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Abstract: Sorption of chemicals onto soil particle surfaces is an important process controlling their
availability for uptake by organisms and loss from soils to ground and surface waters. The mecha-
nisms of chemical sorption are inner- and outer-sphere adsorption and precipitation onto mineral
surfaces. Factors that determine the sorption behavior are properties of soil mineral and organic
matter surfaces and properties of the sorbing chemicals (including valence, electron configuration,
and hydrophobicity). Because soils are complex heterogeneous mixtures, measuring sorption mecha-
nisms is challenging; however, advancements analytical methods have made direct determination of
sorption mechanisms possible. In this review, historical and modern research that supports the mech-
anistic understanding of sorption mechanisms in soils is discussed. Sorption mechanisms covered
include cation exchange, outer-sphere adsorption, inner-sphere adsorption, surface precipitation,
and ternary adsorption complexes.

Keywords: adsorption; sorption; adsorption mechanisms; outer-sphere adsorption; inner-sphere
adsorption; surface precipitation

1. Historical Advancements in Adsorption Phenomenon in Soils

In 1789 Antoine Lavoisier published the book “Elementary Treatise of Chemistry,”
which established the fundamentals of modern chemistry [1]. Armed with this new
knowledge, early nineteenth-century scientists began researching the chemistry of soil-
plant relationships. In 1821 Giuseppe Gazzeri conducted experiments to show that clay
particles decolorized and deodorized liquid manure, retaining plant nutrients [2]. In
the 1820s, Phillip Carl Sprengel advanced the theory that inorganic chemicals are key to
plant nutrition [3]. In 1840, Justus von Leibig further advanced and supported Sprengel’s
findings, which, in part, became known as the Law of Minimum, describing that plant
growth is limited by the essential nutrient that has the lowest availability [3]. These early
theories of plant nutrient requirements established the importance of soils for providing
nutrients, but little was known of how chemicals reacted in soils, which came a few decades
after Sprengel’s and Leibig’s theory.

It is now well known that the availability of chemicals in soils for uptake by an
organism or transport out of soil is controlled by reactions on surfaces of soil minerals
and soil organic matter (SOM). The chemicals interact with surfaces through sorption and
desorption reactions, where the sorbed chemicals are distinct phases from the bulk solid
and the bulk solution [4]. Sorption reactions include both adsorption and precipitation
reactions on soil particle surfaces. Adsorbed chemicals have either attractive electrostatic
forces holding them near the surface, or have direct chemical bonds with surface functional
groups. Precipitation on soil particle surfaces creates new multi-nuclear solid phases.

In the nineteenth-century, there were many reports of the ability of soils to exchange
ions between soil solids and solutions, including results from experiments on ion exchange
by British farmer H.S. Thompson, who reported his findings to J. Thomas Way, a consulting
Scientist to the Royal Agriculture Society of England. In 1850, Way published a foundational
paper reporting the ion exchange phenomenon, which established this concept as an
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important process for plant nutrition in soils [5]. Way correctly predicted that the results
would:

“ . . . prove of great importance in modifying the theory and in confirming or
improving the practice of many agricultural operations.”

Subsequent to Way’s report, foundational research on soil’s ability to adsorb and desorb
chemicals firmly established cation exchange as an important process not only for agricul-
ture, but also in natural ecosystems. Schuffelen [6], Thomas [7], Sposito [8], and Sparks [2]
provide excellent reviews of the historical developments of cation exchange.

Following the discovery of cation exchange, investigators set out to understand and
predict the details of the reaction processes and learn about the soil components that
adsorb and release cations. Although J.T. Way and others proposed that soil clays were
responsible for cation exchange, they lacked the tools to identify them. The discovery of
X-ray diffraction (XRD) by Max von Laue and colleagues in 1912 provided a new tool for
studying mineral structures. Nearly seventy years after the discovery of cation exchange
in soils, Hendricks and Fry [9] and Kelley et al. [10] analyzed soil clay particles using
XRD and chemical analysis and discovered that they are crystalline minerals belonging to
the phyllosilicate group, and that they have isomorphic substitution of structural cations
leading to overall charge deficit in the mineral. The charge deficit creates a permanent
negative electrostatic charge on clay mineral surfaces that attracts cations and is the cause
of cation exchange reactions.

By the 1930s, the discovery of soil chemical properties was in full swing, and the
concepts of cation exchange had developed into a mature science that helped explain
important soil properties, such as soil acidity, soil salinity, erosion of soil particles, and
water infiltration. However, soils also adsorb anions and organic chemicals that are both
ionic and non-ionic. Further, cation exchange is considered primarily an outer-sphere
adsorption reaction promoted by electrostatic interactions between the cation and the
charged surface, but many ions adsorb to soil particles through direct bonds that include
covalent and ionic characteristics (Table 1). Chemical adsorption through direct bonding to
mineral surfaces is called inner-sphere complexation, which occurs on soil clay minerals,
oxide minerals, and SOM.

In this paper, mechanisms of sorption to soil particles are reviewed. This includes
cation exchange, outer-sphere adsorption, inner-sphere adsorption (Figure 1), and precipi-
tation on mineral surfaces. A thorough historical treatment of soil sorption phenomena
is not given here; rather, the intent of this paper is to highlight research that shows direct
evidence for the different sorption mechanisms that occur in soils. Two important tenets of
sorption that underlie this review are:

1. Chemical availability from soil solution for uptake by an organism or transport out
of the soil is controlled by many distinct types of sorption processes that occur at
the solid-solution interface, each with its own chemical energy that controls the
distribution of the chemical between the solid and solution.

2. Sorption amount can be evaluated indirectly by changes in the chemical composition
of the solution, but accurate measurement of sorption mechanisms requires a multi-
tude of investigation methods and is best supported using molecular-level tools that
can directly measure sorbed chemical speciation [11,12].
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Figure 1. Illustration showing examples of ion adsorption as inner- and outer-sphere complexes on a
mineral surface. Ions in the diffuse-double layer are hydrated (water molecules not shown). Surface
charge components (σ) are shown (see Table 3). Adapted from Strawn et al. [28] with permission.

Table 1. Sorption mechanisms that occur on soil particles.

Sorption Mode Molecular Mechanism Soil Particles Involved Examples 1

Outer-sphere adsorption

Electrostatic attraction of
opposite charges
At least one water molecule
exists between the surface and
the adsorbed chemical

Clay minerals with permanent
charge, edges of all soil
minerals (esp. oxides) that
become charged, charged
functional groups on SOM

Cations in clay mineral
interlayers, alkali and alkaline
earth metals on mineral edges
and SOM functional groups,
anions Cl− [13], NO3

− [14],
SO4

2− [15], SeO4
2− [16], and

AsO3
3− [17]

Inner-sphere
adsorption—edges and SOM

Sharing of electrons in
covalent-type bonds

Soil mineral edges with
reactive O ligands and
carboxylic acid and phenolic
acid functional groups sites on
SOM

Metals capable of forming
covalent-type bonds [18,19],
e.g., Pb2+, Cu2+, Ni2+, and
Zn2+, and anions PO4

3− [20]
and AsO4

3− [21,22]

Inner-sphere
adsorption—basal planes

Ionic-type bond between
dehydrated cations and
permanently charged oxygen
atoms on basal planes of clay
minerals

Clay minerals with tetrahedral
isomorphic substitution:
vermiculite and illite

Alkali metals with weak
hydration spheres [23] (K+,
Cs+) and ammonium (NH4

+)

Precipitation on mineral
surfaces

Small multi-nuclear
complexes formed on the
surfaces of minerals

All soil minerals
Metals, especially transition
metals [24], oxyanions
AsO4

3− [25]

Hydrophobic partitioning

van der Waal forces
between hydrophobic
chemicals reduces interactions
to polar water molecules
reducing entropy

Uncharged regions of SOM
and some uncharged mineral
surfaces, e.g., basal plane of
kaolinite

Organic compounds, e.g.,
pesticides, industrial
compounds (DNAPL),
hydrophobic molecules
released from biota [26]

Absorption

Uptake of solutions into pore
space, mainly hydrogen
bonding and capillary forces,
some Weak van der Waal
forces

Porous solids (aggregates,
crystallites, or SOM) in which
solutes become entrapped

Aqueous and non-aqueous
liquids that become physically
isolated from the bulk
solution [27]

1 Sorption mechanisms are examples of common sorption modes for chemicals. Chemical sorption mechanisms vary depending on the
solution and solid properties. SOM: soil organic matter.
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2. Modern Concepts of Sorption

In soils, there are several different surfaces and types of chemicals that result in
multiple sorption processes, making the measurement of sorption mechanisms difficult.
However, because of its importance, a mechanistic understanding of sorption reactions is
required for the effective management of chemicals in agricultural and natural ecosystems.
Concepts of sorption are also used to manage and predict the physical processes of soils,
such as aggregation and dispersion, which control erosion and soil water processes (e.g.,
infiltration and water holding capacity). For example, managing irrigation water salinity
relies on using ratios of Na+, Mg2+, and Ca2+ in the irrigation water to predict which
cations will adsorb when applied to soils because the different cations affect the separation
distance between soil particles [29], which causes soils to aggregate and disperse.

Measurement and prediction of sorption reaction processes are challenging because
the sorbed chemicals represent only a minor fraction of the mass of the soil; the solid
mineral phase comprises the bulk of the soil mass. For example, the cation exchange
capacity of the surface of a clay mineral-like montmorillonite is ~800 mmol (+) kg−1. If the
exchange sites are saturated with Ca2+, the montmorillonite has 16,000 mg kg−1 of Ca2+ (i.e.,
1.6% of the mineral mass is adsorbed Ca2+). The remaining mass of the montmorillonite
is due to Si, O, Al, Mg, and Fe ions. Despite being a minor fraction of the mass, sorbed
chemicals are often the most important species for controlling chemical availability to the
soil solution.

Because soils contain numerous types of solids and chemicals, numerous different
sorption mechanisms may be occurring simultaneously. Often, however, a certain solid
phase and sorption reaction mechanism dominates the sorption of a particular chemical
species because it is either the dominant type of solid in the soil or because the chemical
has a high affinity for the mineral or organic matter sorption sites. For example, sorption of
PO4

3− in an Oxisol is predominantly on iron and aluminum oxide minerals like hematite,
goethite, and gibbsite through inner-sphere complexation [30].

Although understanding and predicting sorption processes in soils is often difficult,
advancements in technology and data analysis methods have allowed for the development
of analytical tools that can measure sorption mechanisms, providing new insights into the
processes controlling chemical reactions at the solid-solution interface. In this review, an
overview of classic and modern analysis of soil sorption phenomena is given.

3. Factors Controlling Sorption Mechanisms in Soils

A sorption reaction involves two reactants, the solid (sorbent) and the chemical
species in solution (sorptive). The properties of the reactants control the specific physical
and chemical interactions that occur between a sorbed chemical and the solid surface.
The solid can have several types of reactive functional groups on its surfaces, can have
varying specific surface areas, and can have permanent electrostatic charges associated
with it. The chemicals in solution to be sorbed also have distinct characteristics that
affect sorption mechanisms, including hydration sphere, ionic radius, valence, outer-
shell electron configuration, covalent and ionic bonding characteristics, polarizability,
hydrophobicity, molecular coordination, steric effects, and redox characteristics.

Table 2 summarizes the diverse types of adsorption surfaces and their respective
characteristics. Even within the same solid, there are multiple types of adsorption sites.
Montmorillonite, for example, has permanent layer charge adsorption sites on the inter-
layers created from isomorphic substitution and has unsatisfied bonds on its edges that
adsorb chemicals through covalent bonding and electrostatic attraction. There are dozens
of unique surface functional groups on the edges of montmorillonite, each with different
adsorption affinities [31]. Another example is SOM, which has charged functional groups
that can form both inner- and outer-sphere complexes and also has hydrophobic regions
that can facilitate the adsorption of uncharged chemicals.

Soil mineral surfaces that have acidic or basic functional groups change their charge
as soil solution pH changes, creating variable charged soils. SOM is also a contributor
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to variable surface charge in soils due to the weak acid and base characteristics of its
functional groups. In contrast, soils in which clay minerals predominate have considerable
amounts of permanently charged minerals—pH does not affect their surface charge. The
permanent charge is created from isomorphic substitution and causes a negative layer
charge on the clay surfaces.

On the edges of clay minerals, the oxygen functional groups are referred to as silanol
and aluminol functional groups. Although these groups occur on all clays, on kaolinite,
they are the main reactive surfaces for adsorption reactions (Figure 2). Iron, aluminum,
and manganese oxides in soils also have reactive oxygen functional groups on their edges
(Table 2), and because these minerals are often small, they have high specific surface
areas and thus may predominate the solid-solution interface in soils. The reactivity of the
surface oxygen functional groups is dependent on their coordination to the mineral surface
(i.e., number of bonds between the oxygen and the mineral structural cations) and the
type of cation to which they are coordinated. Reactivity of the surface functional groups
can be quantitatively characterized using an acidity constant (pKa)—at least theoretically.
Experimentally it is difficult to isolate a single type of functional group on mineral surfaces,
so the measured surface pKa values are averages of all the different functional groups that
exist on the surface [32,33].

Figure 2. Edge of kaolinite mineral showing the silanol and aluminol functional groups and their protonation and
deprotonation states. From Strawn et al. [28] with permission.

The size of the physical space at the mineral surface is another important factor
that affects adsorption. Minerals are often porous solids, and the physical constraints of
small pores create forces on water and chemicals that affect molecular interactions of the
sorbed chemicals [34].

Organic matter in soils has a very high specific surface area with numerous weak
acid and base functional groups that can adsorb ions. The weak acid functional groups
are carboxylic and phenolic acids that deprotonate, becoming negatively charged and can
adsorb cations via electrostatic forces. The outer-shell electrons on the O functional groups
are reactive and can share electrons with metal cations, and thus inner-sphere complexation
is an important adsorption mechanism on SOM. A classic method for studying SOM
adsorption properties is to separate the organic compounds from the soil by extraction,
creating humic and fulvic acid separates [35,36]. Cation exchange capacities of humic
and fulvic acids range from 4850 to 14,000 mmol (+)/kg [37]. Amine and thiol functional
groups are also reactive sites for ion adsorption on SOM, including anions. For some metals,
adsorption on amine and thiol functional groups is preferential; for example, Xia et al. [38]
used X-ray absorption fine structure (XAFS) spectroscopy to show that Hg2+ preferentially
adsorbs to thiol groups on humic acid.
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Table 2. Types of adsorption sites on minerals and the surface charge components.

Adsorption Surface Types Details Surface Charge Components 1 Examples

Permanent negative charge in
the interlayer of clay minerals
created from isomorphic
substitution

Delocalized electrostatic
charge that attracts cations. In
some cases, cations with weak
hydration spheres dehydrate

σo + σOS

Common soil clay minerals,
e.g.,
montmorillonitevermiculite,
illite (frayed edges)

Hydroxyl ligands on edges of
minerals

Unsatisfied bonds on mineral
edges are Bronsted acid and
bases that gain or lose protons
causing pH-dependent charge
and adsorption

σH + σIS + σOS

- Iron and aluminum
oxides

- Edges of clay minerals,
especially kaolinite,
have silanol and
aluminol functional
groups

Weak acid and base functional
groups on SOM

Carboxyl, phenol, amine, and
thiol functional groups σH + σIS + σOS

SOM functional groups
developed during
biomolecule degradation

Hydrophobic regions on SOM
Uncharged regions of SOM
such as alkanes and aromatic
rings.

none

- SOM
- Siloxane surfaces of

kaolinite

1 Surface charge components are described in Table 3 (see references [4,39] for a description of surface charge components).

Table 3. Surface charge components of soil minerals.

Surface Charge Component Description

σP
Total charge on the surface of a particle, not
including the ions in the diffuse double layer

σo
Permanent surface charge of the particle due to
isomorphic substitution

σH

Charge on the surface of a particle due to
protonation and deprotonation of oxygen
functional groups on the edge of the mineral

σIS
Charge on the surface caused by adsorption of
ions via inner-sphere adsorption

σOS

Charge on the surface caused by adsorption of
ions via outer-sphere adsorption; not including
diffuse layer ions

σd Total charge of ions in the diffuse double layer

Despite the usefulness of studying humic and fulvic acids because it isolates the SOM
from the soil minerals, the chemical and physical properties of SOM are different when
it is extracted [40]. Thus, the true adsorption behavior of SOM is best studied in-situ [37].
Helling et al. [41] studied CEC of 60 soils as a function of pH and used statistical analysis
to determine that SOM has pH-dependent CEC: at pH < 3, CEC is ~600 mmol (+)/kg, and
at pH 8, it is ~3500 mmol (+)/kg. XAFS spectroscopy has been used to investigate metal
adsorption mechanisms on SOM (not extracted), e.g., [42–45]. Results show that metals
preferentially adsorb by inner-sphere complexation onto carboxyl and phenol functional
groups on the SOM and less onto the soil minerals. Thus, even in soils with small amounts
of SOM, it can predominate cation exchange capacity and metal adsorption reactions [37].

Chemical characteristics also play a significant role in sorption mechanisms occurring
in soils. For example, on the same mineral, alkali and alkaline earth metals like Na+, Mg2+,
and Ca2+ may have different sorption mechanisms than many metals (e.g., Cu2+, Pb2+,
and Zn2+). Sodium, Mg2+, and Ca2+ cations have strong hydration spheres and are mostly
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adsorbed as outer-sphere complexes on negatively charged surfaces because they do not
share their electron orbitals with oxygen ligands during bonding. In contrast, many metal
cations such as Cu2+, Pb2+, Zn2+, and Ni2+ adsorb by inner-sphere complexation with
functional groups on SOM and edges of minerals.

Mechanistic surface complexation models differentiate adsorption complexes by relat-
ing the adsorbed chemical to the surface potential that it satisfies. The adsorbed chemicals
are partitioned into charge-compensating regions next to the surface [4,46]. The net sur-
face charge (σp) on a particle (mmol (±)/kg or C/m) is described by the charge-balance
equation:

σp = σo + σH + σIS + σOS (1)

The terms of this equation are described in Table 3 and illustrated in Figure 1. The
charge originating from the mineral structural properties (σo and σH) is called an intrinsic
charge because these charge components are inherent to the mineral, regardless of solution
conditions [4,39]. The charge originating from inner-sphere or outer-sphere ion adsorption
(σIS or σOS) is called Stern-layer charge. The net surface charge (σp) is balanced by counter
ions adsorbed in a diffuse swarm adjacent to the mineral’s surface called a diffuse layer.
The effective charge of the diffuse layer (σd) (and therefore its total electric potential) is of
equal magnitude and opposite sign as the total particle surface charge (σp):

σp = σd (2)

Thus, the net charge of the diffuse layer is directly proportional to the intrinsic and
Stern-layer charges. The surface charge distribution model is useful for describing the
amount of charge (and the associated surface electric potentials) associated with each type
of adsorption because it allocates the surface charge into components that are based on
adsorption mechanisms.

4. Outer-Sphere Adsorption

Cation exchange describes the adsorption and release of cations onto mineral surfaces
based on the exchange of equivalent charges. Anion exchange is similar to cation exchange,
and is an important reaction that determines the availability of anions in soils [47,48];
especially in soils where variable charged minerals dominate and soil pH is low [49]. Ion
exchange is a surface interaction whereby the ions maintain their hydration sphere and
are attracted to oppositely charged surfaces of soil particles (minerals or organic matter)
via electrostatic forces. The adsorption mechanism is called outer-sphere complexation
because the hydration sphere on the ion is maintained (Figure 1).

Many major soil cations react with soils through cation exchange reactions, includ-
ing Na+, K+, Ca2+, or Mg2+. Soils in which cation exchange reactions predominate the
adsorption processes are those that contain secondary clay minerals with permanent
charge created by isomorphic substitution (e.g., moderately weathered soils). However,
outer-sphere adsorption of ions on variable-charge mineral surfaces also occurs.

An example of a cation exchange reaction that occurs on soil clay minerals like
montmorillonite is the exchange of Ca2+ ions adsorbed on a soil mineral surface by two
Na+ cations in solution (Na-Ca exchange). The Na-Ca exchange reaction is written as

CaX2 + 2Na+ = 2NaX + Ca2+ (3)

where CaX2 and NaX are the hydrated cations held onto the negatively charged surfaces
(X) by electrostatic forces. The negatively charged surface is referred to as a double layer
(or electric double layer) that includes the surface charge and a parallel (in theory) layer of
adsorbed opposite charges. The double layer ion distribution and potential are modeled
using the diffuse-double layer theory (DDL) [50], which includes electrostatic interactions
and diffusion forces that create a distribution of ions in the solution on charged surfaces. A
common mathematical solution to the DDL model is the Poisson–Boltzmann and Gouy–
Chapman DDL model [50–52]. The DDL model provides a theoretical basis for predicting
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ion interactions with charged surfaces, as well as interactions of charged particles with
each other. Applications of this model have been used to describe ion adsorption on soil
particles [53,54] and to understand particle flocculation and dispersion in soils [55].

A search for the keywords “diffuse double layer” and “soil” in Google Scholar reports
489 papers were published on this topic in 2019, showing the relevance and importance of
this theory for understanding and predicting adsorption phenomena in soils, even after
nearly a century of its first development. There are many modifications to the DDL model,
and there is some debate on the applicability of DDL model equations for quantitative
prediction in soil systems.

For modeling ion adsorption, the DDL model provides a basis for quantifying the
electric potential at a charged surface [56]. However, many of the assumptions in the
model are invalid in soil systems, and thus more descriptive surface adsorption models
have been developed to better account for the physical distribution of adsorbed ions on
particle surfaces, including models such as the Constant Capacitance model [57], the Triple
Layer model [58], and the CD-MUSIC model [59,60]. These models include multiple
modes of adsorption that are based on the mechanistic adsorption reactions illustrated
in Figure 1. The models differentiate from each other in how they quantify the surface
potential. Most of the surface charge adsorption models have been shown to be accurate
in systems that are well defined, i.e., single mineral surfaces dispersed in homogeneous
suspensions. However, applying theoretically-based adsorption models to adsorption
reaction processes in soils and in field settings is limited by computational or physical
limitations, and thus quantitative prediction is difficult [61]. Despite the limitations, surface
complexation models are useful for studying how soil minerals in suspensions interact with
ions, and results from surface complexation modeling studies allow for better predictions
of adsorption behavior in nature. For example, Goldberg et al. [62,63] used soil pH and
soil properties to predict constants for the Constant Capacitance model and accurately
predicted the amount of borate adsorption in soils.

Quantitative prediction of cation exchange reactions has been researched since the
early twentieth century. Models such as the Vanselow, Gaines–Thomas, and Gapon cation
exchange model use classical equilibrium thermodynamic approaches to derive equilibrium
exchange constants (exchange selectivity constants (Kex)) that predict cation partitioning
between a solid and solution [8,64,65]. The models are used to predict soil processes; for
example, the Gapon equation (KG) is used to derive the sodium adsorption ratio (SAR)
equation and predicts how soil particle aggregation is affected by Na+, Mg2+, and Ca2+

concentrations in irrigation water [66].
While adsorption prediction models are accurate in some soils, the success of the

model is not direct evidence of the ion adsorption mechanism. This requires corroboration
using the measurement of either particle characteristics (such as electrophoretic mobility
or proton adsorption and release) or, even better, spectroscopic and microscopic analyses
that probes or images the adsorbed ions. However, molecular-level analysis of outer-
sphere adsorbed ions is difficult because the ions maintain their hydration spheres when
adsorbed onto the surface, and thus dehydrating the sample prior to analysis alters the
adsorption mechanism. This prevents the use of a vacuum sample environment required
for many spectroscopic methods, making detection of the adsorbed ion difficult unless a
high-powered light source is used to increase signal to noise ratio from hydrated samples.

X-ray diffraction is one of the first tools used to measure the effects of different cations
adsorbed in the interlayer on clay minerals [67,68]. The basal spacing (distance between
basal planes, also called d-spacing) in the clay mineral changes when different ions adsorb
in the interlayer. This is due to the effects of ion charge, size and hydration properties [69].
For example, adsorption of K+ cations in the interlayer of the clay mineral montmorillonite
creates (001) d-spacings of 1.0 to 1.4 nm [70] (varying because of the temperature and
dehydration treatment). In contrast, Na+ adsorption in the interlayer of montmorillonite
causes d-spacing in the range of 1.2 to ~1.8 nm [71]. The cations K+, NH4

+, and Cs+ have
small or weak hydration spheres, and thus when they adsorb, they dehydrate, forming
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inner-sphere adsorption complexes with the ditrigonal oxygen atoms on the basal plane.
This causes the interlayer of the clay minerals to collapse. Because the interlayer spacing
varies as a function of the hydrated radius and charge of the adsorbed cations, XRD can be
used to indirectly detect the hydration state of the adsorbed cations, which can be used to
infer cation adsorption mechanisms (i.e., inner- our outer-sphere complexation).

Recent research used cryo-high resolution transmission electron microscopy (TEM) to
monitor the hydration state of the montmorillonite interlayers as a function of interlayer
ion composition [72,73]. By using high-resolution cryo-TEM together with small-angle
X-ray spectroscopy, the interlayer distances of hydrated montmorillonite as a function of
solution ion compositions was directly measured at a near-atomic-level resolution [72,73].
Imaging these clays with different adsorbed cations in a hydrated environment in such
detail allows for direct observation of the effects of the adsorbed cations on the clay mineral
structure and vice-versa. Specifically, cryo-TEM results advanced the current understand-
ing of ion adsorption and clay hydration by showing that long-range electrostatic forces
transfer across layers and are involved in the electrostatic adsorption of ions in the inter-
layers [73]. Whittaker et al. [72] observed that nano-scale regions in the interlayer have
distinct hydration properties, depending on the type of cation adsorbed, and create an
overall heterogeneous adsorption process on the clay minerals. These results improve our
understanding of the swelling and structure of clays, and the number of water molecules
in the interlayers as a function of both the adsorbed ions and the magnitude and location
of the permanent charge on the mineral surfaces.

The electric potential and morphology of adsorbed chemicals on mineral surfaces have
been measured using atomic force microscopy (AFM) [74–76]. AFM uses a sub-nanometer-
sized tip that changes height as the electric potential between the tip and the mineral
surface changes (Figure 3). The change in the height of the tip as it moves across the surface
is related to the surface morphology. Zhai et al. [77] studied DNA adsorption on mica
mineral surfaces by attaching a DNA fragment to an AFM tip. They concluded that the
DNA adsorbs on the surface as an outer-sphere complex. Martin-Jimenez and Garcia [78]
studied the position of adsorbed potassium ions on hydrated mica surfaces and made
direct observations showing that the K+ cations adsorb in the Stern layer near the position
of the maximum layer charge; confirming the concept of inner-sphere adsorbed K+ ions
on tetrahedrally charged clay mineral surfaces. Siretanu et al. [75] measured Ca2+, Mg2+,
Na+, and K+ adsorption on the basal plane of gibbsite nanoparticles using dynamic force
spectroscopy to determine the distribution of the diffuse-layer charge and high-resolution
AFM imaging to resolve the distribution of adsorbed divalent cations. Although theoretical
models predict that there should be no surface charge or adsorption on the basal planes
of gibbsite, AFM microscopy showed that the Ca2+ and Mg2+ cations adsorb as outer-
sphere complexes on the surface, while Na+ and K+ do not adsorb on the gibbsite basal
plane surface, indicating a strong preference of the surface for the divalent cations [75].
Araki et al. [79] used AFM to show that Cs+ cations, like K+, adsorb as inner-sphere com-
plexes on montmorillonite surfaces, supporting the theory that the ion’s hydration sphere
strength is an important characteristic in determining adsorption mechanisms.
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Figure 3. Illustration of atomic force microscopic imaging of mica surface showing cations adsorbed on charged surface
sites. Adapted from Xian et al. [80] with permission.

Molecular simulations have been used to calculate mineral interfacial forces and poten-
tials on hydrated mineral surfaces with adsorbed ions [81–88]. Approaches vary from using
molecular dynamics to density function theory and Monte Carlo simulations. Ho et al. [89]
modeled Na+, Ca2+, Ba2+, and Cl− adsorption on different surfaces of the aluminum oxide
gibbsite and predicted that the adsorption mode is dependent on the mineral’s reactive
surface. The model predicts that ions adsorb as outer-sphere complexes on some surfaces,
while on others, they adsorb via inner-sphere complexes. For example, on the gibbsite
(100) edge, Ca2+ ions adsorb as inner-sphere and outer-sphere complexes, whereas on
the (001) surface, outer-sphere Ca2+ ions are the dominant species. The molecular simula-
tions of Ca2+ adsorption on gibbsite agree with the adsorption mechanisms determined
using AFM on the (001) plane [75]. Willemsen et al. [90] conducted molecular dynamic
simulations of the hydrophobic organic molecule phthalate adsorption on smectites and
predicted that the adsorption occurs both on exposed basal planes of the clay platelets,
and in the interlayer. In the interlayer, the phthalate forms a bridge between adjacent clay
surfaces and is attracted to the regions of the clay with the least amount of charge; the
simulation results agreed with the d-spacing measured using XRD. Kobayashi et al. [91]
used molecular dynamic simulations to show that alkali and alkaline earth metals adsorb
on montmorillonite via inner-sphere complexes on two types of sites (one over a ditrigonal
cavity and the other over isomorphically substituted Al), and also as outer-sphere com-
plexes electrostatically attracted to the layer charge (Figure 4). The difference in the cation
adsorption mode is attributed to the varying amount of electrostatic surface charge and the
cation’s hydration energy.

Figure 4. Illustration of the molecular dynamic model of cation distribution on a charged clay
mineral surface (mica). See text for a description of adsorption mechanisms. Image adapted from
Kobayashi et al. [91] with permission.



Soil Syst. 2021, 5, 13 11 of 22

The development of models that use first principles to understand adsorption behavior
has been advancing both prediction capabilities and fundamental understanding of ad-
sorption phenomena. The complexity of the models is also increasing; for example, Rahro-
mostaqim and Sahimi [92] developed a molecular simulation model of a montmorillonite-
chlorite mixed-layer mineral phase and predicted the effects of hydration, layer properties,
and cation properties on adsorption. In another study, Zhang et al. [93] simulated clay
mineral interactions with natural organic matter through adsorption reactions. This is an
important reaction in soils where clays and SOM colloids are physically and chemically
associated with each other. The molecular simulations of Zhang et al. [93] predicted that car-
boxylate functional groups of natural organic matter adsorb onto montmorillonite surfaces
through direct bonding of carboxylate to clay mineral edges and through Ca2+ bridging
on basal plane surfaces. The prediction of Ca2+ bridging agrees with the observations
made using spectroscopic analysis of SOM-soil clay interactions by Sowers et al. [94]. As
computing capability and molecular models advance, predicting soil adsorption behavior
from first principles will be possible if the input model is sufficiently constrained.

XAFS spectroscopy and Fourier transform infrared (FTIR) spectroscopy are molecular
investigation tools capable of probing the molecular structure of ions adsorbed on soils
and minerals in a hydrated state. XAFS is advantageous because it uses X-rays tuned to
specific energies that isolate the signals emitted from other elements in the sample, thus
allowing for the probing of adsorbed phases on the soils, which are typically less than
1% of the sample mass. Papelis and Hayes [95] used XAFS spectroscopy to analyze Co2+

adsorption on the clay mineral montmorillonite. Strawn and Sparks [43] conducted similar
experiments to investigate Pb2+ adsorption on montmorillonite. Most of the adsorption
capacity of montmorillonite is on the interlayers and is due to the permanent charge
created by isomorphic substitution in the octahedral sheet. However, on the mineral edges,
partially coordinated oxygen ligands are available to form inner-sphere complexes with
metals. Both Papelis and Hayes [95] and Strawn and Sparks [43] observed that under low
background electrolyte concentrations of Na+ or Ca2+, the metal cations Co2+ and Pb2+

adsorb in the interlayers as hydrated ions (i.e., outer-sphere complexes), and adsorption
is not pH-dependent because the interlayer adsorption sites have permanent charge. But,
at high concentrations of background electrolytes, Co2+ and Pb2+, do not adsorb in the
interlayers, but adsorb onto the edges of the clay minerals via inner-sphere adsorption
complexes, and adsorption is pH-dependent. In another study, Vasconcelos et al. [96]
used XAFS spectroscopic analysis to show that Cd2+ adsorption to kaolinite samples at
pH 7 occurs by an outer-sphere complex with a single hydration sphere around the Cd2+

ion, and that it likely adsorbs to permanently charged basal plane sites created from the
small amounts of isomorphic substitution in natural kaolinites [97]. At a higher pH (pH 9),
Vasconcelos et al. [96] observed that the Cd2+ adsorbs to aluminol or silanol ligands on the
kaolinite edges via inner-sphere complexation.

Recently, Wang et al. [98] combined XAFS spectroscopy, FTIR spectroscopy, and
adsorption modeling to investigate SO4

2− adsorption mechanisms on hematite parti-
cles. Previous observations indicate that SO4

2− adsorption on hematite occurs as mostly
inner-sphere complexes (see references in Wang et al. [98]), similar to PO4

3− adsorp-
tion [21]. However, using advanced spectroscopic analysis and surface complexation
models, Wang et al. [98] observed that SO4

2- adsorbs on hematite as both inner-sphere and
outer-sphere complexes (Figure 5). In fact, the outer-sphere complexes are more prevalent
than the inner-sphere complexes under most conditions.
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Figure 5. Illustration of mechanisms of SO4
2− adsorption on hematite (left). Amounts of SO4

2− adsorption on hematite
(µmmol/g) at different pH (right). Changing ionic strength affects the amount of outer-sphere adsorbed SO4

2− at the
different suspension pH values. At the highest ionic strength, the NO3

− anions outcompete SO4
2− for the outer-sphere

adsorption sites, but have minimal effect on the SO4
2− inner-sphere adsorption because NO3

- does not adsorb via inner-
sphere complexation on hematite. Image adapted from Wang et al. [98] with permission.

Xu et al. [99] used surface-sensitive spectroscopic methods (X-ray scattering) to mea-
sure AsO4

3- adsorption mechanisms on uncharged aluminum oxide (corundum) (001)
surfaces. Arsenate adsorbs to most minerals through inner-sphere complexation on surface
functional groups. However, on the corundum surface, Xu et al. [99] observed that AsO4

3-

adsorbs as outer-sphere complexes. Electrostatic attraction, which is commonly considered
to be the driving force for outer-sphere adsorption, is not a factor in the AsO4

3- adsorp-
tion on corundum (001) surfaces because they do not have surface charge. Instead, the
molecular spectroscopic analysis showed that hydrogen-bonding between water molecules
and AsO4

3- is the driving force for the outer-sphere adsorption on the corundum (001)
surface. Xu et al. [99] determined that at high surface coverages, up to 40% of the AsO4

3-

adsorption on aluminum oxides occurs as outer-sphere complexes. These molecular-scale
observations provide mechanistic evidence that water-molecule dynamics are important
factors in adsorption processes.

5. Inner-Sphere Adsorption

Early studies on adsorption in soils were focused mostly on cation adsorption on
negatively charged clay minerals, and proposed that the cations are adsorbed as outer-
sphere complexes attracted to the surfaces through electrostatic forces. Several early studies,
however, recognized the ability of some soils to adsorb anions such as PO4

3− [100,101],
and that the retention could be strong; but the adsorption mechanisms were not known
(Sumner [102] provides a review of the early literature on anion exchange). It was later
confirmed that anions and cations adsorb to varable charged fucnitonal groups on mineral
edges. In 1952 Leeper [103] published a review of adsorption of metal cations in soils and
used the term “X-factor” to describe metal adsorption to functional groups on soil minerals
and SOM. Leeper [103] surmised that the metal cations complex to soils via chemical bonds
in a similar way that metals bond with aqueous chelates, and that this was the reason
that many metals have lower plant availability than other nutrient cations like Ca2+ and
Mg2+ that adsorb as outer-sphere complexes. Additional support for the importance of
surface functional groups came from research published in the 1960s by Sumner [104], who
showed that in soils dominated by oxides and kaolinite clays, the mineral surfaces have
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variable charge, firmly establishing the concept that edges of variable charged minerals in
soils are important for adsorption.

In 1967, Hingston et al. [105] monitored anion adsorption on goethite and the effects
on solution pH and electrophoretic mobility. The anions included AsO4

3−, F−, and PO4
3−.

They proposed that some anions adsorb by “specific adsorption” on mineral edges by
entering the Helmholtz layer and forming direct bonds with the structural cations. The
term specific adsorption refers to the formation of molecular bonds (inner-sphere com-
plexes) between the adsorbed ion and the structural surface ions. In anion adsorption, the
coordinating oxygen ligands surround structural Fe, Al, or Si cations at mineral edges.
Hingston et al. [105] further noted that adsorption is pH-dependent.

It is now known that many ions adsorb on mineral surfaces through inner-sphere
complexes that have covalent and ionic bond characteristics. The inner-sphere complexa-
tion is dependent on the ionic potential of the adsorbed chemical and the configuration
of its outer-shell electrons (principally their electronegativity). There is no water between
a chemical adsorbed as an inner-sphere complex and the surface functional groups, as is
the case for outer-sphere adsorption. The surface functional groups occur on the edges of
minerals or SOM (Table 2). Smaller particles have a greater specific surface area and more
functional groups exposed to the soil solution because the edge to interior ratio increases as
particles get smaller. Thus, the capacity of soils to adsorb ions as inner-sphere complexes
on small colloids in soils is large.

Early reports of ions adsorbing as inner-sphere complexes by Hingston et al. [105],
Stumm et al. [106], Huang and Stumm [107], and Schindler et al. [108] were based on the ob-
servations of changes in pH and particle surface charge measurements using electrophoretic
mobility. Many anions and cations displace protons or hydroxides upon adsorption, which
may change the particle surface charge. The early research findings provided evidence that
oxide surfaces have reactive functional groups that behave as weak acids and bases, and
that many ions adsorb to surface functional groups by inner-sphere complexation.

Since the 1970s, several researchers have studied pH-dependent adsorption of cations
(e.g., Figure 6, [109,110] and references therein) and anions [111–114]. Surface complexation
models were developed that include mechanistic adsorption reactions as either outer-
sphere or inner-sphere complexation [58]. Modern surface complexation models include
sorbate-specific adsorption mechanisms (e.g., bidentate or monodentate adsorption) that
have been verified using spectroscopic analysis [115,116].

Figure 6. pH-dependent adsorption of metals on goethite. Source: modified from McKenzie [117]
with permission.

Spectroscopic techinques such as XAFS and FTIR are the most widely used methods
for investigating ion adsorption mechanisms on soil and soil minerals. The spectroscopies
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probe the local molecular environment surrounding the adsorbed chemicals, thus resolving
the molecular structure. In 1987, Hayes et al. [118] were amongst the first to use XAFS to
study mechanisms of ion adsorption onto mineral surfaces. They studied selenate and
selenite adsorption on goethite and observed that selenate adsorbs as an outer-sphere
complex and selenite adsorbs as an inner-sphere complex [118]. It was later shown by
Manceau and Charlet [119] and Peak and Sparks [120] using XAFS and FTIR spectroscopies
that the adsorption mechanisms of selenate are dependent on the surface and solution
conditions [119,120] and may be either inner- or outer-sphere complexes.

In recent decades, the development of brighter X-ray sources has allowed for more
detailed analyses of ions adsorbed on surfaces. Schlegel et al. [121] and Furnare et al. [122]
analyzed oriented clay minerals using polarized beams of the synchrotron X-ray to study
the adsorption mechanisms of Co2+ on hectorite (a smectite) and Cu2+ on vermiculite,
respectively. By rotating the crystallites through the polarized X-rays, they were able
to measure the angular dependence of the bond orientation of Co2+ and Cu2+ adsorbed
onto the clay minerals, allowing them to elucidate that the metals adsorb as inner-sphere
complexes on the clay mineral edges, and as outer-sphere complexes on the interlayers.

Peacock and Sherman [123] used XAFS spectroscopy to probe the adsorption mecha-
nisms of Cu2+ on goethite and made direct observations of inner-sphere complexes to Fe-O
surface functional groups, and developed a surface complexation model that predicts the
pH-dependent adsorption behavior. More recently, Tiberg et al. [124] investigated AsO4

3−

adsorption in a mixed-mineral system consisting of poorly crystalline aluminum hydroxide
and ferrihydrite. They also included competitive adsorption with PO4

3- in their study.
XAFS spectroscopic analysis showed that the AsO4

3- adsorbs as inner-sphere complexes
on the mineral surfaces (in agreement with Arai et al. [21] and Manceau [22]), and that the
PO4

3− competes more effectively with AsO4
3- in a mixed-mineral system than in a single

iron oxide system [124].
As discussed above, molecular simulation modeling has also successfully modeled

inner-sphere complexation. Kubicki and Ohno [88] used density functional theory mod-
eling to predict that salicylate in solution displaces PO4

3− adsorbed on goethite surfaces,
causing PO4

3− release. These results provide an important understanding of the molecular
processes by which plants increase PO4

3− availability by releasing low molecular weight
organic acids into the rhizosphere.

Adsorption of most metals and oxyanions has been studied using spectroscopic anal-
ysis, and extensive knowledge exists on types of ions and surfaces in which adsorption
occurs by inner-sphere complexation. As discussed above, the adsorption mode is depen-
dent on the properties of the mineral surface and the solution conditions. Many of the
transition metals adsorb as inner-sphere complexes on variable charged surfaces, including
Ni2+, Cu2+, Zn2+, Co2+, and Hg2+. The oxyanions PO4

3−, SeO3
2−, and AsO4

3− and the
environmentally prevalent metal Pb2+ also adsorb as inner-sphere complexes on variable
charged surfaces. Because inner-sphere complexes involve covalent bonding, adsorption of
these ions is strong and is thus an important factor for controlling chemical availability for
plant uptake and leaching of chemicals out of the soil into ground or surface waters [125].

6. Multi-Nuclear Precipitation on Mineral Surfaces

Sorption of ions can often include precipitation reactions, whereby the solid phases
precipitate on soil mineral surfaces [11,126] and are distinct from bulk precipitates because
they have different crystallinities, compositions, morphologies, and solubilities. Surface
precipitation reactions may be a homogenous solid on the mineral surface or include a solid
mixture that consists of either a coprecipitate or a multi-nuclear precipitate incorporating
ions from the solid surface on which the precipitate is forming. Soil minerals can catalyze
the formation of solids on their surfaces, which is termed heterogeneous nucleation. When
ions from the soil mineral surface are incorporated into the new solid forming on the
surface, the product is a surface precipitate [24]. Precipitates on mineral surfaces are
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neoformed solid phases. Their formation is an important process that removes metals from
the soil solution and thus limits metal mobility.

In 1985, Farley et al. [127] proposed a sorption model for metals on oxide mineral
surfaces that include a solid-solution composition continuously varying between that of
the original mineral solid and a pure precipitate of the sorbing cation. In 1987, Comans
and Middelburg [128] used a similar model to predict solid-solution precipitates of metals
(Zn2+, Co2+, Cd2+, and Mn2+) on calcite surfaces. The studies of Farley et al. [127] and
Comans and Middelburg [128] relied on fitting mechanistic models to sorption data and
do not make direct observations of the sorbate speciation. Sposito [11] summarizes the
requisite approach for determining sorption mechanisms as follows:

“Molecular concepts can be studied only by molecular methods.”

One of the most useful techniques for measuring the speciation of ions sorbed on soil
minerals by surface precipitation is spectroscopic analysis that uses wavelengths small
enough to probe the molecular structure of chemicals sorbed on mineral surfaces. In 1985,
Bleam and McBride [129] provided direct evidence for surface precipitation as a sorption
reaction using electron spin resonance spectroscopy (ESR) to observe that Mn(II) adsorbs
on aluminum and iron oxides as “surface clusters”. In 1990, Chisholmbrause et al. [130]
used XAFS to investigate the mechanisms of Co2+ sorption on three different solids (alu-
minum oxide, titanium oxide, and kaolinite), and observed direct evidence of the presence
of multi-nuclear sorption complexes at surface coverages below one monolayer of Co2+

atoms. Charlet and Manceau [131] used XAFS spectroscopy to probe the molecular struc-
ture of Cr(III) adsorbed on iron oxide surfaces (hydrous ferric oxide), and discovered
that the Cr(III) sorbs as multi-nuclear complexes on the mineral’s surface. Using XAFS
spectroscopy, Waychunas et al. [25] observed that AsO4

3− adsorbs on iron oxide surfaces
as a coprecipitate. In 1994, Charlet and Manceau [132] measured Ni2+ and Co2+ sorbed on
clay minerals using XAFS spectroscopy and observed that they adsorb as surface clusters
with a clay-like local structure, suggesting precipitation of new hydrous silicate solids on
the clay mineral surfaces.

Layered double hydroxides (LDHs) are a class of precipitates that have been ex-
tensively studied because they are important surface precipitates that occur in many
environments. The structure of the LDH minerals is two metals incorporated into a hy-
droxide sheet, as in the Al hydroxide sheet of gibbsite, but one of the metals is divalent,
and the overall layer becomes positively charged because of excess Al substitution. The
positive charge is balanced by anions in the interlayer space between the hydroxide sheets.
The LDH minerals form on mineral surfaces as surface precipitates (Figure 7). In 1995,
Scheidegger and Sparks [133] were amongst the first to show that LDHs are the species
of surface precipitate on clay mineral surfaces. It has been shown that LDH phases are
common for metals such as Ni, Zn, and Co on surfaces of Al-rich minerals such as clay
minerals (e.g., montmorillonite or kaolinite) [24,134]. Siebecker et al. [24] provides an
excellent review of LDH phases and their formation and reaction properties.
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Figure 7. Two views (top of (001) plane in panel (A) and side view in panel (B)) of layered double
hydroxide mineral surface precipitates (green, blue, and red) on a clay mineral (blue and red). Image
adapted from [24] with permission.

Surface precipitation is an important mechanism controlling solubility of inorganic
ions in soils. The solubility products of solids precipitated on minerals surfaces may be
lower than those precipitated in bulk solution [24,135,136], and thus they can form under
conditions when the bulk solutions are unsaturated with respect to homogenous solids.

Distinguishing between two-dimensional surface adsorption or three-dimensional
precipitates on mineral surfaces is complex, particularly in soils that have multiple types of
surfaces present and where sorption is heterogeneous throughout the soil. Using advanced
spectroscopic tools is providing new insights into the different sorption mechanisms and
can identify whether the sorption process is adsorption or surface precipitation.

7. Ternary Surface Complexes

A ternary surface complex consists of the adsorption of two interacting chemicals on a
mineral or organic matter surface (Figure 8). Ternary (i.e., composed of three parts) refers to
the two adsorbing chemicals and the soil particle adsorption site. Although more complex
than binary adsorption systems often studied, adsorption via ternary complexation is im-
portant because in soils there are many different constituents that interact [137]. A ternary
complex often involves the adsorption of anions and cations. The anions may be singular
ions such as Cl−, oxyanions such as PO4

3− or SO4
2−, or dissolved organic compounds with

negatively charged functional groups (including both natural and anthropogenic organic
compounds). Ternary complexes are bonded to surfaces through either the cation or the
anion, where the non-surface bound ion is held as a bridged ion (it is bridged to the surface
through the adsorbed ion).
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Figure 8. Ternary adsorption. Image adopted from Flynn and Catalano [138] with permission.
Aqueous Ni-oxalate complexation is also shown.

Mendez and Hiemstra [139] used mechanistic adsorption model fitting (CD-MUSIC)
to predict that Mg2+, Ca2+, and PO4

3− ions in solution adsorb onto ferrihydrite surfaces
via ternary complexes. Their model predicts more adsorption of ions as ternary complexes
on ferrihydrite compared to systems with only the individual ions present. The type of
complexes formed in the cation-PO4

3−-ferrihydrite systems are anion-bridged ternary
complexes, e.g., ≡Fe-O-PO3-Ca (where the italics indicate the structural mineral ions).
Tiberg and Gustafsson [140] used XAFS spectroscopy to show that Cd2+ and PO4

3− form
ternary complexes on ferrihydrite surfaces and that the complex enhances Cd2+ adsorption.

Low molecular weight organic compounds are common anions that form ternary
complexes with metals in the environment [138]. Flynn and Catalano [138] measured the
molecular coordination of Ni2+ sorbed to iron oxides in the presence of oxalate (Figure 8).
They used XAFS and FTIR spectroscopy to investigate the mechanisms of adsorption
and observed Ni-oxalate ternary complexes on the iron oxide surfaces. However, in the
presence of the oxalate less Ni2+ adsorbs. Strathmann and Myneni [141] studied Ni2+

adsorption on aluminum oxide mineral surfaces in the presence of fulvic acid using XAFS
spectroscopy. They observed inner-sphere adsorption of the Ni2+ and also Ni2+-fulvic acid
ternary complexation with the aluminol functional groups.

8. Conclusions

The fate of chemicals in soils is controlled by sorption reactions on surfaces that
include adsorption as outer- and inner-sphere complexes or surface precipitation on min-
eral surfaces. For nearly two-hundred years, scientists have been pursuing knowledge
of how chemicals interact with soil particles, spurred on by advancements of technol-
ogy that allow for more detailed information on sorption processes to be gleaned from
samples. Advancements in knowledge have been made from studying relatively pure,
two-component systems consisting of only one type of solid, such as a clay mineral or oxide
mineral, and the sorbing chemical of interests. Understanding the reaction mechanisms
in these simplified systems allows for a detailed understanding of the reaction process
and provides a theoretical basis for how the chemicals behave in the more complex soil
environments. However, given the inherent complexity of soils, studying the mechanistic
sorption processes in whole soils is difficult. But new advancements in spectroscopic,
microscopic, and computing tools are allowing for new insights into the molecular pro-
cesses in soils. With these tools, investigation of adsorption mechanisms in more complex
systems can be undertaken to discover the adsorption mechanisms occurring in natural
systems. Future research should also investigate the molecular interactions that occur in
dynamic systems that include microbes and plant roots because the biological processes
create varying gradients in chemical energy that cause changes in sorption mechanisms
that need to be understood.

The technology and knowledge to achieve the goal of using soil physicochemical
properties and chemical properties to a-priori quantitatively predict how a particular
nutrient or contaminant will behave in the soil environment are not far off—in some
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cases, it is already possible. Armed with the knowledge of sorption mechanisms for a
particular chemical, researchers are developing computer models that use approaches such
as neural network analysis, deep learning, and artificial intelligence decision making to
accurately predict chemical availability, fate, and transport, and how the ecosystem will
respond to the chemical. Land and resource managers will be able to use this information
to make management decisions to increase productivity and preserve ecosystem health.
Thus, understanding detailed sorption mechanisms that occur in soils is key to developing
effective resource management strategies.
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