the mid-

1990’s. The review by Brown and Sturchio 5, although a bit dated, discusses these and other 

synchrotron-based analytical methods that are routinely used to characterize sorption complexes 

of metals at metal oxide- and silicate-aqueous solution interfaces. A more up-to-date summary of 

the applications of synchrotron-based analytical methods to environmental science is given by 

Brown and Calas.33  

2.1.2. X-ray reflectivity (XRR) 

The theoretical foundations, experimental considerations, and progress on using fluid XRR 

in mineral interface research has been highlighted in a comprehensive review.20 Thin film and 

transmission sample cell geometries for “environmental” setups are described, along with the 

necessary experimental corrections that must be considered in order to extract quantitative 

molecular and nanoscale information for comparison with simulation. Special attention is given to 
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the importance of model calculations of the mineral surface termination and the formalism is 

extended to a large molecule adsorption example of a stearate monolayer on calcite. XRR is able 

to distinguish between adsorbed water on a mineral surface and full hydration water environment 

normal to a flat mineral surface. Mineral defect structures and dissolution reactions may be 

followed in real-time using XRR. Elemental sensitivity may be obtained by choosing probe 

energies near an element’s X-ray absorption edge. The increased brilliance of synchrotron sources 

also offers new opportunities to use microbeams to study small crystals, or adsorption/desorption, 

complex formation kinetics on millisecond time scales or less. A recent example can be found in 

Lee et al. 34 who combined resonant anomalous X-ray reflectivity (RAXR) with classical MD 

simulations to study high salt (RbCl) concentrations at the (001) muscovite mica surface. These 

authors observed charge overscreening and heterogeneous nucleation to address non-classical 

EDL behavior. They conclude 

 “The observed transition from classical Langmuir-type full charge compensation by adsorbed 

ions to non-classical charge overscreening is controlled by positional correlations between 

adsorbed ions rather than chemical complexations (e.g., ion pair formation) that are generally 

assumed in current physicochemical theories.”  

Studies such as this could be extended to other minerals and salt compositions 35 at higher T and 

P to obtain data more directly applicable to environmental conditions. 

2.1.3. Small-Angle X-ray Scattering (SAXS) 

Transmission and grazing incidence small angle X-ray scattering (SAXS & GISAXS) for 

the study of nanomaterials and nanoscale interfaces have been recently reviewed.36 The 

development of in situ sample environments allows application of fluid flow, controlled humidity, 

electrochemical studies, and other natural and engineered interface environments. Using an 
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environmental setup to utilize synchrotron-based SAXS/GISAXS, Jun et al. obtained initial stage 

nucleation rates and critical nucleus sizes for both homogeneous and heterogeneous nucleation, 

changes in mineral surface area, interfacial energies, and activation energies in aqueous systems. 

37-42 Mineral phases were also identified by transmission and grazing incidence mode wide angle 

X-ray scattering (WAXS/GIWAXS). Using these capabilities, nucleation mechanisms and kinetics 

of environmentally important nanoporous systems and nanoparticles have been studied.  

The critical nucleus size was also determined for highly amorphous Fe(hydr)oxide. This in 

situ approach also provided size, volume, surface area and particle distributions of evolving Fe-

(hydr)oxide nanoparticles in the presence of ubiquitous cations such as Al3+ 43 and anions (NO3-, 

Cl-, SO42-, PO43-, and AsO43-38,44 and natural organic matter. 45 Notably, in the presence of Cl-, the 

Fe-oxy(hydr)oxides undergo faster Ostwald ripening than those for other anions. 38  This approach 

also elucidates how mineral substrates significantly affect the heterogeneous Fe-oxy(hydr)oxide 

nucleation and growth.46  

Other applications include understanding nucleation and growth rates of CaCO3, 39-41,47,48 

Ca-phosphates, 49-52 and Mn-oxy(hydr)oxide, 53,54 which enable the quantification of interfacial 

free energies of these systems. In CaCO3 nucleation systems, an intriguing finding is that salinity 

can affect the heterogeneous nucleation of CaCO3 on quartz and the interfacial energies 

significantly.41 High salinity lowers the interfacial energy of the system and facilitates CaCO3 

nucleation on quartz. 

 

2.1.4. Neutron Diffraction/X-Ray Diffraction/Pair Distribution Function Analysis 

The combined use of X-ray and neutron diffraction is a recognized approach to obtaining 

structural information at the scale of nearest atomic neighbors, including ion solvation shell 
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composition and coordination numbers and nanoparticle/nanoporous material surface/defect 

structure. However, the decreased size of a nanoparticle makes phase identification problematic 

due to diminishing long-range periodicity and consequent broadening of diffraction peaks. In such 

situations, standard crystal refinement tools fail and instead the measurement of diffraction data 

over a wide range of momentum is necessary for the application of pair distribution function (PDF) 

analysis. In this method, the full diffraction pattern is Fourier transformed to obtain the real-space 

correlation function of the system.55 Open source structure refinement programs allow an 

experimenter, most often through a reverse Monte Carlo approach,56 to obtain a structural model 

that is consistent with the data. With the aid of chemically realistic computational models, another 

option is to compare directly the experimentally obtain G(r) functions corresponding correlation 

functions obtain via theory and simulation. 

Atom-atom correlations may modulate in some cases by employing neutron diffraction 

with isotopic substitution (NDIS) in combination with X-ray PDF (e.g., arsenic in gypsum and 

calcite). Extreme environments are also accessible due to the penetrating power of neutrons that 

allow robust sample containers. Examples of studies include ion-water coordination near an ion, 

solvation of simple organic molecules and NDIS to obtain solute-solvent and solute-solute 

structure (e.g., clay-phenol-water structural data, structure of water in clays (with implications to 

mechanical and chemical strength, and cation exchange dynamics). High T and P experiments 

revealed the structural changes giving rise to reversible hydration/dehydration reactions under 

geological conditions.  

Hoeher et al. (2019) utilized mixed-flow reactors (MFRs) and X-ray scattering to obtain 

pair distribution functions (PDFs) in situ structures of Ca-phosphate and Ca-carbonate amorphous 

nanoparticles in solution.57 Because the Ostwald Step Rule often leads to the formation of poorly 
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crystalline metastable phases before the more crystalline and stable phase grows, observing the 

initial nanoparticle formation process is a key to developing predictive kinetic models of natural 

aqueous systems (e.g., ferrihydrite formation before goethite or hematite growth).58 Extension of 

this technique to study metal oxide and silicate precipitation would shed light on this grey area in 

our knowledge where small particle size and high disorder lead to poor X-ray diffraction results. 

When complemented by molecular simulations of the nucleation process, unseen details of the 

nucleation can be obtained that will allow for better control of solid-phase formation from aqueous 

solutions. 

2.1.5 Ambient Pressure X-ray Photoelectron Spectroscopy (APXPS)  

Distinguishing signals from the interfacial region from the bulk solid and solution can be 

problematic. Qian et al. (2020) addressed this using APXPS for a well-defined system of KBr in 

aqueous solution in contact with gold. Their approach included prediction of the spectra via ab 

initio MD and DFT calculations to create an analytical model and an ab initio constructed 

spectrum.59 These authors constrained conditions under which surface and solution Br- could be 

detected. A similar approach on other substrates and solutions is worth investigating to determine 

when it will be possible to gain insights into interfacial chemistry with APXPS. 

2.1.6. µ-XRF and µ-XANES  

Phosphorous behavior in soils is important (Section 4.2.3) because it is a key nutrient for 

plants but can lead to the water pollution problem known as ‘eutrophication’. Soil scientists have 

long relied upon sequential extraction techniques to identify various types of P, but the information 

gained may not be quantitative depending upon extraction efficiency, and it does not supply spatial 

information on the location of the P within the soil texture. Gamble et al. (2020) applied μ-XRF 

and μ -XANES to obtain details on the types and distribution of P in soils. P soil biogeochemistry 



S12 
 

is complex because P can be in biological compounds, adsorbed to minerals and form its own 

phases. Gamble et al. found that  

“Combined μ -XRF and μ -XANES analysis was useful for identifying Ca phosphate, Fe phosphate, 

Al-sorbed P, and Fe-sorbed P species in heterogeneous soil samples. X-ray fluorescence maps 

were valuable to distinguish Al-oxide sorbed P from Fe-oxide sorbed P species.” 60 

Microscopic maps of P distributions and mineral associations can be used to connect 

analyses of single-mineral studies to the more complex soil system. Similar methods can be used 

to study cement reactions that are crucial in applications such as the growing geothermal energy 

industry.61 

2.1.7 Nano-XRF 

One consequence of mineral growth from natural solutions is compositional zoning as 

solution composition changes with time. Analysis of this zonation can provide information on the 

conditions under which a crystal formed and have implications for how the crystal will dissolve 

with time. An excellent example of the use of nano-XRF to study mineral zonation is found in 

Ling et al. (2018).62 These authors utilized the Hard X-ray Nanoprobe (HXN) beamline at the 

National Synchrotron Light Source II (NSLS-II) to map out Sr and As in barite (BaSO4). The 

Multilayer Laue Lenses (MLL) provide the specificity, resolution, and sensitivity to map trace 

element concentrations at 15 nm pixel sizes. Changes in growth can be discerned and the effect of 

crystal surface on the incorporation of trace elements. Since the types of surfaces present can also 

influence isotope incorporation,63 the ability to interpret isotopic signatures of minerals also 

requires reconstructing crystallization histories. As with other recent advancements, performing 

experiments on well-controlled and characterized samples in combination with analyses of real-
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world samples will better allow the deconstructionist approach to provide information that can be 

scaled to more complex systems. 

2.1.8. Radiography and Computed Tomography 

X-ray computed tomography allows the visualization of precipitation/dissolution 

phenomena with resolution ranging from microns (µ-CT) down to 10’s of nm (nano-CT; 64). The 

two modes typically implemented are absorption and phase contrast modes. High speed X-ray 

radiographic imaging captures processes with µs-scale time resolution.65 Three-dimensional 

reconstructions require the collection multiple radiographs as a function of sample rotation about 

a precisely defined axis and thus decrease the achievable frame rates compared to radiography. 

Recent developments in transmission X-ray microscopes (TXM) now allow fast (85 min) sub-10 

nm spatial resolution 3D nano-computed-tomography.64 As this full-field, high-resolution 

technique pushes the limits of resolution towards the domain of electron-based imaging methods, 

the merging, segmentation, and processing of vast datasets also requires advancements in machine 

learning-based algorithms to reduce processing bottlenecks.66 Neutron imaging is ideal for 

dynamic imaging of the transport of H-rich fluids through geologic media due to the penetrating 

power of neutrons deep into geological materials combined with the large neutron cross-section of 

H (which attenuates the beam), thus providing bulk information with 50-100 µm scale resolution 

of samples with cm-scale dimensions.67,68 

TXM experiments have shown that the presence of Pb2+ ions in static acidic solutions 

decreases the overall dissolution rates of calcite by half compared to Pb-free solutions, and 

resolved the accompanying increase in surface roughness and micropyramid formation primarily 

near acute edges of calcite crystals.69 Variations in micropyramid morphology and spatially-

resolved dissolution rates were also observed over time. In another example, fracturing of olivine 
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upon carbonation at 13 MPa and 200 °C has been observed using in situ time-resolved X-ray 

microtomography.70 

Water transport through bentonite engineered barriers for radioactive waste disposal has 

been studied using neutron radiography.67 Neutron tomography with a 42 μm voxel size has been 

used to study water dynamics during curing of cements containing superabsorbent polymers.71 The 

construction of new neutron imaging facilities are expected to achieve resolutions < 15 μm with a 

field of view up to 20 x 20 cm2 72. Advances in detector technologies are enabling energy-resolved 

neutron imaging 73 to allow spatially-resolved elemental composition for some elements; this 

concept has been demonstrated in real time crystal growth studies 74 and microstructure studies of 

crystalline materials. 75 One example highlighting the elemental sensitivity and non-destructive 

nature of neutron imaging is a recent study that tracked in real time the transport of water, iodine 

and uranium through concrete.76 These advances now make it possible to carry out 4-D 

(3D+spectral) neutron tomography.77 

 

2.2. Neutron Scattering 
As a probe that interacts primarily with atomic nuclei, neutrons have high sample 

penetration power, sensitivity to light elements such as H, isotope sensitivity, and have no selection 

rules in comparison to photon-based spectroscopies. Neutron techniques for mineral-water 

interfaces have been reviewed in Rinaldi, 2009 and references therein.78 The principles and use of 

deep inelastic scattering (INS), quasi-elastic neutron scattering (QENS), combined with DFT and 

MD simulations to study water on metal oxide nanoparticle surfaces are discussed. 

2.2.1. Inelastic Scattering (INS)  

INS is not restricted by selection rules or hampered by optical opacity and sample 

absorption as with Raman and IR spectroscopies. INS is useful for studying the speed-up and slow-
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down of dynamics, shifts in glass transition and crystallization temperature induced by 

confinement.79 For example, vibrational spectroscopy of water on nano-forsterite with the (010) 

face dominant with 0.5, 1, and 2 monolayers of water demonstrates the distinct dynamics and 

thermodynamics between the first layer of adsorbed water and water located farther from the 

surface. 

2.2.2. Quasi-Elastic Neutron Scattering (QENS) 

Diffusional and rotational molecular motions with energy transfers of µV to mV and 

timescales nanoseconds to picoseconds are observed with QENS. QENS and MD are linked by 

the intermediate scattering function resulting from the incoherent scattering of H nuclei. The ISF 

is obtained from the time-space trajectories of MD simulations, making the two approaches 

complementary. Combined INS and QENS to study the dynamics of water on mineral oxide 

nanoparticle surfaces, is demonstrated in a series of studies.80 Using QENS and classical MD, 

precise water exchange rates at a mineral surface have been obtained. Measurements of the impact 

on water dynamics due to ion type and electrolyte concentration in a pore-confined system affect 

can provide information on pore confined dissolution and precipitation reaction rates.81 Studies of 

SnO2 destabilization upon thermal removal of inner layer adsorbed water demonstrate how the 

first few hydration layers are important to a nanoparticle (NP) and should be considered an intrinsic 

part of the NP itself.  

2.3. Neutron Spin Echo (NSE) 

The Neutron Spin Echo (NSE) technique may enable slow diffusion dynamics 

(characteristic of the innermost hydration layer) to time scales of 1 to 100s of nanoseconds. 

Because it may achieve longer relaxation times in comparison to QENS, NSE has been employed 

to study the dynamics of water confined in natural and synthetic clays.82-85 
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2.3. Vibrational Spectroscopic Methods 

2.3.1. Attenuated Total-Reflectance Fourier-Transform Infrared (ATR FTIR) and Synchrotron IR  

Hao et al. examined organic-mineral interactions over scales of nanometers to 100’s of 

microns using a combination of ATR FTIR spectroscopy and synchrotron-based IR nano-

spectroscopy.86 The combination allows for mapping organic-mineral distributions over relevant 

length scales for applications such as hydraulic fracturing and CO2 sequestration while collecting 

compositional information at the nano-scale. A large radius Ge hemi-spherical crystal as the 

internally reflective element in the ATR FTIR instrument significantly improved the spatial 

resolution. Hao et al. identified selective mineral-organic associations and gas-phase absorbents. 

Coordination of simpler, laboratory studies with analyses of real rocks and sediments will go a 

long way towards addressing problems of scaling, complexity and heterogeneity. Such information 

will be invaluable in connecting molecular data and simulation results with reactive transport 

models.87  

2.3.2 Sum Frequency Generation (SFG) 

Sum Frequency Generation (SFG), is a surface-specific vibrational probe that is well-suited 

to studying buried interfaces and was used to study the Al2O3(0001)-H2O interface.88 By 

incorporating a flexible polarizability model which accounted for local dipole interactions within 

both the surface and solvent molecules, this study identified that two distinct H stretching peaks 

were due to independent solvent and surface modes, instead of from H2O modes as was previously 

believed. Recently, Kroutil et al. showed that SFG spectra may be calculated at low computational 

cost by using classical molecular dynamics (CMD) simulations in combination with simple non-

polarizable force fields (FFs).89 The computation of the SFG spectra is achieved by using 

velocity−velocity autocorrelation functions that are weighted by parameterized Raman and atomic 
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polar tensors. This methodology yields good qualitative agreement with experiment and avoids the 

use of costly ab initio molecular dynamics (AIMD) simulations or CMD simulations with 

computationally demanding FFs and opens the possibility to study larger systems for long time 

periods. Environmentally relevant processes, such as electric double-layer formation at interfaces 

with mM ionic concentrations, can be characterized by combined theoretical CMD and SFG 

spectroscopy. SFG studies benefit from interpretation with DFT-MD simulations.89-93 

2.3.3. Raman Spectroscopy 

 In situ, fluid-cell Raman spectroscopy has been used to obtain real-time information of 

reaction and transport processes in a borosilicate glass undergoing aqueous corrosion.94 In this 

study, which supports an interface-coupled dissolution–reprecipitation process for surface 

alteration layer (SAL) formation, a micrometer-scale water-rich zone between SALs and the glass, 

interpreted as an interface solution, was detected. Gradients in pH at the glass surface and within 

the SAL were also identified. This experimental tool opens the possibility of in situ, real-time 

studies of processes in solid–water reactions by using stable isotopes.94 The use of Raman 

spectroscopy for mineral phase identification and chemistry, including describing crystallinity and 

crystallographic orientation has been recently reviewed.95 The incorporation of isotopic tracers to 

provide kinetic information on isotope substitution and the potential to gain insights on mineral 

replacement processes using Raman spectroscopy is described therein. Furthermore, the Raman 

scattering intensity of molecules adsorbed on a metal surface, such as gold or silver nanostructures, 

is greatly enhanced, a phenomenon called surface-enhanced Raman scattering (SERS).96,97 By 

utilizing SERS with plasmonic gold nanorods, Zhu et al. detected the pH and ion concentrations 

in nanopores in situ and with high resolution.98 
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2.4. Nuclear Magnetic Resonance-Based Techniques (NMR) 

 Pulsed-field gradient nuclear magnetic resonance (PFG NMR) techniques collect 

spectrally-resolved diffusion data of adsorbed complex molecules. In diffusion-ordered 

spectroscopy (DOSY) NMR, a two-dimensional map of chemical shift information and diffusion 

coefficient is obtained.99 The observed translational diffusion coefficients of molecular species 

give information of effective sizes and shapes of molecular species. NMR relaxometry100 can also 

be used to obtain molecular translational diffusion coefficients and is effective in obtaining 

desorption activation energies (DEdesorb) of molecular species in porous materials.101  

 Quantitative continuous wave Overhauser effect dynamic nuclear polarization (cw ODNP) 

NMR technique measures dipolar cross-relaxation between the electron spins and the ¹H nuclear 

spins at X-band frequencies.102 To realize this technique, an NMR probe head must be inserted 

into a continuous wave ESR instrument. This technique selectively measures the translational 

mobility of water within a volume extending 0.5-1.5 nm outward from a nitroxide radical spin 

probe that is attached to a targeted site of a macromolecule. This mode allows the study of 

dynamics of water that hydrates or permeates the surface or interior of proteins, lipid membrane 

vesicles, and other interfaces. Because ODNP measures the coupling factor, it exhibits a better 

selectivity for high-frequency (typically translational) motions of the solvent than an NMR 

relaxometry measurement that measures the self-relaxivity of the water in the presence of the spin 

probe. The cw ODNP method allows studying water dynamics within the first 0.5 to 1.5 nm of an 

interface and time scales of 10 ps to 1 ns. It can distinguish between bulk translational diffusion 

of water and first-layer surface-bound water.102 Single-sided NMR can provide concentration 

gradient depth profiles of NMR active solvents on surfaces103 and mobile version of this technique 

has been developed.104 Many of the aforementioned NMR techniques focus on understanding 
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water dynamics at interfaces; the insights of these methods help to inform mass transport properties 

of solutes to interfaces that impact inner-sphere complexation processes near mineral interfaces. 

Furthermore, advanced NMR methods can be coupled with machine-learning approaches to 

provide accurate atomic structures.105 

2.5. Atomic Force Microscopy, Scanning Tunneling Microscopy, Optical Techniques 
2.5.1. Atomic Force Microscopy (AFM) 

Real-time imaging of dynamic interfacial processes is enabled by environmental atomic 

force microscopy (AFM). AFM is an indispensable tool obtain quantitative descriptions of mineral 

precipitation and dissolution processes with crystal facet specificity; a few such processes include 

molecular step advancement, etch pit formation, and toxic element sequestration. Examples 

include in situ nanoscale thin film oxide formation on environmentally abundant mineral surfaces, 

which observed interfacial reactions in real-time using fluid-cell AFM.106-108 Complex phenomena 

including coupled dissolution of a parent phase with new product phases in environmental mineral 

interfaces may also be identified.109 The structural information obtained from these methods tests 

current theories of heterogeneous nucleation, growth and dissolution, and is amenable to 

comparisons with results from various computational approaches. 

5.2.2. Transmission Electron and Scanning Electron Microscopy (TEM & SEM)  

TEM and SEM are no longer limited to high vacuum sample environments and the need 

for special sample coatings. Environmental TEM (E-TEM), which introduces a gas into the TEM 

sample chamber, is becoming a standard technique at several large facilities, many of which allow 

access to a larger community of scientists worldwide. E-TEM is routinely used to investigate 

mineral substrates under humid atmosphere. Moreover, by lowering the T below the dew point, 

the formation of liquid water and ice films on mineral substrates can be imaged. 
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 The advent of in situ, liquid-phase TEM (LP-TEM) and SEM (LP-SEM) in microfabricated 

Si/SiN cells and sandwiched graphene films has enabled direct observation of mineral particles in 

solution, including their nucleation, growth, interaction dynamics, aggregation and fusion. 

Microfabricated TEM cells can include capabilities for fluid flow, mixing of reagents, heating to 

near 100°C and application of electric fields. In situ LP-TEM and -SEM has led to numerous 

discoveries about the behavior of mineral systems in aqueous electrolytes. For example, a recent 

study from Zhu et al. provided an explanation for the formation of self-similar hematite 

mesocrystals from ferrihydrite suspensions, which has significant consequences for understanding 

the structural and chemical heterogeneity at mineral-water interfaces.110 The authors found that, 

when Na2C2O4 is added to ferrihydrite suspensions heated to 80°C, isolated hematite particles 

rarely appear in the solution, but once formed, interfacial gradients at the oxalate-covered surfaces 

drive hematite particles to nucleate about 2 nm from those surfaces to which they then attach, 

thereby generating the mesocrystals. 

2.5.3. Atomic Probe Tomography (APT) 

One of the most interesting observations of mineral-water chemistry in the last 20 years 

was the observation by Williams and Scherer that 56Fe/57Fe exchange could occur between goethite 

and aqueous solutions containing isotopically-concentrated 57Fe2+(aq). 111 Complete isotopic 

exchange was observed while the particles did not change their habits, so explaining this 

observation required further study. One method for addressing this and other longer-term mineral-

water kinetics related to exchange, dissolution and precipitation is atom probe tomography (APT). 

Atom probe tomography (APT) provides three-dimensional compositional mapping with sub-

nanometre resolution in the range of parts per million concentrations of all elements.112 Taylor et 

al. used APT on goethite and hematite and found evidence for heterogeneous atom exchange fronts 
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several nanometers deep into the particles consistent with exchange along microstructural domain 

boundaries.113 Because Fe-oxy(hydr)oxides and other minerals often form via aggregation of 

smaller, metastable particles (e.g., ferrihydrite in this case), the original grain-to-grain contact 

boundaries may leave defects within the re-crystallized particles. The defects are critical for the 

long-term behavior of minerals in the environment. Diffusion along these defects may be 4 orders 

of magnitude faster than through the bulk crystal,114 diffusivities are likely to be further enhanced 

by exposure to radiation.115 Studies such as these are complemented by DFT calculations modeling 

the structures and diffusion mechanisms. These new reaction pathways must be explored in the 

Fe-oxy(hydr)oxide-water and other mineral systems because they have been neglected. 

2.5.4. Spatially-Resolved Mass Spectrometry (FT-ICRMS & TOF SIMS) 
Organic-mineral associations are critical for soil health and consequently biological 

productivity (Section 3.3). Connecting detailed molecular-level studies with soils is problematic 

due to the general simplicity of the former and complexity of the latter. An excellent technique for 

dealing with this is Fourier-transform ion cyclotron resonance mass spectrometry (FTICR MS) 

because it can be used to distinguish individual compounds from complex mixtures with high 

resolution. Bahureksa et al. critically reviewed progress in this area and highlighted the potential 

applications of this method.116 For example, FT-ICRMS combined with electrospray ionization 

has been used to examine fractionation of dissolved organic matter at several mineral-water 

interfaces.117 Time-of-flight secondary ion mass spectrometry (TOF SIMS) allows the 

construction of spatially resolved (<100 nm lateral resolution) 3-D composition maps with high 

mass resolution.118 Needs for parallel spectroscopic studies, unified sample preparation methods 

and database repositories are examples of why more integrated studies of mineral-water interfacial 

chemistry are necessary. 
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2.5.5. Vertical Scanning and Phase Shift Interferometry 

 Vertical scanning interferometry (VSI), atomic force microscopy, and other techniques 

were combined with kinetic Monte Carlo (kMC) calculations to analyze surface topography and 

kinetic of interface alteration and obtain insights into reaction mechanisms of molecular-scale 

interfaces due to changes in the physicochemical environment.119 VSI and phase shift 

interferometry (PSI) can resolve large surfaces with high resolution normal to the surface over a 

broad size range. VSI was also used to study the material flux to and from a solid surface resulting 

from fluid-solid reactions.120 They obtained spatially resolved rate maps that revealed rhythmic 

pulses of the material flux from the crystal surface. Fluctuations of the reactive surface site density 

and oscillations in the fluid saturation imply spatial and temporal variability in surface reaction 

rates. Understanding this variability could help upscale microscopic rates and predict reactive 

transport in porous media. Other interesting phenomena related to variability in crystal surface 

reactivity and enabled by VSI/PSI based methods is discussed in Fischer et al.121 
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Table S1. Summary of analytical and experimental approaches. 

Technique Measured Property 
AFM Surface morphological changes 
AFM-FFM Atomic scale force mapping 

AFM-IR Spectroscopy Nanoscopic vibrational spectroscopy, chemical speciation 
during atomic scale imaging 

APT Functional group identification, sorption kinetics 

AP (ambient pressure) XPS Binding and oxidation information of samples under ambient 
conditions 

ATR-FTIR Spectroscopy Functional group identification, sorption kinetics, useful for 
sorption information in liquid 

CTR Surface diffraction. atomic structure alteration at the surface 
Environmental TEM Atomic scale imaging under vacuum and humid atmosphere 
Focused ion beam TEM Atomic scale imaging of samples with elemental analysis  
FT-ICR MS High mass resolution analysis of complex organic mixtures 

GISAXS Nucleated particle size, shape, and their distribution on 
substrates 

HD-SFG Absolute molecular orientation at the interface 
INS (Neutron spectroscopy) Vibrations and H-bonding using inelastic scattering 
Synchrotron-based IR nano-
spectroscopy High resolution IR 

Kelvin Probe microscopy Electronic properties on surface 
Microcalorimetry Heats/energetics and enthalpies of reactions 
NDIS (Neutron diffraction) Solute-solvent and solute-solute structures 
NMR Surface species, dynamics, reactive sites 

NSE (Neutron spectroscopy) Slow diffusion dynamics, useful for water dynamics in 
confined spaces. 

QENS (Neutron spectroscopy) Water dynamics using quasi-elastic neutron scattering 
Raman Functional groups, water structure, mineral phase identification 

SERS High resolution detection of functional group, water structure, 
and mineral phase identification 

RAXR Ion distribution at mineral-water surfaces 
SAXS/USAXS/WAXS Nucleated particle size, shape, phase, and aggregation  
SHG Total surface potential, in situ binding  
SFG Water structure, in situ binding, vibrational lifetimes 

TOF SIMS 3D composition map (< 100 nm) with high mass resolution 
analysis of surface compositions 

TXM High resolution (<10 nm) three-dimensional sample structure 
VSI/PSI Surface topology analysis for large surfaces 

EXAFS (µ-EXAFS) Local coordination environment, interatomic distances, 
coordination numbers. 

XANES (µ-XANES) Oxidation state and in some cases bond angles. 
XPCS   
X-ray PDF Short range order of nanomaterials, phase identification 
XPS Surface potential, oxidation state  
XRF (µ-XRF and nano-XRF) Mapping of elemental distribution 

X-ray CT (µ-CT and nano-CT)  Three-dimensional reconstruction of samples, dissolution and 
precipitation in porous media,  

XRD (µ-XRD) Lattice structure. 
XRR  Vertical water and ion structure at mineral-water interfaces 
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