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ABSTRACT

Co-sorption of metal ions and anions/ligands at the mineral-water interface plays a critical role in regulat-
ing the mobility, transport, fate, and bioavailability of these components in natural environments. This re-
view focuses on co-sorption of metal ions and naturally occurring anions/ligands on environmentally
relevant minerals. The underlying mechanisms for their interfacial reactions are summarized and the envi-
ronmental impacts are discussed. Co-sorption mechanisms of these components depend on a variety of fac-
tors, such as the identity and properties of minerals, pH, species and concentration of metal ions and anions/
ligands, addition sequence of co-sorbed ions, and reaction time. The simultaneous presence of metal ions
and anions/ligands alters the initial sorption behaviors with promotive or competitive effects. Promotive ef-
fects are mainly attributed to surface electrostatic interactions, ternary surface complexation, and surface
precipitation, especially for the co-sorption systems of metal ions and inorganic anions on minerals. Com-
petitive effects involve potential complexation of metal-anions/ligands in solution or their competition
for surface adsorption sites. Organic ligands usually increase metal ion sorption on minerals at low pH via
forming ternary surface complexes or surface precipitates, but inhibit metal ion sorption via the formation
of aqueous complexes at high pH. The different mechanisms may act simultaneously during metal ion and
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anion/ligand co-sorption on minerals. Finally, the potential application for remediation of metal-
contaminated sites is discussed based on the different co-sorption behaviors. Future challenges and topics
are raised for metal-anion/ligand co-sorption research.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

Natural and artificial environments are multicomponent systems
consisting of metal ions, anions and ligands, with mutual influence on
each component's environmental behavior. For example, heavy metals
(e.g., cadmium (Cd), copper (Cu), lead (Pb), and zinc (Zn)) and
oxyanions (e.g., arsenate (AsO3~) and sulfate (SOZ7)) have been
found at extremely high concentrations in mine and timber treatment
sites and wastewaters from smelting and heavy industries (Smith
et al.,, 1998; Nakajima et al.,, 2011; Bian et al., 2012). Their co-presence
represents a huge challenge for environmental scientists who seek ef-
fective but simple strategies for the remediation of multicomponent
systems.

Sorption reactions at the mineral-water interface play a critical role
in regulating the solubility, mobility, transport, fate, and biological up-
take of metal ions and naturally occurring anions/ligands in the environ-
ments, which are of high relevance for global biogeochemical processes
(Sparks, 2005, 2014; Putnis and Ruiz-Agudo, 2013; Kumar et al., 2014a,
b). Anions and ligands can substantially affect the sorption of metal ions
onto surfaces, and the same is true vice versa (Elzinga et al., 2001; Zhang
and Peak, 2007; Elzinga and Kretzschmar, 2013; Zhu et al., 2019). Un-
derstanding co-sorption interactions between these components on en-
vironmentally relevant minerals are of crucial importance from
environmental perspectives (Juang and Chung, 2004; Lin et al., 2004;
X.Ren et al,, 2012).

The molecular-level mechanisms of metal and anion/ligand interac-
tions on environmentally relevant minerals have been studied through
macroscopic sorption experiments (e.g., sorption isotherms, sorption
kinetics, etc.) combined with advanced spectroscopic techniques and

models, such as X-ray absorption spectroscopy (XAS), in situ attenuated
total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy,
nuclear magnetic resonance (NMR) spectroscopy, density functional
theory (DFT) calculations, and surface complexation modeling. The
sorption of these species can be either promoted or inhibited via their
interactions on mineral surfaces as well as in solution, which is influ-
enced by the physicochemical properties of the mineral, pH range, sur-
face coverage, and species and concentration of metal ions and anions/
ligands (Elzinga et al., 2001; Wang and Xing, 2002, 2004; Swedlund
et al., 2009; Elzinga and Kretzschmar, 2013).

The promotive effects of co-sorption are commonly attributed to one
of the following reasons, or a combination of them: (1) surface electro-
static effects; (2) ternary surface complexation; and (3) surface precip-
itation of metal-anion/ligand species (Elzinga et al.,, 2001; Taylor et al.,
2009; Elzinga and Kretzschmar, 2013; Ren et al., 2015), as indicated in
Fig. 1. In heavy metal-contaminated soils, metal ions and anions/ligands
could be co-sorbed or even converted into surface precipitates, leading
to immobilization of both metal ions and anions/ligands. This promotive
effect could eventually result in a decreased availability and eco-toxicity
of metal ions and anions/ligands, especially for systems containing
heavy metals and phosphate (PO3™~) (Hafsteinsdéttir et al., 2015; Yu
etal, 2017; Zeng et al., 2017).

Competitive effects resulting in a decrease in metal sorption can be
attributed to (1) the competition between aqueous metal-anion/
ligand complexation and metal surface complexation on minerals, or
(2) to the direct competition of surface coordination sites between
metal cations and anions/ligands (Benjamin and Leckie, 1982; Theis
and West, 1986; Elzinga et al., 2001; Elzinga and Kretzschmar, 2013),
as shown in Fig. 1. In this case, the presence of anions/ligands may
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Fig. 1. Schematic diagram of co-sorption mechanisms of metal ions and anions/ligands on minerals. The co-presence of metal ions and anions/ligands can affect each other's sorption
behaviors on mineral surface through promotive or competitive effects. Promotive effects are commonly attributed to surface electrostatic interactions, formation of ternary surface
complexes, and surface precipitation. Depending on the coordination structures of the metal ion and anion/ligand relative to the mineral surface, the ternary complexes can be further
classified into three types (A, B, and C). In type A, metal ions are near the solid surface as a metal bridge, represented as surface-metal-anion/ligand complex. In type B, the anions/
ligands are located near the surface as an anion/a ligand bridge, represented as surface-anion/ligand-metal complex. In type C, both metal ions and anions/ligands are near the surface
in an approximately lateral configuration, represented as metal-surface-anion/ligand complex. Competitive effects are generally attributed to solution complexation or surface

adsorption site competition.

largely enhance heavy metal mobility, thereby increasing their bioavail-
ability and toxicity, and inhibit the sequestration of heavy metals by
natural colloidal and particulate minerals (Neubauer et al., 2000;
Flynn and Catalano, 2017).

Due to the various environmental factors and complicated reactions
involved in metal-anion/ligand co-sorption, a full understanding to-
wards the underlying mechanisms remains limited, which warrants a
need for further investigations under different environmental condi-
tions. Recently, a variety of studies have extensively explored the mu-
tual effects involved in the co-sorption process of metals and anions/
ligands onto minerals (Zhu et al., 2019; Liu et al., 2021). However, to
the best of our knowledge, a comprehensive summary of the relevant
studies on this topic is missing.

This review therefore focuses on the co-sorption of metal ions (e.g., Cu
(1), Pb(II), Cd(Il), and Zn(Il)) and anions/ligands (e.g., phosphate,
arsenate, sulfate, oxalate, citrate, phthalate, amino acids, N-
(phosphonomethyl)glycine (PMG; also known as glyphosate), and myo-
inositol hexaphosphate (IHP)) onto environmentally relevant minerals,
e.g., ferrihydrite (Fe;9014(OH),), goethite (a-FeOOH), hematite (o-
Fe,03), y-alumina (y-Al,03), boehmite (y-AIOOH), and kaolinite (Al
[Si4010](OH)g). The phenomena and potential mechanisms involved in
their co-sorption are thoroughly discussed and the environmental im-
pacts are evaluated especially in the context of potential remediation ap-
plications. Finally, future research perspectives are discussed, with the
aim to inspire further developments in this promising field.

2. Co-sorption of metal ions and inorganic anions on minerals

Co-sorption mechanisms of metals and inorganic anions on minerals
depend on the species of the metals/inorganic anions and the properties
of the minerals, all of which influence the sorption affinities and coordi-
nation modes on mineral surfaces. Additionally, co-sorption mecha-
nisms are also affected by the saturation state of the corresponding
precipitates, which depends on the pH and concentration of the metals

and inorganic anions. In this section, co-sorption mechanisms of com-
mon metal ions and inorganic anions (i.e., phosphate, arsenate, selenate,
selenite, silicate, carbonate, and sulfate) are summarized.

2.1. Co-sorption of metals with phosphate

2.1.1. Co-sorption characteristics of metals with phosphate

Phosphorus (P), widely present in the environment, is an essential
macronutrient for biological growth and a major contributor to eutrophi-
cation and non-point source pollution (Li et al., 2013a; X. Wang et al.,
2013; Yan et al,, 2014). Inorganic P is the dominant P form in natural envi-
ronments. As phosphate always co-exists with metal ions in the environ-
ment, the behaviors (e.g., absorption, desorption, migration and
transformation) and fate of these two species are substantially influenced
by each other (Hafsteinsdéttir et al,, 2015; Li et al,, 2017; Zeng et al., 2017).

The presence of phosphate affects the extent and rate of sorption-
desorption reactions of metal ions on mineral surfaces (Juang and
Chung, 2004; Wang and Xing, 2004; Adebowale et al., 2005; Zaman
et al., 2009). Generally, promotive sorption effects on minerals
(e.g., goethite and lepidocrocite) are observed in the co-presence of
metal ions (e.g., Zn?>*, Cu?*, and Cd®™) and phosphate (Bolland et al.,
1977; Diaz-Barrientos et al., 1990; Madrid et al., 1991; Wang and
Xing, 2002; Li et al., 2007). However, it was also reported that pre-
sorption of phosphate inhibited the sorption of Cu>* and Cd>* on he-
matite and shifted the sorption pH window of those metals to higher
pH (Li et al., 2006). Meanwhile, phosphate has been reported to inhibit
Cu?™ sorption at a relatively low concentration, but facilitated it at high
concentrations (Zhu et al.,, 2011). This signifies that the promotive or
competitive sorption effects are dependent on the concentration as
well as the ratio between the metal ions and phosphate.

2.1.2. Co-sorption mechanisms of metals with phosphate
Promotive co-sorption mechanisms of metal ions and phosphate on
mineral surfaces include a combination of surface electrostatic effects,
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Table 1
Interaction mechanisms of metal ion and phosphate co-sorption on various minerals.

Systems Reaction conditions Methodology Co-sorption mechanisms Reference

Ferrihydrite, Zn?>*, phosphate ~ pH: 5-8 Zn?>*: 0-10 mg L' Batch Electrostatic effects Ghanem and Mikkelson, 1988
P/Fe: 0, 0.05,0.1,0.2, and 0.4 experiments

Lepidocrocite, Zn?>*, phosphate  pH: 4.7-7.1 Zn®>": 15-80 mg L' Batch Electrostatic effects Diaz-Barrientos et al., 1990
Phosphate: 0-200 mg L~ experiments
Lepidocrocite: 10 g L™

MnO,, Ca®*, phosphate pH: 2-8.5Ca®": 0.011 M SCM Electrostatic effects Yao and Millero, 1996
Phosphate: 10 pM MnO,: 1 mM (triple-layer

model)

Goethite, Cd>*, phosphate pH: 4-8 Cd?>*: 0.25-1.0 mM CD-MUSIC Electrostatic effects Venema et al., 1997
Phosphate: 0.54 mM Goethite:
6glL™!

Goethite, Cd>*, phosphate PH: 4.04-5.94 Cd*>*: 458 ppm EXAFS Electrostatic effects Collins et al., 1999
Phosphate: 0.84 mM Goethite:
12gL™!

Goethite, Ca>*, phosphate pH: 4-10 Ca®*: 0.1 and 0.4 mM CD-MUSIC Electrostatic effects Rietra et al., 2001
Phosphate: 0.5 mM Goethite:
25-10gL!

Goethite, Cu®>*, phosphate pH: 2.0-5.4 Cu?*: 0.25 mM Batch Formation of ternary complexes Lin et al., 2004
Phosphate: 0.25 mM Goethite: experiments
4gL! and EXAFS

Iron hydroxide, Ni**, pH: 3.0-7.0 Phosphate: Batch Formation of ternary complexes Mustafa et al., 2008

phosphate 0.485-3.5 mM experiments

Ni-loaded iron hydroxide: and FTIR
33gL!

MnO,, Cd**, phosphate pH: 4-7 Cd**: 0.08-0.71 mM Batch Formation of type B (P-bridged) surface complex at ~ Zaman et al.,, 2009
Phosphate: 1-100 mM MnO,: experiments low pH and type A (metal-bridged) surface complex
33gL! at high pH

Hematite, Cd**, phosphate pH: 4.5-9 Cd**: 0-5 mM ATR-FTIR Formation of ternary complexes Elzinga and Kretzschmar, 2013
Phosphate: 25 pM Hematite:
5gL!

Ferrihydrite, Cu*/Pb?*, pH: 3-10 Cu®*/Pb?": 0.3-30 uM  EXAFS analyses ~ Formation of ternary complexes Tiberg et al., 2013

phosphate Phosphate: 0.06-0.6 mM and CD-MUSIC

Ferrihydrite: 0.3-3 mM model

Hydroxy-iron-montmorillonite ~ pH: 5 Cd**: 50-350 mg L~ XPS Formation of type B ternary complexes Zhuet al,, 2014

complex, Cd?*, phosphate

Ferrihydrite, Cd®*, phosphate

Hydrous zirconium oxide, Ca®*,
phosphate

Goethite, Ca®", phosphate

Kaolinite, Pb>*, phosphate

Kaolinite, Zn?*, phosphate

Boehmite, Ca>*, phosphate

v¥-Al;03, Cu(Il), phosphate

Aluminum oxide nanoparticles,
Zn?*/Cd?*, phosphate

Ferrihydrite, Ca?>*, phosphate
Hematite/goethite, Fe? ™",
phosphate

v-Al,05, Zn?*, phosphate

Ferrihydrite, Zn?*, phosphate

Phosphate: 30-120 mg L™!
Hydroxyiron-montmorillonite
complex: 5 g L™!

pH: 3-7.5 Cd**: 0.3-30 uM
Phosphate: 0.06-0.6 mM
Ferrihydrite: 3 mM

pH: 4-9 Ca>*: 1 mM
Phosphate: 5-50 mg L'
Hydrous zirconium oxide:
04glL!

pH: 3-10 Ca®*: 0.01 and 0.05 mM
phosphate: 30 uM Goethite:
025gL!

pH: 4-10 Pb*>*: 0.189 mM
phosphate: 3 mg L~! Kaolinite:
05gL!

pH: 4.5-7.5 Zn?>*: 1.5 mM
phosphate: 1.5 mM Kaolinite:
20gL!

pH: 6-9 Ca?*: 10 mM phosphate:
1 mM Boehmite: 49 g L'

pH: 3-11 Cu?**: 6 mg L !
Phosphate: 3 mg L~' y-Al,05:
1gL™!

pH: 6.5 Zn?*/Cd**: 0.05-1 mM
Phosphate: 0-2 mM Aluminum
oxide nanoparticles: 1 g L™!
pH: 3-10 Ca®": 0.3-6 mM
Phosphate: 0.6 mM Ferrihydrite:
1gL™!

pH: 3-9 Fe?*: 0.1 and 1.0 mM
Phosphate: 0.1 and 1.0 mM
Hematite/goethite: 4 g L'

pH: 6.5 and 8 Zn?*: 0.15 and
0.19 mM

Phosphate: 0-0.48 mM
v-AlLOs5: 2 g L1

pH: 3.5-6 Zn*": 0.038-2.4 mM
Phosphate: 0.081-5.2 mM
Ferrihydrite: 2.5 g L'

EXAFS and SCM

3P NMR and
XPS

SCM model

XANES

EXAFS

NMR and XRD

Batch
experiments
and DFT
calculations
Batch
experiments
and XPS
SCM model

ATR-FTIR and
SCM model

Batch
experiments
and EXAFS

XPS and
ATR-FTIR

Formation of ternary complexes

Formation of type B ternary complexes

Formation of calcium phosphate surface precipitates
Formation of surface precipitates similar to
pyromorphite

Formation of zinc phosphate surface precipitates

Formation of hydroxylapatite

Formation of type B ternary complexes and surface
precipitates

Formation of ternary complexes and surface
precipitates

Formation of ternary complexes and surface
precipitates

Electrostatic effects and formation of ternary
complexes

Electrostatic interaction, binary and ternary surface
complexation, and the formation of Zn(Il)-phosphate
polynuclear complexes

Formation of ternary complexes, electrostatic
interactions, and surface precipitation

Tiberg and Gustafsson, 2016

Lin et al., 2017

Hawke et al., 1989

Taylor et al., 2009

Stietiya et al., 2011

Liet al., 2012

X.Ren et al., 2012

Stietiya and Wang, 2014

Antelo et al., 2015

Hinkle et al.,, 2015

Ren et al., 2015

Liu et al., 2016
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Systems Reaction conditions Methodology Co-sorption mechanisms Reference
Ferrihydrite, Cd**, phosphate pH: 5-9 Cd**: 0.2-2 mM ATR-FTIR Electrostatic effects and formation of ternary Liu et al., 2018
Phosphate: 0.5-2 mM complexes
Ferrihydrite: 2.5 g L™"
Ferrihydrite/goethite/hematite, pH:3-7 Cd*": 0.125-2 mM ATR-FTIR Electrostatic interactions, formation of Liu et al., 2021

Cd?*, phosphate Phosphate: 0.125-2 mM
Ferrihydrite/goethite/hematite:

04,25 and4 g L~}

phosphate-bridged ternary complexes and surface
precipitates

Abbreviations

ATR-FTIR: attenuated total reflectance Fourier transform infrared spectroscopy;
CD-MUSIC: charge distribution multi-site complexation;

DFT: density functional theory;

EXAFS: extended X-ray absorption fine structure spectroscopy;

NMR: nuclear magnetic resonance spectroscopy;

SCM: surface complexation model;

XANES: X-ray absorption near edge structure spectroscopy;

XPS: X-ray photoelectron spectroscopy.

XRD: X-ray diffraction.

ternary surface complexation and surface precipitation, as will be
discussed below.

2.1.2.1. Surface electrostatic effects. The adsorption of phosphate from so-
lution onto mineral surfaces involves both physical and chemical forces.
Physical forces include van der Waals (e.g., partitioning) and electro-
static interactions which are responsible for outer-sphere complexation
(e.g., ion exchange). Electrostatic bonding can occur via cation or anion
exchange, or protonation. Short-range chemical interactions include
inner-sphere complexation, involving surface hydroxyl exchange, cova-
lent bonding, and hydrogen bonding mechanisms (Sparks, 2002). Sur-
face electrostatic effects tend to promote the co-sorption of metals
and phosphate on minerals. The mechanism involves the alteration of
mineral surface charge due to inner-sphere ion adsorption being par-
tially offset by the (inner-sphere) co-adsorption of ions with opposite
charge. This facilitates further adsorption (relative to binary systems)
by lowering the electrostatic barrier for the approach of ions to the sur-
face (Elzinga et al., 2001; Taylor et al., 2009; Elzinga and Kretzschmar,
2013; Ren et al., 2015).

Promotive co-adsorption by electrostatic effects is considered to
be the dominant mechanism for the following co-adsorption sys-
tems (Table 1): Zn?T-PO3~ on ferrihydrite (Ghanem and
Mikkelson, 1988) and lepidocrocite (Diaz-Barrientos et al., 1990);
Ca?*-PO3~ on manganese oxide (MnO,) (Yao and Millero, 1996)
and goethite (Rietra et al., 2001); Cd®>*-PO3~ on goethite (Venema
et al., 1997; Collins et al., 1999); and Pb?"-P0O3~ on goethite (Xie
and Giammar, 2007). For example, Diaz-Barrientos et al. (1990)
found that co-sorbed phosphate increased Zn?* adsorption on
lepidocrocite by reducing the electrostatic potential near the mineral
surface. In addition, Collins et al. (1999) reported that phosphate in-
creased Cd?™ adsorption levels on goethite. However, no noticeable
differences were observed in the Cd K-edge extended X-ray absorp-
tion fine structure (EXAFS) spectra in the presence or absence of co-
sorbed phosphate. Particularly, the EXAFS spectra of Cd2™ sorbed on
goethite in the presence of phosphate only showed a first shell with
6 + 10 atoms at 2.3 + 0.1 A, consistent with Cd®* sorbed directly to
goethite. Second shells of O and P (particularly between 3 and 3.6 A)
that are indicative of cadmium-phosphate phases were not visible in
the EXAFS spectrum. Based on these observations, it was concluded
that phosphate promoted Cd?* adsorption mainly through electro-
static effects, rather than the formation of ternary complexes or sur-
face precipitates. This conclusion was supported by the charge
distribution multisite complexation (CD-MUSIC) model (Venema
et al.,, 1997). Rietra et al. (2001) also showed that the adsorption
and interaction of Ca?>" and PO3~ on goethite can be predicted by
the CD-MUSIC model solely based on electrostatic effects. However,
these studies usually used model parameters derived from single-

ion systems and without considering ternary complexation and sur-
face precipitation.

2.1.2.2. Ternary surface complexation. Ternary surface complexation is
another main mechanism to explain promotive co-sorption of metals
ions and phosphate on minerals (Elzinga et al., 2001; Elzinga and
Kretzschmar, 2013). The formation of ternary metal-ligand complexes
at the mineral surface increases the stability of adsorbed ionic com-
plexes through physical or chemical bonds. Depending on the coordina-
tion structures of the metal ion and ligand relative to the solid surface,
the ternary complexes can be further classified into three types (A, B,
and C), as indicated in Fig. 1. In type A, metal ions are near the solid sur-
face as a metal bridge, represented as surface-metal-anion/ligand com-
plex. In type B, the anions/ligands are located near the surface as an
anion/a ligand bridge, represented as surface-anion/ligand-metal com-
plex. In type C, both metal ions and anions/ligands are near the surface
in an approximately lateral configuration, represented as metal-
surface-anion/ligand complex (Taylor et al., 2009; Ren et al., 2015).

Solution pH significantly influences the type of ternary complexes
that formed on minerals. Elzinga and Kretzschmar (2013) found that
the addition of Cd®™ ions increased the amount of phosphate adsorbed
on hematite in a pH-dependent manner over a pH range of 4.5-9. Based
on distinct differences between the IR spectra of Cd(Il)-phosphate pre-
cipitates and ternary complexes (calculated by subtracting the spectra
of adsorbed phosphate collected before Cd(II) addition from the spectra
of co-sorbed phosphate recorded after Cd(Il) addition), bulk precipita-
tion did not occur in the Cd?>*/phosphate co-sorption system. System-
atic and gradual alterations were observed in the ternary IR difference
spectra when solution pH decreased from 9.0 to 4.5, suggesting the
presence of at least two different Cd(II)-phosphate ternary complexes
that changed proportion with pH. Principal component analysis of the
ATR-FTIR difference spectra revealed that the formation of type A (Cd-
bridged) ternary complexes was the dominant mechanism at high pH,
while type B (phosphate-bridged) ternary complexes was the main sur-
face species on hematite at low pH. The proposed arrangements of Cd
(II)-phosphate ternary complexes are shown in Fig. 2. Similarly,
Zaman et al. (2009) suggested that phosphate promoted Cd>™ sorption
on MnO, minerals via the formation of type A complexes at high pH and
type B complexes at low pH.

Numerous studies have shown that the type of ternary surface com-
plexes formed on minerals depends on the reaction conditions
(Table 1). For example, EXAFS analyses indicated that Cu—Fe and
Pb—Fe distances become longer in the presence of phosphate on ferri-
hydrite. Combined with CD-MUSIC model analysis, the study suggested
that the promotive sorption of Cu?>* and Pb?* on ferrihydrite in the
presence of phosphate was most probably attributed to the formation
of two ternary metal-phosphate complexes (Fig. 3): (1) a surface
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Fig. 2. Proposed configurations of Cd(Il)-phosphate ternary complexes on the surface of hematite, modified from Elzinga and Kretzschmar (2013). Ternary complexation includes Cd(1I)-
bridged type A complexes (configuration a & b), phosphate-bridged type B complexes (configuration c, d, and e), and type C complexes with lateral interactions (configuration f & g).

complex of type C, where both metal and phosphate interact in a
monodentate fashion with the ferrihydrite surface (composition
=(Fe0),HMePO;H°), and (2) a corner-sharing ferrihydrite-metal com-
plex, in which the phosphate ion is bound to the metal but not to the
mineral surface, resulting in a type A complex with =(FeOH),-Me-

H,PO, composition (Tiberg et al., 2013). EXAFS spectra of the
solid products in the absence of phosphate were best fitted with two
different Cd—Fe distances: the formation of bidentate complexes
where a 3.3 A distance was determined for an edge-sharing and 3.7 A
for a corner-sharing complex, respectively. Higher-shell contributions

Cu P J
C
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0A
Fe e Fe
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(FeOH),CuOH FeOHCu'** (FeO),HCuPO;H° (FeOH),CuPOH,’
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E. Edge-sharing
(FeOH),Pb"

G. Ternary monodentate
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H. Ternary corner-sharing
(FeOH),PbPOH,’

Fig. 3. Configurations of Cu(II) (top row) and Pb(II) (bottom row) complexes on ferrihydrite in the presence of phosphate. Red spheres denote oxygen atoms and white spheres denote
hydrogen atoms. Iron, Cu(II), Pb(II) and phosphorus (P) atoms are marked in the figures along with the distances for the Cu---Fe and Pb:--Fe bonds (Tiberg et al., 2013). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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in phosphate-containing products were best fitted with a Cd—Fe dis-
tance at ~3.8 A and a Cd—P distance at ~3.4 A. Therefore, it was pro-
posed that the formation of ternary complexes resulted in the
enhanced sorption of Cd?* on ferrihydrite in the presence of phosphate,
which was further supported by CD-MUSIC modeling (Tiberg and
Gustafsson, 2016).

Batch experiments and EXAFS analysis showed that the formation of
goethite-Cu(Il)-phosphate complexes (type A) increased the sorption
density of both Cu?* and phosphate (Lin et al., 2004). A combination
of batch sorption and XPS results suggested that co-sorbed Cd?>™ ions
and phosphate formed phosphate-bridged ternary complexes (type
B) on hydroxy-iron-montmorillonite surfaces, contributing to the pro-
motive sorption of Cd?>* and PO3~ (Zhu et al., 2014). Similarly, the
presence of Ca®™ substantially enhanced the sorption of phosphate on
hydrous zirconium oxide (HZO) over a pH range of 6-9 via the forma-
tion of phosphate-bridged ternary complexes (=Zr-P-Ca) (Lin et al.,
2017).

2.1.2.3. Surface precipitation. Surface precipitation is the third mecha-
nism that could account for promotive co-sorption of co-existing
metal ions and phosphate on minerals. This mechanism involves the
formation of a three-dimensional surface phase containing both metal
ions and anions/ligands, leading to accumulations of the respective
components (Elzinga et al., 2001; Taylor et al., 2009; Elzinga and
Kretzschmar, 2013; Ren et al., 2015). For example, metal-phosphate
precipitates could form from oversaturated solutions by concentrating
their contents on the mineral surface. Given their inherently small par-
ticle size, surface precipitates are difficult to identify by conventional X-
ray diffraction and scanning electron microscopy. However, it can be ef-
fectively identified via EXAFS spectroscopy (Taylor et al., 2009).

Many studies have detected the formation of metal-phosphate pre-
cipitates on mineral surfaces (Table 1). For example, Hawke et al.
(1989) showed that Ca®>* ions increased the amount of phosphate sorp-
tion on goethite at medium to high pH through the formation of calcium
phosphate surface precipitates. Li et al. (2012) performed batch sorption
experiments to investigate the effect of dissolved Ca®>* on phosphate
sorption by boehmite as a function of pH and found that the crystalliza-
tion rate of hydroxyapatite was enhanced on the boehmite surface. This
was also supported by thermodynamic calculations, where solutions con-
taining 1 mM [PO3~] and 10 mM [Ca® "] were oversaturated with respect
to hydroxyapatite at pH > 5.4. Weesner and Bleam (1998) performed
EXAFS analysis of Pb>* and phosphate co-sorption on goethite or boehm-
ite and observed a strong similarity between the spectra of lead-
phosphate model compounds and the spectra of the Pb>*-phosphate
co-sorption samples, suggesting the formation of lead phosphate
surface precipitates (mainly as hydroxypyromorphite, Pbs(PO4)OH).
Additionally, pre-sorbed phosphate considerably increased Pb?* sorption
density on the phyllosilicate kaolinite in the pH range of 4-8. X-ray ab-
sorption near edge structure (XANES) analysis showed that the sorbed
phosphate reacted with dissolved Pb?™ to form surface precipitates simi-
lar to pyromorphite (Taylor et al., 2009). Furthermore, phosphate surface
precipitates were detected through EXAFS analysis in the following co-
sorption systems: Zn>*-P0O3~ on kaolinite (Stietiya et al., 2011) and
lanthanide cations (Eu®>*, Gd*>*, and Dy>*) co-sorbed with PO~ on
boehmite (Yoon et al.,, 2002).

2.1.2.4. Combination of multiple mechanisms. In most situations, the co-
sorption of metal ions and phosphate on minerals involves a combina-
tion of multiple mechanisms. For example, surface electrostatic effects
and ternary complex formation are considered the dominant mecha-
nisms in the following systems (Table 1): Fe?*-PO3~ on Fe(lll) oxides
(Hinkle et al., 2015), Zn®>"-PO3~ on ferrihydrite (Liu et al., 2016),
Cd?*-P0O3~ on ferrihydrite (Liu et al., 2018), and Mg?* and Ca** co-
adsorbed with PO3~ on ferrihydrite (Mendez and Hiemstra, 2020).
Co-sorption experiments showed a promotive effect for Fe** and phos-
phate adsorption on iron (oxyhydr)oxide surfaces. The IR spectra of
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phosphate adsorbed onto hematite and goethite in the presence of Fe
(I) were clearly distinctive from that of vivianite (Fe3(PO4),-8H,0). A
new IR band observed in the goethite system and a possible shift of
this IR band associated with the bidentate surface complex in the hema-
tite system with the addition of Fe(Il) were observed. Below pH 6, the
addition of ternary complexes to a surface complexation model (SCM)
model substantially improved the model predictions in relation to the
wet chemistry data. ATR-FTIR and SCM analyses indicated that the co-
operative adsorption of aqueous Fe(Il) and phosphate likely involved a
combination of ternary complexation and electrostatic interactions
(Hinkle et al., 2015).

Ternary surface complexation and surface precipitation are the dom-
inant mechanisms in the following co-sorption systems: Zn?* and Cd?*
co-sorbed with PO3~ on aluminum oxide nanoparticles (Stietiya and
Wang, 2014), Ca>*-PO3~ on ferrihydrite (Antelo et al., 2015), and
Cu?>*T-PO3~ on y-Al,0; (X. Ren et al., 2012). For example, Stietiya and
Wang (2014) found that Zn?>* had higher sorption affinity for the
surface of aluminum oxide nanoparticles than Cd?*. The amounts of
adsorbed Zn?" and Cd?* in the binary-metal system were lower than
those in the respective single-metal systems, and the presence of phos-
phate promoted Zn?" and Cd?™ sorption in all systems. Removal of
Zn?* or Cd?>* was generally accompanied by phosphate removal, im-
plying that the enhanced sorption of metal ions was due to formation
of ternary complexes or metal-ligand surface precipitates.

The concentrations of the metal ions and phosphate have obvious
impacts on the co-sorption mechanisms. At low concentrations of
metal ions and phosphate, ternary surface complexation dominates; at
high concentrations, supersaturation is achieved and surface precipita-
tion can occur. In many cases, even if the concentrations of metals and
anions/ligands are below those required for bulk precipitation,
surface-promoted co-sorption can still lead to the formation of surface
precipitates due to local oversaturation. For instance, Antelo et al.
(2015) showed promotive sorption of Ca** and phosphate on ferrihy-
drite in their co-presence. At low Ca?* loadings, enhanced sorption of
phosphate could be attributed to the formation of calcium-phosphate
ternary surface complexes, as predicted by modeling simulation. How-
ever, at high Ca®™ loadings, the enhanced sorption of phosphate might
result from the formation of ternary complexes or surface precipitates.
Based on the saturation index calculation for the least soluble
phosphate-calcium mineral (hydroxyapatite, Cas(P0O4)30H, logKs,
(solubility product) = —58.2), even bulk precipitation can occur at high
Ca”™ loadings as observed in this study. X. Ren et al. (2012) reported
that co-existing phosphate ions promoted Cu?™" sorption on y-Al,0s,
whereas phosphate sorption was not affected by the co-existing Cu?*
at low initial phosphate concentrations. Nevertheless, phosphate sorp-
tion was enhanced in the presence of Cu?* at high initial phosphate
concentrations, which could be attributed to the formation of 1:2 Cu
(II)-phosphate species and/or surface precipitates. The relative energy
of type B ternary surface complexes was lower than that of type A com-
plexes, suggesting that the formation of type B ternary surface com-
plexes was more favorable from a thermodynamic aspect. In another
study, Ren et al. (2015) found that the Zn K-edge XANES spectrum of
a Zn-phosphate co-sorption sample was different from that of Zn;
(POy4),, indicating that the formation of Zn-phosphate precipitate did
not occur in the presence of ©y-Al,03. Speciation calculation indicated
that the solution was undersaturated with respect to Zns(POg4),
precipitates. Multiple mechanisms were found to control Zn?™"
retention on 7Y-Al,03; in the presence of phosphate, including
electrostatic interactions, binary and ternary surface complexation,
and formation of Zn(IlI)-phosphate polynuclear complexes, depending
on the solution pH and phosphate concentration.

Mineral properties (e.g., crystallinity, specific surface area, and parti-
cle size) are other important factors affecting the co-sorption mecha-
nisms. Even for a same mineral, there can be variations in the
crystallinity, morphology, shapes, and defects that affect mineral surface
reactivity and sorption mechanisms. Among different iron (oxyhydr)
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oxides, ferrihydrite is of particular interest because of its poor crystallin-
ity, large specific surface areas, and high reactivity (Kappler et al., 2021).
The amount of sorbed metal ions and anions (e.g., phosphate) on ferri-
hydrite is much higher than those on other, more crystalline iron
(oxyhydr)oxides, such as hematite and goethite (X. Wang et al.,
2013). Recently, Liu et al. (2021) reported that the sorption of Cd*™
and phosphate on ferrihydrite, goethite, and hematite was controlled
by similar promotive mechanisms, including electrostatic interactions,
formation of phosphate-bridged ternary complexes, and surface precip-
itation. However, the relative contributions of these mechanisms were
different for these three minerals: electrostatic attraction was the pre-
dominant co-sorption mechanism on goethite, while surface precipita-
tion was most significant on ferrihydrite. These studies indicate that
the interfacial mechanisms of metal and phosphate co-sorption depend
on the mineral properties (Liu et al,, 2021).

2.1.3. Co-sorption of U(VI) with phosphate

Uranium (U) is a natural radionuclide that can be enriched in certain
localities due to human activities (e.g., nuclear plants), and its sorption
behavior is one of the key geochemical processes that governs its mobil-
ity and toxicity (Comarmond et al., 2016). Uranium remediation at con-
taminated field sites typically involves the usage of phosphate salts or
phosphate-containing minerals (Mehta et al., 2016; Zhang et al.,
2020). Thus, this separate subsection is included to address U and phos-
phate co-sorption.

Solution pH is a crucial factor that affects the role of phosphate re-
garding U(VI) sorption. At low pH values, the amount of U(VI) adsorbed
on goethite increases in the presence of phosphate, and phosphate is
strongly bound to the goethite surface, which was attributed to the for-
mation of ternary surface complexes involving both U(VI) and phos-
phate. At high pH values, the amount of U(VI) adsorbed decreased in
the presence of phosphate, due to the formation of dissolved U(VI)-
phosphate complexes (Cheng et al., 2004).

The co-sorption mechanisms of U(VI) and phosphate on minerals
are affected by the uranium and phosphate concentrations as well as
their concentration ratio (Galindo et al., 2010; Singh et al., 2010, 2012;
Del Nero et al., 2011; Comarmond et al., 2016; Troyer et al., 2016). For
example, U(VI)-phosphate precipitates formed on goethite were de-
tected, depending on the uranium/phosphate concentration ratio.
Enhanced U(VI) sorption was observed at the highest phosphate con-
centration (130 pM), likely due to the formation of ternary surface
complexes for low (~1 uM) to intermediate (~10 pM) uranium concen-
trations and the precipitation of U(VI)-phosphate species at high
(~100 uM) uranium concentrations (Singh et al., 2010). In addition, pro-
motion of U(VI) sorption on a-Al,03 in the presence of phosphate was
attributed to both surface complexation and precipitation, with the
predominant species being mainly dependent on surface phosphate
coverage (Galindo et al., 2010).

2.1.4. Soil remediation by phosphate

Considering the strong effects of phosphate on metal mobility and
transport, the application of phosphate salts or phosphate-bearing min-
erals is considered as one of the more promising methods for remedia-
tion of metal-contaminated systems via the formation of poorly soluble
metal-phosphate phases (Miretzky and Fernandez-Cirelli, 2008; Pérez-
Novo et al., 2009, 2011; Mauric and Lottermoser, 2011; L. Wang et al.,
2013; Huang et al., 2016; Li et al., 2017; Obrycki et al., 2017; Zhao
et al, 2017). A variety of metals such as Pb>*, Ba®™, Cd?*, Co®>™, Cu?™,
Eu™, Ni’", and Zn?* can be effectively immobilized by phosphate
(Hafsteinsdottir et al., 2015). For example, at a Pb-contaminated field
site, phosphate treatment remarkably reduced Pb sequestrations
(reduction of 20-71%) by St. Augustine grass (Stenotaphrum
secundatum). A mixture of H3PO,4 and phosphate rock amendments
yielded the best overall results for in-situ Pb retention and remediation,
with only small changes in soil pH and low amounts of P leaching. Pb
immobilization was attributed to the formation of almost insoluble
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chloropyromorphite (Pb;o(P0O4)sCly) (Cao et al., 2002), which has a
very low K, of 107844 (Zeng et al., 2017). The addition of phosphate
facilitated pyromorphite formation in a concentration-dependent man-
ner. EXAFS analysis showed that the proportion of pyromorphite in an
urban soil ranged from 0% (control) to 45% (1% phosphoric acid amend-
ment, residence time of 32 months) relative to total Pb content
(Scheckel and Ryan, 2004).

Although pyromorphite formation has the potential to control Pb
solubility at low levels from a thermodynamic aspect, pyromorphite
formation in reality is kinetically controlled by the pH and is dependent
on the solubilities of the phosphate source and the Pb species
(Chrysochoou et al., 2007). Excess quantities of dissolved and
acidic phosphate sources, such as phosphoric acid, are necessary for
successful in-situ pyromorphite formation. Even under these
conditions, EXAFS analysis showed that the conversion of Pb%* to
pyromorphite in in-situ-treated soils was less than 45% after 32 months.
The application of lime (CaO) to restore soil pH for acidified soil treat-
ments inhibited further precipitation, thus reducing the effectiveness
of remediation.

In the case of Cu remediation via soil amendment with vivianite, the
Cu?™ leachability assessed by a leaching procedure was reduced by
63-87%, and the Cu?™ concentrations in soil extracts decreased from
1.74-13.33 mg L™ to 0.23-2.55 mg L™! after a 56-day vivianite treat-
ment. The bioavailability of Cu?>* was therefore reduced by 54-69%.
The interaction of Cu?>* with phosphate through surface adsorption
and precipitation was mainly responsible for the reduced Cu?™ bioavail-
ability in soils (Liu and Zhao, 2007).

From the examples above, phosphate application is a viable remedi-
ation strategy to decrease the bioavailability and phytotoxicity of heavy
metals. However, many studies have overlooked the potential for asso-
ciated P leaching and potential eutrophication problems, along with
other issues such as enhanced leaching of oxyanion contaminants
(e.g., arsenic (As) and selenium (Se)) (Chrysochoou et al., 2007). The
potential for secondary contaminations need to be strongly considered
for in-situ treatment of heavy metals by different phosphate com-
pounds.

2.2. Co-sorption of metals with arsenate or arsenite

Arsenic is one of the most common metalloid pollutants in the envi-
ronment and is highly toxic to most organisms (Mohan and Pittman,
2007; Singh et al, 2015). Common As species include arsenate
(AsO3~, As(VI)) and arsenite (AsO3~, As(lll)). Their sorption-
desorption characteristics and mechanisms on iron and aluminum ox-
ides have been extensively studied (Raven et al., 1998; Masue et al.,
2007; Loring et al., 2009; Li et al., 2011). In co-sorption systems, the ef-
fects on metal and/or arsenic adsorption can be promotive or competi-
tive. For example, the presence of arsenate led to either increased
adsorption of Cd(II)/Zn(II) or desorption of pre-sorbed Cd(II)/Zn(Il) in
a variety of soils depending on the exact environmental conditions
(Liang et al., 2007a,b).

The mechanism of arsenate-metal co-sorption on minerals differs
from the mechanism for arsenite sorption, because of the different sorp-
tion affinities and mechanisms of these two As species. Results from
single-sorbate experiments showed that Fe(Il) formed secondary Fe
(ID-AI(III)-layered double hydroxide (LDH) phases, whereas As(III)
and As(V) formed inner-sphere surface complexes on y-Al,03
surfaces. Same kinetics and mechanisms of Fe(Il) and As(III) sorption
were observed in single- and dual-sorbate experiments, indicating
that the adsorption processes of Fe(Il) were unaffected by arsenite
and vice versa. Similarly, arsenic XAS analysis showed that the
mode of As(V) sorption was not noticeably modified by the presence
of Fe(Il). In contrast, the rate of and extent of As(V) sorption were in-
creased in the presence of Fe(Il) in dual-sorbate experiments, possi-
bly promoted via surface electrostatic effects. In addition, the
presence of As(V) hindered the formation of Fe(Il)-Al(Ill)-LDH
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precipitates, slowing their precipitation at low As(V) concentrations
and stopping the precipitation at high concentrations (Zhu and
Elzinga, 2015).

Electrostatic effects are considered a dominant mechanism for many
metal-arsenic co-adsorption systems. For example, the presence of
Ca?* jons was reported to facilitate promotive adsorption of Ca®>* and
arsenate on ferrihydrite. The positively charged adsorbed Ca®™ ions pro-
moted the adsorption of negatively charged arsenate ions by changing
the surface electrostatic potential. With increasing loading of Ca®>" on
ferrihydrite, the repulsive electrostatic interactions between the nega-
tively charged ferrihydrite surface (at relatively high pH values) and
the arsenate ions decreased. Application of a charge distribution
model showed that the mutual interactions between Ca®* and arsenate
could be successfully described using the parameters of the single-
component systems, indicating that the enhanced adsorption could be
attributed solely to the changes in electrostatic forces at the solid-
solution interface (Antelo et al., 2015). Similarly, the simultaneous addi-
tion of Mn(II) and As(V) into hematite suspensions resulted in in-
creased adsorption of As(V) via electrostatic attraction within a pH
range of 4-9 (H. Ren et al., 2012).

Metal cations and As species can form ternary complexes on mineral
surfaces. As(V) enhanced Cu(Il) sorption on goethite through the for-
mation of type A (surface site-Cu(Il)-As(V)) and type B (surface site—
As(V)-Cu(ll)) ternary complexes. The formation constants of
=(Fe;0FeOH)Cu,(OH),HAsO} ~ and =Fe0AsO;Cu®>~ are 10~ '>1° and
1071342 respectively (Nelson et al., 2013). In addition, analysis of
adsorption edge and zeta potential in combination with SCM results
suggested promotive adsorption effects of As(Ill) and Cd?>* on titanium
oxide (TiO;) due to the formation of type B ternary surface complex (Hu
et al,, 2015), as shown in Fig. 4. The same was observed for Zn(II) ions
and As adsorption on magnetite nanoparticles at pH 8.0 (Yang et al.,
2010).

Ternary complex formation and surface precipitation are also the
dominant sorption mechanisms in a variety of co-sorption systems
(Table 2), such as Cd*"-AsO3~ on goethite, brushite (Mg(OH)-) and
TiO, (Jiang et al,, 2013; Zhai et al., 2018; Hu et al., 2019), Cu®>*-AsO3~
on goethite (Grife et al., 2008a), Fe>*-AsO3~ on goethite (Catalano
et al,, 2011), Ni®T-AsO3~ on ferrihydrite (Wang et al., 2018), Zn** -
AsO3~ on goethite, ferrihydrite, and y-Al,05 (Grafe and Sparks, 2005;
Carabante et al., 2012; Wang et al., 2017), and Zn?>*/Cu?"-AsO3~ on
goethite (Grdfe et al., 2008b). Co-existing Ni(Il) and As(V) species at
the surface of ferrihydrite were found to form ternary As-O-Ni com-
plexes; such multilayer surface complexes initially occurred as surface
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precipitates (Wang et al., 2018). In the presence of Cd(II) and As(V),
mixed amorphous and crystalline precipitates were formed on brushite
at pH 8 through a coupled dissolution-precipitation mechanism, as in-
dicated by in-situ atomic force microscopy and high-resolution trans-
mission electron microscopy (Zhai et al., 2018).

Solution pH can affect the co-sorption mechanisms. For example,
different mechanisms of Cd(Il) and As(V) surface interaction were in-
volved at pH 5.0 versus at pH 7.0 on TiO,. At pH 5.0, a Cd(II)-As(V)-
TiO, ternary surface complex was formed followed by the formation
of a layer-by-layer surface precipitate. At pH 7.0, Cd(II)-As(V) surface
precipitates were directly formed via precipitation from aqueous Cd
(I1)-As(V) complexes (Hu et al., 2019). In another example, precipita-
tion of zinc hydroxide carbonate at pH 8 was followed by arsenate sorp-
tion onto the precipitates, which increased arsenate removal in the
presence of Zn(II). However, at pH 4, the presence of Zn(II) in the sys-
tem did not obviously affect arsenate sorption on ferrihydrite
(Carabante et al., 2012).

The sequence of addition of metal ions and As(V) can also affect the
co-sorption mechanisms, as seen in the case of Zn and As co-sorption on
y-alumina. At pH 5.5, koettigite ((Zns(AsO4),-8H,0))-like precipitates
were formed in the co-sorption system regardless of the addition se-
quence of As and Zn. At pH 7.0, Zn pre-equilibration with ©y-alumina be-
fore As introduction resulted in the formation of mixed Zn—Al LDH-like
and amorphous adamite-like (Zn,(AsO4)OH) precipitates. However,
when Zn and As were added simultaneously, only adamite-like precip-
itate was observed (Wang et al., 2017).

The solid/solution ratio, along with the concentration and sorption
density of metal ions and As(V), is an additional key parameter affecting
co-sorption behaviors. It was reported that co-sorbed Zn(II) and As
(V) showed an increased amount of sorption on goethite when com-
pared to single-sorption systems. When surface arsenate coverages
were less than its saturation sorption amount on goethite, arsenate
still formed surface complexes on goethite by coordinating with Fe
and/or Zn ions for the Zn and arsenate co-sorption. Above the surface
saturation limit, Zn and arsenate gradually formed an adamite-like sur-
face precipitate on goethite (Grdfe et al., 2004). Furthermore, based on
the coordination numbers of As(V) and Zn atoms and the Zn—As radial
distance as calculated by EXAFS analysis, adamite- and koritnigite-like
precipitates were inferred on goethite with relative proportion that
depended on the solid/solution ratio or surface sorption density (Gréfe
and Sparks, 2005). Similarly, reaction conditions affect the co-sorption
of Fe(II) and arsenate on iron (oxyhydr)oxides. The presence of Fe(II)
had a minimal effect on the sorption behavior of arsenate on goethite

As concentration

Adsorption

Ternary surface complex

Fig. 4. Ternary surface complexation of cadmium ion (Cd?*) and arsenite [As(III)] on TiO,. At high As(Ill) concentration, Cd** is desorbed and re-adsorbed to the TiO, surface as a type B As

(1m)-bridged ternary complex (Hu et al., 2015).
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Table 2

Interaction mechanisms of metal ion and arsenate/arsenite co-sorption on various minerals.
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Systems Reaction conditions

Methodology

Co-sorption mechanisms Reference

pH: 4 and 7 Zn?>*: 0.25 mM Arsenate:
0.25 mM Goethite: 1 g L™!

Goethite, Zn®*, arsenate

Goethite, Zn?*, arsenate pH: 7 Zn?*: 025 mM Arsenate: 025 mM  EXAFS
Goethite: 0.01,0.1,and 1 g L'

Goethite, Cu?™, arsenate pH: 7 Cu®>*: 0.25 mM EXAFS
Arsenate: 0.25 mM Goethite: 70 m? L~"

Goethite, Zn?/Cu®*, arsenate  pH: 7 Zn?>*/Cu®*: 0.25 mM Arsenate: ~ EXAFS

0.25 mM Goethite: 70 m? L™!

pH: 45-8Zn**:1.2-3.3 mg L™!
Arsenate: 0.085-0.124 mg L'
Magnetite nanoparticles: 0.1 g L™!

Magnetite nanoparticles,
Zn?*, arsenate

Goethite and hematite, Fe?*, pH: 4.03-7.79 Fe?*: 0.1-1 mM EXAFS
arsenate Arsenate: 0.1-1 mM Goethite and
hematite: 4 g L'
Ferrihydrite, Zn?>*, arsenate  pH: 4 and 8 Zn?>*: 0.06 and 1.2 mM ATR-FTIR

Arsenate: 0.06 mM Ferrihydrite:
0.056 g L'

pH: 4.0-8.3 Mn?*: 0.267-1 mM
Arsenate: 0.267 mM Hematite:
2-4gL7!

Hematite, Mn?™, arsenate

Goethite, Cd**, arsenate pH: 3-10 Cd**: 0.1 mM Arsenate: EXAFS
0.5 mM Goethite: 2 g L~!
TiO,, Cd?™, arsenite pH: 3-9 Cd®*: 2.63-4.96 mM arsenite: SCM

0.03-51.52 mM Ti0,: 0.2 g Lt

pH: 7.5 Fe**: 1 mM Arsenate:
0.1-0.5 mM y-Al,05: 5 g L™!

pH: 3-10 Ca®*: 0.3-6 mM Arsenate:
0.6 mM Ferrihydrite: 1 g L™!

pH: 5.5 and 7.0 Zn?>": 0.5-4 mM
Arsenate: 1-5 mM y-Al,0s: 4 g L'

v-Al,05, Fe?*, arsenate
EXAFS
Ferrihydrite, Ca®*, arsenate

v-Al,05, Zn?*, arsenate

pH: 4.1-7.2 Ni**: 0-2.1 mM Arsenate:  ATR-FTIR
0.1-0.6 mM Ferrihydrite: 0.048 g L~
pH: 6 and 8 Cd*": 0-0.5 mM Arsenate:
0-0.5 mM

pH: 3-8 Cd?>*:3.11 mM

Arsenate: 1.56 mM TiO,: 1 g L™

Ferrihydrite, Ni>*, arsenate
Brushite, Cd?*, arsenate

TiO,, Cd?™, arsenate

Synchrotron
Radiation-based X-ray
Diffraction and EXAFS

Batch experiments

Batch experiments

Batch experiments

Batch experiments and

CD-MUSIC model

AFM and HR-TEM

ATR-FTIR and EXAFS

Formation of surface complexes or adamite-like Gréfe et al., 2004
precipitates, depending on As(V) surface coverage
Formation of adamite-like and koritnigite-like
precipitates, depending on solid/solution ratio or
sorption density

Formation of precipitates

Grafe and Sparks, 2005

Grafe et al,, 2008a
Formation of clinoclase-like and koettigite-like Gréfe et al., 2008b
structures

Formation of ternary surface complexes Yang et al., 2010

Formation of ferrous arsenate precipitates Catalano et al., 2011

(symplesite)
Precipitation of zinc hydroxide carbonate followed Carabante et al., 2012
by arsenate adsorption onto the precipitate

Electrostatic attraction H.Ren et al,, 2012

Formation of ternary surface complexes and
surface precipitates
Formation of ternary surface complexes

Jiang et al., 2013
Huet al, 2015

Electrostatic effects Zhu and Elzinga, 2015

Electrostatic effects Antelo et al., 2015
Formation of Zn—Al LDH-like and amorphous
adamite-like precipitates, inner-sphere complexes,
and surface ternary complexes

Formation of ternary surface complexes and
surface precipitates

Formation of Mixed crystalline and amorphous Cd
(5—x)Cax(As04)(3—y)(PO4)yOH phases

Formation of ternary surface complexes and
surface precipitates

Wang et al., 2017

Wang et al., 2018
Zhai et al., 2018

Huet al, 2019

Abbreviations

AFM: atomic force microscopy;

ATR-FTIR: attenuated total reflectance Fourier transform infrared spectroscopy;
CD-MUSIC: charge distribution multi-site complexation;

EXAFS: extended X-ray absorption fine structure spectroscopy;

HR-TEM: high-resolution transmission electron microscopy.

SCM: surface complexation model.

and hematite at pH 4 at low concentrations of Fe(Il) (0.1 mM) and arse-
nate (<0.5 mM). In contrast, at pH 7 and high concentrations of Fe(II)
(1 mM) and arsenate (>1 mM), the ferrous arsenate mineral symplesite
(Fe3(AsQg4),-8H,0) has been found to form surface precipitates
(Catalano et al., 2011).

Overall, the presence of metal ions could promote the retention of
arsenate on minerals by electrostatic effects and the formation of ter-
nary surface complexes and surface precipitates. From environmental
remediation aspects, Fe?™, Fe>*, and Ca™ ions are promising environ-
mentally friendly candidates and have been applied to remediate
arsenate-contaminated soils and groundwater. For example, with in-
creasing initial concentrations of amorphous iron precipitates, extract-
able As (5% NaOCl) steeply decreased in As-contaminated tailings
(Kim et al., 2003). In addition, after the treatment with ferrous sulfate,
dissolved As concentrations in realgar (As§S,) tailing waters were
reduced from 135 mg L' to below 2.5 mg L™". Addition of ferrous
sulfate enhanced the transformation of Ca—As (pharmacolite
(CaHAsO4-2H,0), weilite (CaHAsO4)) and S—As (realgar (AssS4),
orpiment (As,S3)) species to more stable Fe—As species
(e.g., crystalline symplesite and amorphous Fe—As phases) (Wang
etal., 2019). Application of Fe(II)/Fe(IIl) could decrease the bioavailabil-
ity of As, which would greatly relieve the toxicity to plants and other or-
ganisms. Amendments of FeCl, were shown to reduce grain-bound As
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by approximately 50% when compared to the unamended control (Yu
etal, 2017).

In natural ecosystems, multiple ions and metal compounds always
co-exist together. For soils that are contaminated by both heavy metals
and As, comprehensive remediation measures should be undertaken.
Phosphates addition to these contaminated soils decreased Pb leach-
ability, but led to conspicuous As mobilization (Xenidis et al., 2010). Si-
multaneous immobilization of Pb and As could be achieved by treating
soils with phosphates and ferrous sulfate at the same time (Cui et al.,
2010; Xenidis et al., 2010).

2.3. Co-sorption of metals with selenate or selenite

Selenium predominantly occurs in the form of selenate (Se03~, Se
(VI)), selenite (Se0%~, Se(IV)), elemental Se (Se®, Se(0)), and selenide
(Se?~) species (Tang et al., 2015). Aqueous Se(VI) is the fully oxidized
Se species and is commonly found in aerated soils, whereas Se(IV) is a
reduced state mainly observed in anoxic soils (Peak and Sparks, 2002;
Kushwaha et al, 2021). It is generally accepted that Se(IV)
predominantly forms inner-sphere surface complexes on iron, alumi-
num, and manganese (oxyhydr)oxides (Hayes et al., 1987; Foster
et al., 2003; Elzinga et al., 2009; Jordan et al., 2014). Se(VI) forms only
inner-sphere surface complexes on hematite, whereas a mixture of
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outer- and inner-sphere Se(VI) complexes has been observed on goe-
thite and hydrous ferric oxide surfaces (Peak and Sparks, 2002).

When Se(IV) or Se(VI) coexist with metal ions, their sorption char-
acteristics and mechanisms are mutually affected. For example, Se(IV)
substantially altered the amount of Co>™ sorption on y-Al,05. At low
Co?" surface loadings, the presence of Se(IV) ions increased Co?™
sorption. Co?™ sorption was almost unaffected at low Se(IV)
coverages, but considerably increased at high Se(IV) loadings. In
contrast, Se(VI) had no impact on Co®" sorption. The different effects
observed between Se(IV) and Se(VI) on Co>™ sorption were attributed
to the low sorption affinity of Se(VI) on ©y-Al,0;3 when compared to Se
(IV) (Boyle-Wight et al., 2002a).

EXAFS analysis revealed that the promotive effect of Se(IV) on Co**
sorption was dependent on the Se(IV) surface coverage. At low Se/Co
ratios on the surface, Co(Il)-AlI(IIl) LDH precipitates dominated as the
surface-associated Co(II) species. Increasing the Se/Co ratio resulted in
the gradual conversion of these co-precipitates to an unknown disor-
dered Co(II)/Se(IV) phase; the latter consists of a LDH-containing inter-
layer Se(IV) species, an alternative precipitate such as a mixed metal
selenite hydrate, or a ternary complex (Boyle-Wight et al., 2002b).

Strontium (Sr) ions also influenced the sorption of selenium species.
Se(IV) formed bidentate inner-sphere surface complexes on goethite,
while Sr(II) formed outer-sphere complexes at low to intermediate pH
levels and inner-sphere complexes at high pH values. Instead of a direct
interaction between Se(IV) and Sr(II), electrostatic interactions lead to
the mutual adsorptive enhancement of Se(IV) and Sr(II). The amount
of adsorbed Sr(II) increased by an average factor of 5 within the pH
range from 6 to 8. However, the effect of electrostatic interactions on
surface Sr(II) coverage differed based on pH: Se(IV) generally promoted
the formation of Sr(Il) outer-sphere complexes, but inhibited the forma-
tion of Sr(II) inner-sphere complexes at high pH values (Nie et al.,
2017).

2.4. Co-sorption of metals with silicate

The ubiquitous presence of silicate (SiO3™) in nature influences
metal sorption on minerals and thus their mobility and transportation
(Tan et al., 2014). For example, increasing silicate coating on y-Al,05
reduced Ni sorption. EXAFS measurements and proton dissolution ex-
periments showed that the presence of silicate prevented the growth
of Ni—Al LDH precipitates, which led to the formation of a less stable
Ni—AI LDH phase (Tan et al., 2014). The presence of silicate enhanced
U(VI) sorption on y-Al,03 surface through the formation of ternary
inner-sphere surface complexes (Fig. 5), where silicate acted as a bridge
between U(VI) and y-Al,0s3, or both U(VI) and silicate were near the
surface in an approximately lateral configuration (Mei et al., 2015).

OH,

AN \‘/
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2.5. Co-sorption of metals with carbonate

Dissolved carbonate (CO3™) species affect the sorption behavior of
metal ions on minerals by different interfacial mechanisms (Villalobos
et al, 2001). Ostergren et al. (2000b) elucidated the associated
molecular-scale sorption processes by characterizing the structures of
Pb(II) surface complexes on goethite in the presence of carbonate.
ATR-FTIR and EXAFS analyses revealed the formation of type A ternary
surface complexes on goethite, with carbonate groups bound to Pb as
monodentate complexes. Formation of such species explained the pro-
motive sorption of Pb?>* on goethite with elevated partial pressure of
CO, at pH 4.5-6.5 (Ostergren et al., 2000a,b). The triple-layer model
(TLM) further showed that carbonate did not affect the total sorption
amounts of Pb?* at the ratio studied, but led to the change of Pb(Il) sur-
face species to a predominance of ternary complexes above pH 7
(Villalobos et al., 2001). Therefore, the presence of carbonate could af-
fect the surface speciation, transport and stability of heavy metal ions
in high CO, environments.

2.6. Co-sorption of metals with sulfate

Sulfate (SO%7) is another anionic species widely present in the
environment especially in marine systems. A large number of studies re-
ported that, compared to the single-sorbate systems, the presence of
sulfate facilitated metal ion (e.g., Cd?>*, Co?*, Cu?*, Fe?*, Hg?*, Pb™,
and Zn?>") sorption onto minerals (e.g., goethite, ferrihydrite, y-
alumina, and hematite), especially at low pH values (Hoins, 1993; Ali
and Dzombak, 1996b; Swedlund and Webster, 2001; Juang and Wu,
2002; Swedlund et al., 2003, 2009; Kim et al., 2004; Zhang and Peak,
2007; Hinkle et al., 2015).

Electrostatic effects are considered as the main mechanism for these
observations (Table 3). For example, enhanced adsorption of Cd®>* on
goethite in the presence of sulfate was solely attributed to electrostatic in-
teractions, implying that sulfate adsorbed onto sites other than those oc-
cupied by Cd** (Collins et al., 1999). The Cu?>* adsorption edge shifted to
alower pH (6.3 to 5.6) in the presence of SO, consistent with a reduced
electrostatic repulsion between goethite surface and adsorbed Cu®*. The
presence of Cu?™ also increased SO3 ™~ affinity on the goethite surface.
ATR-FTIR spectroscopic analysis indicated the single peak in the differen-
tiation spectra of SO3™ in the absence and presence of Cu?™ was assigned
to the outer-sphere asymmetric stretch mode at approximately
1100 cm ™!, which was also observed in the Cu?>"-SOZ~ co-sorption sys-
tem. This result implied that enhanced sorption of Cu®>" on goethite in
the presence of SO7~ was caused by electrostatic effects, rather than by
forming ternary complexes (Beattie et al., 2008). Based on modeling
studies, surface electrostatic effects were also proposed to account for

Al—O

(b)

Fig. 5. Type B (a) and type C (b) ternary surface complexes of U(VI) and silicate on vy-Al,05 surface. U(VI) is complexed with (a) two oxygens bound to the Si atom, or (b) two oxygens

bound to a Si atom or an Al atom, respectively, modified from Mei et al. (2015).
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Table 3
Interaction mechanisms of metal ion and sulfate co-sorption on various minerals.

Science of the Total Environment 803 (2022) 149918

Systems Reaction conditions

Methodology

Co-sorption mechanisms Reference

Goethite, Cu®™, sulfate pH: 3-9 Cu?*: 0.023-0.098 mM Sulfate:
0.025-0.25 M Goethite: g L™!

pH: 4.6 Cd>": 403 ppm

Sulfate: 4 x 107> M Goethite: 18 g L™
pH: 3-7 Pb>*: 0.1-2.25 mM Sulfate:
0.1-3.16 mM Goethite: 1.5-5 g L™!

pH: 3.5-6 Pb>*:1 x 10~3 M Sulfate:
3x107° —45x 10> M

pH: 2-13 Cu?*: 0.94 and 1.04 mM Sulfate:
0.21-1.04 M Goethite: 1 g L'

model
EXAFS

Goethite, Cd**, sulfate
Goethite, Pb?™, sulfate
Goethite, Ph?™, sulfate

Goethite, Cu®™, sulfate

Goethite/y-Al,03/bayerite, pH: 4-8 Hg>*: 0.5 mM EXAFS
Hg?*, sulfate Sulfate: 107° — 0.9 M
Goethite/y-Al,0s/bayerite: 10 g L™!
Goethite, Cd?*, sulfate pH: 4-8 Cd?>*: 0-0.5 mM ATR-FTIR

Sulfate: 0.025-1 mM Goethite: 20 g L'
pH: 3.5-9 Cu?>*: 0.1 mM Sulfate:
5x 1077 — 1 x 10~* M Goethite: 0.1 g L™!

Goethite, Cu®™, sulfate

Hematite/goethite, Fe? ",

sulfate 1.0 mM Hematite/goethite: 4 g L™!

The generalized two-layer

EXAFS and ATR-FTIR
ATR-FTIR and EXAFS

Batch experiments and Zeta
Potential measurement

ATR-FTIR and SCM

pH: 3-9 Fe?*: 0.1 and 1.0 mM Sulfate: 0.1 and ATR-FTIR and SCM model

Formation of ternary complexes Ali and Dzombak, 1996b

Electrostatic effects Collins et al., 1999

Formation of ternary complex Ostergren et al., 2000a
Formation of ternary surface complexes
and electrostatic effects

Electrostatic effects

Elzinga et al., 2001
Juang and Wu, 2002

Formation of ternary surface complexes Kim et al., 2004

Formation of Cd-SO4 ternary surface
complexes and electrostatic effects
Electrostatic effects

Zhang and Peak, 2007
Beattie et al., 2008

Formation of ternary complexes and Hinkle et al., 2015

electrostatic interactions

Abbreviations

ATR-FTIR: attenuated total reflectance Fourier transform infrared spectroscopy;
EXAFS: extended X-ray absorption fine structure spectroscopy;
SCM: surface complexation model.

co-sorbed SOZ~ enhancing Cd?™, Cu®*, Pb®™, and Zn?" adsorption on
goethite (Benjamin and Leckie, 1982).

Metal cations and sulfate can also form ternary complexes on min-
eral surfaces, as indicated by SCM and spectroscopic analyses
(Table 3). Calculations via the TLM model indicated that the formation
of ternary surface complexes between reactive surface sites, heavy
metals, and sulfate must be included to reconcile the observed and pre-
dicted effects (Hoins, 1993). Sorption curves of Cu?>" and SO3~ in
binary-sorbate systems were described with the generalized two-layer
model (GTLM), assuming the formation of a Cu?T-SOZ~ ternary
surface complex (Ali and Dzombak, 1996b). Cation-bridged ternary
complexes were reported in the following co-sorption systems: Cu?* -
Zn?* and Co?*/Pb%*/Cd®T-SO3~ on ferrihydrite (Swedlund and
Webster, 2001; Swedlund et al., 2003), and Cu?*/Pb?*/Cd?*/Zn?>* -
SO7~ on goethite (Swedlund et al., 2009; Ostergren et al., 2000a).
ATR-FTIR spectra showed that the cooperative adsorption of aqueous
Fe(II) and sulfate likely resulted from a combination of ternary com-
plexation and electrostatic interactions. SCM calculations must include
ternary complexes to simulate all conditions corresponding to the

Fe—O\
3 cd
(a) Fe—O-~

§ v
Fe—O—Si:- 0O
AN

(o)

H
Fe—O. O H. /O

(b) 3 cd _ g
Fe—O-~ \OH/’O S{ 2
o)
H
Fe—O o
(c) 3 Spt o g
d  5.Cd4—0 s\uoo

macroscopic data, further implying that Fe(II) and sulfate formed ter-
nary complexes on iron (oxyhydr)oxide surfaces (Hinkle et al., 2015).
The dominant mechanisms that contribute to metal-sulfate co-
adsorption are dependent on solution pH and the concentrations of
metal ions and sulfate (Table 3). For example, ATR-FTIR and EXAFS anal-
yses indicated the formation of Cd2"-SO%~ and Pb-SO3~ ternary
surface complexes on goethite and that electrostatic effects also
contributed to their co-sorption (Fig. 6). The relative importance of ter-
nary complex formation vs. electrostatic effects in the co-sorption sys-
tem depended on solution pH values and Cd?*/Pb?* concentrations.
The formation of ternary complexes was dominant at low pH values
and high Cd?*/Pb®* concentrations, whereas electrostatic effects were
more pronounced at high pH values and low Cd?*/Pb?* concentrations.
A fraction of the SO5~ ions, which initially sorbed as inner-sphere com-
plexes on goethite in the absence of Cd?>*/Pb?*, transformed into Cd?*/
Pb2*-SO3~ ternary complexes with increasing Cd?*/Pb%*
concentration (Elzinga et al, 2001; Zhang and Peak, 2007).
Additionally, the presence of sulfate enhanced Hg(Il) adsorption on
goethite through electrostatic interactions. EXAFS analysis indicated that

Fe—O\

3 Pb
(d) Fe—O0~

3 0

Fe—O—Si-0O

Mo

Fe—O (0]
(e) £ Npb_0_§

Fe—O/Pb (0] S\IOO

Fig. 6. Proposed configurations of cadmium (Cd) and sulfate ternary complexes (configuration a, b, and c), modified from Zhang and Peak (2007); and lead (Pb) and sulfate ternary
complexes (configuration d and e) on goethite, modified from Elzinga et al. (2001). Different complexation configurations can co-exist within the same system.
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Table 4
Interaction mechanisms of metal ion and organic ligands co-sorption on various minerals.
Systems Reaction conditions Methodology Co-sorption mechanisms Reference
Goethite, Cd**, oxalate pH: 5.31 Cd®*: 403 ppm Oxalate: EXAFS Formation of cadmium oxalate precipitates Collins et al., 1999
1.8 mM Goethite: 18 g L™!
Goethite, Cu®>*, oxalate pH: 2-9 Cu?*: 5 x 107% M Oxalate: DLM Formation of type A ternary complex Buerge-Weirich et al.,
0.5 mM Hematite: 0.5 g L™! 2003

Hematite nanoparticles pH: 5.5 Zn**: 0.8-7.5 mM ATR-FTIR and EXAFS
and microparticles, Zn?*, Oxalate: 8 mM Hematite: 10 g L'

oxalate

Formation of inner-sphere oxalate, outer-sphere Ha et al., 2009
Zn-oxalate,q), and/or type A ternary complexes on

hematite microparticles; Formation of inner-sphere

oxalate, outer-sphere Zn-oxalate complexes,q),

Zn-oxalate-like surface precipitates and type B ternary

surface complexes on hematite nanoparticles.

Hematite, Ni>", oxalate

pH: 7 Ni?*: 0-1 mM
Oxalate: 0.1 and 1 mM

EXAFS and ATR-FTIR

Formation of ternary surface complexes

Flynn and Catalano,
2017

Hematite: 1 g L'

a-Al,03, Cd>™, citrate pH: 3-10 Cd**™: 0.1 mM SCM Formation of ternary surface complexes at low pH and Boily and Fein, 1996
Citrate: 0.1 and 1 mM a-Al,03: aqueous Cd-citrate complexation at high pH (>7.2)
100gL!

Goethite, Cd*™, citrate pH: 5.36 Cd®": 403 ppm Citrate: 1.8 mM EXAFS
Goethite: 18 g L™!

pH: 3-10 Cd?*: 0.05 mM Citrate:
0.05-1 mM Goethite: 2 g L™

pH: 4.5-7.5 Zn?*: 1.5 mM Citrate:

1.5 mM Kaolinite: 20 g L™!

Formation of cadmium citrate precipitates Collins et al., 1999

ATR-FTIR and Surface
complexation model
EXAFS

Goethite, Cd?*, citrate Formation of ternary surface complexes Lackovic et al., 2004

Kaolinite, Zn?™, citrate Formation of Zn—Al LDH surface precipitates in the
absence of citrate and outer-sphere complexes in the
presence of citrate

pH: 6.5Zn*": 1 mM Batch experiments Formation of aqueous Zn-citrate complexes Stietiya and Wang,
Citrate: 0-2 mM y-Al,05: 1 g L™! 2014

pH: 4-9 Cu?*: 0.5 mM Glutamate: EXAFS and FTIR Formation of type B complexes at acid pHs and type A Fitts et al., 1999
1.5 mM y-Al,05: 2 g L' complexes at alkaline pHs

pH: 4-8 Pb?>*: 0.06 and 0.1 mM Malonic Formation of ternary surface complexes

Stietiya et al., 2011

y-Al,03, Zn?*, citrate
v-Al,03, Cu?*, glutamate
EXAFS and ATR-FTIR

Hematite, Pb>*, malonic Lenhart et al., 2001

acid acid: 0.1 and 0.6 mM Hematite: 0.2 and
1glL!
v-Al,03, Cd**, poly(acrylic pH: 4-10 Cd**: 10~> M poly(acrylic DLM Formation of ternary surface complexes at pH < 6 and Floroiu et al.,, 2001
acid) acid): 0.049-0.23 g L' y-Al,05: 2 g L™ ! soluble Cd-poly(acrylic acid) complexes at pH > 6

Goethite, Cd>*, phthalate ~ pH: 3.5-9.5 Cd?**: 0.04-0.4 mM
Phthalate: 1.4-11.4 mM Goethite: 2 and
4gL!

pH: 3-11 Ca?*: 1 and 3 mM Lysine: SCM
10 uM Rutile: 3 g L™

EXAFS, FTIR, and SCM  Formation of ternary inner-sphere complexes Boily et al., 2005

Rutile, Ca®*, lysine Electrostatic effects Lee et al., 2014

Montmorillonite, Ca?*, pH: 4-10 Ca®**: 1 mM ATR-FTIR Electrostatic effects Yang et al,, 2016
lysine Lysine: 1-10 mM Montmorillonite:
10gL™!
Brucite, Ca®™, lysine pH: 10.2 Ca*: 4.1 mM Lysine: SCM Electrostatic effects Estrada et al., 2019

10-150 pM Brucite: 1 g L™!
pH: 3-9 Cu?": 1.87 mM PMG: 1.87 mM
Goethite: 10 g L™!

Goethite, Cu*>*, PMG
[N-(phosphonomethyl)
glycine]

Manganite, Cd*>*, PMG

ATR-FTIR and EXAFS  Formation of B-type ternary surface complexes at pH 4 Sheals et al., 2003

and A-type ternary surface complexes at pH > 4

pH: 6-10 Cd**: 2 and 3 mM PMG: 2 and  FTIR and EXAFS
3 mM Manganite: 5and 10 g L™
pH: 5.5 and 8 Zn?>*: 0-1 mM PMG:

Formation of B-type ternary complexes Ramstedt et al., 2005

y-Alumina, Zn?>*, PMG 31p NMR and EXAFS Formation of -y-alumina-PMG-Zn ternary surface com- Li et al,, 2013b

1 mM y-alumina: 4 g L™! plexes
Hematite, Cd**, phytate pH: 4-10 Zn?*: 0-0.2 mM Phytate: ATR-FTIR Formation of two structurally distinct ternary surface ~ Wan et al., 2017
0.03 mM Hematite: 0.7 g L™ complexes

pH: 4-7 Zn?*: 0.24-3.0 mM Phytate:
0.24 mM y-Al,03: 0.75 g L™!

pH: 3-10 Zn?>*: 0-0.5 mM Phytate:
0.03 mM goethite: 0.5 g L™!

pH: 4-10 Cu?*/Zn?*/Cd?**: 0.01-0.085 mM SCM
DFOB: 0.3 mM Montmorillonite/kaolinite:
1gL™!

pH: 7.1 Rare-earth elements: 1 mg L~!
DFOB: 0.5 mM y-Al,05:2 g L™!

v-Al,03, Zn**, phytate NMR and EXAFS Formation of ternary surface complexes and Yan et al.,, 2018a

zinc-phytate precipitates
ATR-FTIR Formation of type B ternary surface complexes

Goethite, Zn?*, phytate Yan et al., 2018b

Montmorillonite/kaolinite, Electrostatic effects

Cu®*/Zn**/Cd**, DFOB

Neubauer et al., 2000

y-Al, 03, rare-earth XANES

elements, DFOB

DFOB promotes rare-earth element adsorption, and the
promotive effect reduces as the atomic number increases

Yoshida et al., 2004

Abbreviations

AFM: atomic force microscopy;

ATR-FTIR: attenuated total reflectance Fourier transform infrared spectroscopy;
CD-MUSIC: charge distribution multi-site complexation;

DFT: density functional theory;

DLM: diffuse layer model;

EXAFS: extended X-ray absorption fine structure spectroscopy;

NMR: nuclear magnetic resonance spectroscopy;

SCM: surface complexation model;

XANES: X-ray absorption near edge structure spectroscopy;

XPS: X-ray photoelectron spectroscopy.
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when the concentration of SO~ increased from 0.1 M to 0.93 M, the
Hg—Fe coordination distance noticeably increased from 3.26 A to
3.70 A, suggesting the formation of ternary surface complexes in the
Hg-goethite-sulfate system at high SO7 ™~ concentration (Kim et al.,, 2004).

Surface precipitation possibly occurs in some metal-sulfate co-
sorption systems. For example, the presence of sulfate was found to en-
hance the ability of boehmite and goethite to adsorb Pb2™. In the pres-
ence of Pb?™, free sulfate ions were more effectively adsorbed on
boehmite as the Pb®>* concentration increased. EXAFS analysis sug-
gested the formation of lead sulfate precipitates at the surface of goe-
thite (Weesner and Bleam, 1998).

Overall, compared with phosphate and arsenate which show strong
affinity to mineral surfaces (e.g., iron and aluminum (oxyhydr)oxides),
sulfate has a relatively weak affinity. Generally, sulfate sorbs on min-
erals via outer- and inner-sphere complexes (Elzinga et al., 2001;
Zhang and Peak, 2007; Beattie et al., 2008). The cooperative adsorption
of sulfate with metal ions is promoted mainly by ternary complexation
and electrostatic interactions. However, these effects are weak com-
pared to systems where phosphate and arsenate are added. Therefore,
the remediation of heavy metal-contaminated environments using sul-
fate is not promising since the formed products are unstable and the in-
troduction of excess sulfate may result in sulfate pollution and sulfide
production with the associated toxicity (Lamers et al., 1998).

3. Co-sorption of metal ions and organic ligands on minerals

Low-molecular-weight organic ligands are ubiquitous in natural envi-
ronments and can interact with metal cations during co-sorption on min-
eral surfaces because of their negative charge (Collins et al., 1999; Stietiya
etal, 2011; Zhang et al., 2019). Herein, we mainly focus on low-molecular-
weight organic acids (e.g., oxalate, citrate, and phthalate), amino acids,
PMG, IHP, and the siderophore desferrioxamine B (DFOB), which are
most commonly observed in the environments. The presence of organic li-
gands generally increases the sorption of metal ions on minerals via the
formation of ternary surface complexes or surface precipitates, but can
also inhibit the sorption of metal ions due to the formation of aqueous
complexes. The type of interaction (promotive vs competitive) is greatly
dependent on identity and properties of minerals, species and concentra-
tions of metal ions and organic ligands, and solution pH.

3.1. Co-sorption of metals with low-molecular-weight organic acids

3.1.1. Co-sorption of metals with oxalate

Ternary metal-ligand surface complexation and surface precipita-
tion are the dominant mechanisms of metal-oxalate co-sorption on
mineral surface (Table 4). For example, the presence of oxalate inhibited

Dissolved
Oxalate and Ni?*
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Ni2* sorption on hematite and goethite, since oxalate complexed with
aqueous Ni?™, which decreased Ni(Il) surface sorption density on min-
erals. EXAFS analyses indicated that in the presence of oxalate, the
adsorbed Ni%2" coordinated to fewer Fe atoms on hematite surface,
and the edge-sharing complexes owned a longer Ni-Fe interatomic dis-
tance. At pH 7, ATR-FTIR spectra of oxalate adsorbed onto hematite in
the presence of Ni showed obvious differences to IR spectra of 10 mM
aqueous oxalate and Ni-oxalate co-precipitate standard compounds.
These changes in binding affinity/coordination were attributed to the
formation of Ni-oxalate ternary surface complexes, as shown in Fig. 7
(Flynn and Catalano, 2017). Similarly, the presence of oxalate reduced
Cu?* adsorption on goethite at high pH values because of the competi-
tion between solution and surface complexation of Ni and oxalate. At
pH < 6, Cu®™ adsorption curve could be best explained in terms of a
type A ternary complex in the presence of oxalate (Buerge-Weirich
et al,, 2003). ATR-FTIR and EXAFS analyses pointed to the formation of
ternary metal-oxalate surface complexes as one of the main coordina-
tion modes for the co-sorption of AI>* or Ga>* and oxalate on goethite
(Simanova et al,, 2011).

Surface precipitation is commonly observed in many metal and oxa-
late co-sorption systems. For example, Cd K-edge EXAFS analysis showed
that the coordination environment of Cd co-sorbed with oxalate on goe-
thite was similar to that of cadmium oxalate solid phase. The calculated
saturation index of CdC;04-3H,0, log (IAP (lon-activity product) /
Ksp) = 1.45 indicated that this co-sorption system was supersaturated
with respect to Cd-oxalate precipitates. Thus, enhanced sorption of
Cd?* on goethite in the presence of oxalate could be attributed to the for-
mation of cadmium oxalate surface precipitates (Collins et al,, 1999).

Mineral particle size and metal/oxalate ratio are considered as main
parameters that influence the co-sorption mechanism. For example, the
sorption of Zn?" onto hematite nanoparticles (HNs) and hematite micro-
particles (HMs) in the presence of oxalate was studied as a function of
Zn>" /oxalate concentration ratios (R). In the Zn?*/oxalate/HM ternary
system, ATR-FTIR and EXAFS spectra at R values of 0.16 and 0.68 indicated
the presence of inner-sphere oxalate, outer-sphere Zn-oxalate,q), and/or
type A ternary complexes (i.e., =0,-Zn-oxalate). Both inner-sphere oxa-
late and outer-sphere Zn-oxalate ,q) complexes were also formed in the
Zn*" /oxalate/HN ternary system at R = 0.15. In contrast, ATR-FTIR and
EXAFS spectra of Zn>"/oxalate/HN sample at R = 0.68 indicated the for-
mation of Zn-oxalate(s)-like surface precipitates and possibly type B ter-
nary surface complexes (i.e., =0,-oxalate-Zn) (Ha et al., 2009).

3.1.2. Co-sorption of metals with citrate

Co-sorption characteristics of metal ions and citrate on minerals are
dependent on solution pH, mineral properties, and citrate concentra-
tion. Citrate exerted opposing effects on metal (such as Cd** and

Solution
Complexation

Binary
Adsorption

—

Ternary Surface
Complexation

Fig. 7. Schematic diagram of co-sorption mechanisms of nickel ion (Ni**) and oxalate on iron (oxyhydr)oxides (hematite and goethite) (Flynn and Catalano, 2017). Red, black, and white
spheres denote oxygen, carbon, and hydrogen atoms, respectively. Blue octahedrons denote hydrated nickel ions. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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Zn**) adsorption. For example, the presence of citrate enhanced Cd*™
adsorption on a-Al,03 between pH 3.5 and 7.2, but inhibited it at
pH > 7.2 (Boily and Fein, 1996). Similarly, citrate slightly increased
the extent of Zn?>" adsorption on kaolinite at pH < 5.7, but greatly
inhibited it at pH > 5.7 (Stietiya et al., 2011). In the absence of citrate,
montmorillonite showed a higher Ni>* sorption ability than goethite.
However, in the presence of 100 puM citrate, goethite became a
stronger Ni>™ adsorbent than montmorillonite, because citrate greatly
decreased Ni?™ sorption on montmorillonite (Marcussen et al., 2009).
The adsorption of Cd?>* and Pb?* on goethite and montmorillonite
was facilitated by citrate at low concentrations (<0.6-1.0 mM), but
was inhibited at 1.0-3.0 mM concentrations. The inhibitive effect was
much stronger on Pb?* than Cd?* adsorption. Meanwhile, the effect
of the citrate loadings on Cd?™ and Pb?* adsorption was stronger on
goethite than on montmorillonite (Huang et al., 2010). Due to the
presence of permanent negative charges in montmorillonite, citrate
addition has less impacts on metal ion adsorption on montmorillonite
when compared with goethite (with positive surface charge).

Ternary surface complexation is one of the main adsorption mecha-
nisms for promotive citrate-metal co-sorption. Lackovic et al. (2004)
found that the formation of ternary Cd(II)-citrate surface complexes led
to an increase in the extent of Cd>* sorption on goethite at pH > 4. In an-
other study, the formation of ternary surface complexes (=Al-Citrate-Cd)
enhanced Cd?* adsorption on a-Al,05 surface at low pH values (3.5-7.2),
but citrate reduced the extent of Cd?>* adsorption at alkaline pHs (>7.2)
due to the formation of aqueous metal-citrate complexes (Boily and
Fein, 1996). Nano-particulate hydrated zirconium oxide (ZrO,) confined
inside the anion exchanger D201 (nanocomposite HZO-201) displayed
an excellent adsorption capacity for Cu(Il)-citrate (~130 mg Cu/g Zr),
even under high salinity conditions. Scanning transmission electron mi-
croscopy coupled with X-ray energy-dispersive spectroscopy (STEM-
EDS), ATR-FTIR, and XPS analyses indicated that the formation of a ternary
complex of Cu(lI), citrate, and the embedded nano-HZO promoted the re-
moval of Cu(Il)-citrate by HZ0-201 (Zhang et al., 2019).

At the same time, the presence of citrate can prevent surface precip-
itation of metal ions (e.g., Zn>*, Ni?*, and Cd?>™) on Al-bearing minerals
(e.g., gibbsite and kaolinite) through aqueous metal-citrate complexa-
tion (Table 4). For example, in the absence of organic ligands, a large
amount of Ni?* was taken up by gibbsite and pyrophyllite via the for-
mation of Ni—Al LDH precipitates. However, citrate formed dissolved
complexes with Ni>*, leading to reduced concentration of free Ni**
and decreased formation of Ni-related surface precipitates. In the pres-
ence of citrate, the surface precipitate's phase was Ni—AIl LDH on pyro-
phyllite, but predominately o-Ni hydroxide on gibbsite (Yamaguchi
etal,, 2001). The inhibitive effect of citrate on Ni>* sorption was greater
on gibbsite due to its small surface area (Yamaguchi et al., 2002). Zn K-
edge EXAFS analysis pointed out that Zn?>* ions adsorbed on kaolinite
formed Zn—Al LDH surface precipitates in the absence of citrate and
outer-sphere complexes in the presence of citrate (Stietiya et al.,
2011). The presence of citrate reduced Zn?>* adsorption but increased
Cd?* adsorption on Al oxide nanoparticles when compared to the Zn-
or Cd-mineral binary systems. These effects could be attributed to the
weak adsorption of citrate to Al oxide nanoparticles and the formation
of various aqueous citrate-Zn complexes, which prevented Zn?* from
binding to the surface of Al oxides (Stietiya and Wang, 2014).

Al-bearing minerals (e.g., gibbsite, pyrophyllite and kaolinite) can be
considered as promising candidates to remediate Zn-or Ni-contaminated
field sites via the immobilization of Zn?>* and Ni** as Zn- or Ni—Al LDH
precipitates. However, the presence of organic ligands (e.g., citrate) may
increase the mobility, availability and phytotoxicity of heavy metals due
to the formation of aqueous citrate-metal complexes, which should be
considered for the remediation of such metal contaminants.

3.1.3. Co-sorption of metals with phthalate
Phthalate and phthalic acid esters are ubiquitous in the environ-
ment, because of their widespread application in the manufacture and
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processing of plastic products as plasticizers. (Net et al., 2015). Spectro-
scopic and modeling analyses have been applied to reveal co-sorption
mechanisms of metal ions and phthalate on minerals. The presence of
phthalate enhanced Cu?" sorption on goethite at low pH values
(pH < 5.5). The sorption of Cu>™ could be quantitatively simulated by
the GTLM which included a unique set of Cu?>*-phthalate ternary sur-
face complexes for different conditions (e.g., pH and Cu/phthalate con-
centration ratio) (Ali and Dzombak, 1996a). According to the DLM, the
presence of phthalate resulted in both promotive (due to the formation
of ternary surface complexes) and competitive (due to the formation of
aqueous complexes in solution) effects on Cu?>* and Cd?* sorption on
ferrihydrite, depending on the reaction conditions (Song et al., 2008,
2009). Additionally, based on EXAFS, FTIR, and SCM analyses, ternary
inner-sphere complexation of phthalate with Cd*>* being coordinated
via either an inner-sphere (at pH 3.5-9.5) or outer-sphere (only present
at pH > 6) phthalate complex were also proposed to explain the behav-
ior of Cd>* and phthalate co-sorption on goethite surfaces (Boily et al.,
2005).

3.1.4. Co-sorption of metals with other common organic acids

Other common organic acids with low molecular weight, such as
benzene carboxylic acids, tartrate, malonic acid, salicylate, and
pyromellitate, are also widely found in natural environments. The prop-
erties of minerals, species and concentration of organic acids, solution
pH, and addition sequence of organic acids and metal ions have been re-
ported to regulate the co-sorption behavior of these organic ligands and
metals on environmentally relevant minerals (Angove and Wells, 1999;
Floroiu et al.,, 2001; Violante et al., 2003). Angove and Wells (1999) in-
vestigated the influence of different benzene carboxylic acids (phthalic,
hemimellitic, trimellitic, trimesic, pyromellitic, and mellitic acids) on
Cd** sorption to goethite and kaolinite. At 10~> M concentrations, all
acids enhanced Cd?* adsorption on goethite, with the higher members
of the series (i.e., benzene carboxylic acids with higher number of car-
boxyl) being the most effective. These members also inhibited Cd?* ad-
sorption onto kaolinite, although the phthalic and trimesic acids
produced a slightly increased extent of adsorption. Violante et al.
(2003) studied the sorption of Pb>* on Fe, Al, and Fe—Al oxides in the
absence and presence of tartrate and designed experiments considering
the effects of metal and tartrate addition sequence (such as addition of
Pb?* alone, addition of a tartrate/Pb>* mixture, Pb*>* addition before
tartrate, and Pb?" addition after tartrate). For the three oxide minerals
studied, the largest amounts of sorbed Pb were observed when tartrate
was added before Pb?*, and Pb?" adsorption densities followed the
order: tartrate before Pb>* > Pb?>* before tartrate > Pb?" + tartrate
together > Pb?>™ alone. The addition sequence therefore played an im-
portant yet underappreciated role in interpreting results of laboratory
experiments.

The formation of ternary surface complexes is considered as the
main mechanism for metal-organic acid co-sorption. Type A metal-
bridging surface complexes formed in hematite-Pb?"-malonic acid
and goethite-Cu?*-salicylate systems at pH > 5 (Lenhart et al., 2001;
Buerge-Weirich et al., 2003). The formation of type B ternary surface
complexes was proposed as an active mechanism for goethite-
pyromellitate-Cu?*/Cd?™ and goethite/kaolinite-benzene carboxylic
acids-Cd?* co-sorption at acidic pH (Angove and Wells, 1999;
Buerge-Weirich et al., 2003). The presence of poly(acrylic acid) pro-
moted Cd®>* adsorption on y-Al,03 below pH 6 mainly via ternary
surface complexes. However, the extent of Cd?>* adsorption decreased
above pH 6 since the formation of aqueous Cd-poly(acrylic acid) com-
plexes competed with surface-adsorbed Cd®™ (Floroiu et al., 2001).

3.2. Co-sorption of metals with amino acids
Biomolecules such as amino acids are ubiquitous in soils, sediments,

and natural waters. The interactions between minerals and amino acids
are of fundamental interest in a variety of environmental or geological
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processes, such as biomineralization, biomedicine, short- and long-term
carbon cycles, and the chemical evolution of life on Earth (Lee et al.,
2014; Yang et al., 2016). The adsorption of amino acids on minerals
plays an essential role for the mobility, bioavailability, and degradation
of amino acids in the environment (Yang et al., 2016). The co-existence
of amino acids and metal ions mutually affects their interfacial reactions
on minerals.

In the presence of chelidamic acid, Cu?™ sorption on goethite consid-
erably increased at pH < 5. In contrast, Ca®>™ sorption decreased in the
presence of chelidamic acid, especially at high pH, due to the formation
of aqueous Ca®*-chelidamic acid complexes in solution (Ali and
Dzombak, 1996a). The formation of aqueous Ca®>*-amino acid com-
plexes also dramatically reduced the adsorption capacity of lysine on ru-
tile, montmorillonite, and brucite, due to electrostatic effects (Lee et al.,
2014; Yang et al., 2016; Estrada et al., 2019).

Amino acids affect metal sorption on natural minerals mainly via the
formation of ternary surface complexes. The sorption of Cu?* in the
presence of chelidamic acid could be quantitatively simulated at
pH 3-6.5 by the GTLM which included ternary surface complexation
(Ali and Dzombak, 1996a). Similarly, in the presence of glycine, adsorp-
tion of Cu®>™ on gibbsite and boehmite led to the formation of a ternary
complex, whose structure involved metal coordination with a surface
hydroxyl and at least one glycine molecule (McBride, 1985). EXAFS
and FTIR analyses indicated that two typical complexes were primarily
responsible for Cu?>* and glutamate co-sorption on y-Al,05 at pH 4-9.
Under acidic conditions, glutamate served as a bridge to connect Cu®*
and the (hydr)oxide surface as type B complexes. Under alkaline condi-
tions, the relative amount of surface-bound Cu(IlI) complexes increased
and the formation of type A complexes (with Cu(Il) bridging between
glutamate and mineral surface) became the dominant mechanism to
explain the promotive adsorption of glutamate and Ca®* on y-Al,05
(Fitts et al., 1999).

3.3. Co-sorption of metals with PMG

PMG (N-(phosphonomethyl)glycine or glyphosate), as the most ex-
tensively used herbicide in agricultural production worldwide, is widely
detected in the environment (Hébert et al., 2019). Like previously
discussed anions and organic ligands, the presence of PMG can affect
the sorption of metal ions on environmental minerals via promotive
or competitive effects. For example, when the solution pH was below
5, the presence of PMG increased the amount of Zn?>* sorbed on goe-
thite, because Zn>* was adsorbed on the surface with PMG acting as a
bridge. In contrast, at pH > 5, the presence of PMG reduced the adsorp-
tion amounts of Zn?>* on goethite since PMG chelated with aqueous
Zn?" to form water-soluble complexes, which had lower affinity for
the goethite surface than Zn?* alone (Wang et al., 2008). PMG adsorp-
tion density on montmorillonite decreased in the presence of Cu?™,
owing to the lower adsorption tendency of the formed aqueous Cu-
PMG complexes on montmorillonite when compared to that of free
PMG (Morillo et al., 1997). However, the presence of Cd>* led to an in-
creased PMG adsorption on the manganite surface over a wide pH
range, compared to the corresponding PMG-mineral binary system
(Ramstedt et al., 2005).

The formation of ternary complexes is one of the main mechanisms
affecting metal-PMG co-sorption (Table 4). For example, Cd(Il) and
PMG formed type B ternary surface complexes on manganite
(Ramstedt et al., 2005). Cu®>* and PMG could form type B ternary sur-
face complexes on goethite at pH 4, whereas type A ternary surface
complexes were observed at pH > 4 (Sheals et al., 2003). In the presence
of PMG, 3'P NMR and EXAFS studies showed the formation of y-
alumina-PMG-Zn ternary surface complexes, in which PMG was
bound to y-alumina surface via a phosphonate group that acted as a
bridge between mineral surface and Zn?". The addition sequence of
PMG and Zn?* remarkably influenced their co-sorption behaviors and
mechanisms on y-alumina. At pH 8, Zn—AlI LDH precipitates formed
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when Zn?" was added first, whereas no precipitation occurred when
PMG was added first or simultaneously with Zn?". In contrast, at
pH 5.5, only y-alumina-PMG-Zn ternary surface complexes were
formed, regardless of the addition sequence of PMG and Zn?* (Li
etal, 2013b).

3.4. Co-sorption of metals with I[HP

Myo-inositol hexaphosphate (IHP) is a common organic phosphate
widely found in soil environments (Turner et al., 2002). Ternary surface
complexation and precipitation are the two main mechanisms pro-
posed to explain metal and IHP co-sorption on natural minerals
(Table 4). For example, in a hematite-IHP-Cd ternary system, the pres-
ence of aqueous Cd?* enhanced IHP sorption relative to that in a binary
hematite-IHP system. This enhancement was more pronounced as so-
lution pH increased, in contrast to the pH-dependence of IHP sorption
in the binary system. Also, the simultaneous presence of IHP promoted
the retention of Cd®>* on hematite, and two structurally distinct ternary
surface complexes were proposed to explain the co-sorption of Cd?™
and IHP on hematite (Wan et al., 2017). The formation of goethite-
[HP-Zn ternary surface complexes was the most likely mechanism for
promotive co-adsorption of IHP and Zn?>* on goethite, indicated by in-
situ ATR-FTIR differentiation analysis (Yan et al., 2018b).

The presence of IHP significantly increased Cd?™ sorption on gibbsite
below pH 8, especially at high concentrations of Cd?* and IHP. Based on
31P NMR spectra and SCM simulations, two outer-sphere ternary com-
plexes were proposed to form on gibbsite in the co-presence of IHP
and Cd®" (Ruyter-Hooley et al., 2016). IHP strongly increased the
amount of Cd** sorbed on kaolinite at pH 4-8. IHP was bound to the
surface in both inner- and outer-sphere complexes, while two addi-
tional ternary complexes were required to fit the IHP-Cd(Il)-kaolinite
co-sorption via extended constant capacitance models. The inhibition
of Cd** adsorption at high pH (>9) likely resulted from the formation
of dissolved Cd(II)-IHP complexes (Ruyter-Hooley et al., 2017). The
pre-sorbed IHP increased the sorption density of Zn?" on y-Al,05
surfaces and prevented the formation of Zn—Al LDH precipitates, by in-
creasing Zn>" critical concentration required to precipitate surface Zn
(II) complexes into Zn—Al LDH phase. NMR and EXAFS analyses further
revealed that the chemical environment and speciation of pre-sorbed
[HP changed (i.e., from inner-sphere to ternary surface complexes and
zinc phytate precipitates) with increasing Zn?>* concentrations or pH
(Yan et al,, 2018a).

3.5. Co-sorption of metals with DFOB

Siderophores such as DFOB are small organic molecules produced
from microorganisms under iron-limiting conditions, which function
to improve iron uptake by the microorganisms. These compounds can
chelate with divalent heavy metal ions and thus affect the transport
and mobility of metals in the environments (Neubauer et al., 2000;
Shirvani et al., 2006; Ahmed and Holmstrom, 2014; Saha et al., 2016;
Karimzadeh et al., 2017).

Generally, DFOB displays two different roles that can increase or de-
crease metal sorption on environmental minerals (Stietiya et al., 2011;
Karimzadeh et al.,, 2013; Hamidpour et al., 2019). Solution/environment
pH can significantly determine the co-sorption mechanism of metal
ions and DFOB on minerals. For example, at weakly acidic to neutral
pH, the presence of DFOB increased the amount of heavy metals sorbed
on zeolites due to the stronger sorption of positively charged metal-
DFOB complexes. As solution pH increases (especially when pH values
are higher than 7), DFOB affected Pb?*, Zn?*, and Cd** immobilization,
and drastically inhibited (~80%) Zn sorption on mineral surfaces
(Karimzadeh et al., 2013). It was also shown that the presence of
DFOB slightly increased Zn?* adsorption on kaolinite at pH ~5.7 or
less, but greatly reduced it at pH > 5.7 (Stietiya et al., 2011). In the pres-
ence of DFOB, the adsorption of Cd®>* and Zn?>* onto muscovite and
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phlogopite was reduced particularly from neutral to alkaline pH
(Hamidpour et al., 2019), whereas DFOB strongly reduced Eu** adsorp-
tion on goethite and boehmite at pH > 6 (Kraemer et al., 2002). At pH 4,
DFOB did not appreciably bind with aqueous Pb>™, and its presence has
limited impacts on Pb?>* adsorption behavior. However, at pH 6, DFOB
slightly enhanced Pb adsorption, due (at least in part) to the formation
of type A ternary surface complexes (DFOB-Pb-kaolinite). At pH 7.5, the
presence of DFOB reduced Pb?™ sorption. Type A ternary complexes
were the dominant surface species on kaolinite as indicated by EXAFS
analysis (Mishra et al.,, 2010).

Additionally, the properties of minerals and species of metal ions can
regulate co-sorption characteristics of metals and DFOB (Table 4). The
sorption of Cu?*, Zn?*, and Cd®* on montmorillonite was enhanced
by the presence of DFOB through electrostatic interactions, and inhibi-
tive effects of DFOB on Zn?* and Cd?* sequestrations were observed
only at relative high pH values. However, DFOB significantly reduced
heavy metal sorption on kaolinite (at pH 7-10). The different effects
of DFOB on metal sorption by montmorillonite and kaolinite were due
to the difference in permanent negative surface charge of these two
minerals, responsible for the sorption of positively charged metal-
DFOB complexes (Neubauer et al., 2000). In the ferrihydrite suspension,
the presence of DFOB completely prevented Cu?* sorption within a pH
range of pH 4-10. A strong mobilizing effect was observed for Zn?* ad-
sorption, but not for Cd?*. In the goethite system, enhanced sorption of
Cu?*, Zn**, and Cd>™ was observed in the presence of DFOB only at pH
below 5, 7, and 8, respectively (Neubauer et al., 2002). Meanwhile, in
the presence of DFOB, the adsorption of rare-earth elements on 7y-
Al,03 tended to decrease at neutral pH as their atomic number
increased (Yoshida et al.,, 2004).

4. Conclusions and perspectives

To explore how environmental factors affect the mobility of metal
cations and naturally occurring anions/ligands in the environments,
many macroscopic and spectroscopic studies combined with quantum
chemical and SCM simulations have been conducted in the past three
decades. The mechanism of metal-anion/ligand co-sorption depends
on various geochemical conditions, such as mineral identity and proper-
ties (e.g., crystallinity and particle size), pH, species and concentrations
of metal ions and anions/ligands, addition sequence of co-sorbed ions,
and reaction time. The co-presence of metal ions and anions/ligands
can affect each other's sorption behavior on mineral surfaces through
promotive or competitive effects. Promotive effects are commonly at-
tributed to surface electrostatic interactions, formation of ternary sur-
face complexes, and surface precipitation. Competitive effects
generally result from solution complexation or surface site competition.

The presence of inorganic anions has been shown to increase the
sorption of metal ions on minerals. The co-sorption mechanisms are de-
pendent on the species of inorganic anions. Particularly, co-sorption
mechanisms of metal ion-phosphate/arsenate/selenite/silicate systems
include surface electrostatic interactions, ternary surface complexation,
and surface precipitation. Compared to the promotive effects of phos-
phate and arsenate on the retention of metal ions on minerals, the pro-
motive effect by sulfate is relatively weak. Surface electrostatic effects
and ternary surface complexation are the two dominant mechanisms
for metal-sulfate co-sorption on mineral surface.

In addition, the concentrations of metal ions and inorganic anions re-
markably affect the co-sorption mechanisms. Even at low concentrations,
ternary surface complexes of metal-inorganic anions form on mineral sur-
faces. At very high concentrations, when the co-sorbed metal and inor-
ganic anions in solution might be supersaturated with respect to their
corresponding precipitates, bulk precipitation may occur. However, in
some cases, even below the critical concentration of bulk precipitation
for metals and inorganic anions, surface promotive co-sorption (via con-
centrating metal and anion contents at the mineral surface) can still
lead to the formation of surface precipitation due to a local oversaturation
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of metals and anions. The effect of metal and inorganic anion concentra-
tion on co-sorption mechanisms differs from various inorganic anions.

Organic ligands such as oxalate, citrate, phthalate, PMG, and DFOB,
often increase the sorption of metal ions on minerals at acidic pH via
the formation of ternary surface complexes (or surface precipitates in
some cases), but inhibit metal ion sorption on minerals due to the for-
mation of aqueous metal-ligand complexes above neutral pH. The
threshold pH of sorption promotion and inhibition differs from different
organic ligands, depending on their chelating abilities that are related to
their acid dissociation constants (pK,) values. Organic ligands
(e.g., citrate, oxalate and so on) are excellent candidates for the extrac-
tion of heavy metals (e.g., Cd, Cu, Pb, and Zn) from environmental par-
ticles (Gao et al., 2003; Shahid et al., 2012; Yang et al., 2020), which
could significantly increase the mobility, availability and phytotoxicity
of heavy metals. Organic ligands are thus not desirable for the remedia-
tion of heavy metal-contaminated soils/sites. However, organic ligands
(e.g., oxalate and y-polyglutamic acid) could be used to activate
phosphate-containing rocks to increase dissolved phosphate contents
in the amended soils, enhancing the immobilization of heavy metals
by the released phosphate (Zhu et al., 2015).

Ternary surface complexation between metal ions and anions/li-
gands on mineral need to be considered in mechanistic models
predicting the geochemical processes of metal ions in the environments.
Appropriate parameters could be adopted for practical applications
(e.g., remediation of sites contaminated by heavy metals and arsenate)
based on the co-sorption characteristics and mechanisms of metal ions
and inorganic anions/organic ligands. Despite substantial progress in
understanding metal-anion/ligand co-sorption on minerals, the reac-
tion features and molecular-level mechanisms of co-sorption under
complex environmental conditions still need to be further explored.
Based on the existing knowledge, future studies should primarily
focus on the following aspects:

1) A variety of molecular-scale spectroscopic techniques combined
with theoretical simulations, such as quantum chemical calculations
and surface complexation modeling could be applied to understand
the molecular reaction mechanisms and macroscopic co-sorption
behavior of metals and anions/ligands on minerals. This will help
to effectively predict environmental behavior of heavy metals and
to control the associated contamination.

Future studies should explore the co-sorption of metal-anion/ligand
on minerals under conditions closer to natural environments, which
are mixed, complex, and multicomponent systems. For example, dis-
solved organic matter can strongly interact with iron oxides. In na-
ture, ferric (oxyhydr)oxides such as ferrihydrite, abundant in soils
and sediments, often associate with organic matter through forming
mineral-organic aggregates via adsorption and/or co-precipitation
(ThomasArrigo et al., 2017, 2018). The effects of coexisting dissolved
organic matter (as surface coating or coprecipitate composition) on
metal-anion/ligand co-sorption on minerals should be further in-
vestigated.

Changing anoxic or redox conditions widely occur in natural environ-
ments (Peiffer et al., 2021), such as contaminated coastal soils and
paddy-upland rotation systems with the alternating flooding-drying
conditions. The effects of redox fluctuations on metal-anion/ligand
co-sorption on redox-sensitive minerals (especially iron and manga-
nese oxides) should be considered in future research.

Finally, when phosphate-based or iron-based materials are applied
for the remediation of heavy metal-contaminated soils, the potential
secondary contaminations need to be strongly considered. Neces-
sary strategies should be adopted to avoid possible secondary con-
taminations.
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