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A B S T R A C T

The mineral-organo composites control the speciation, mobility and bioavailability of heavy metals in soils and
sediments by surface adsorption and precipitation. The dynamic changes of soil mineral, organic matter and
their associations under redox, aging and microbial activities further complicate the fate of heavy metals. Over
the past decades, the wide application of advanced instrumental techniques and modelling has largely extended
our understanding on heavy metal behavior within mineral-organo assemblages. In this review, we provide a
comprehensive summary of recent progress on heavy metal immobilization by mineral-humic and mineral-
microbial composites, with a special focus on the interfacial reaction mechanisms of heavy metal adsorption. The
impacts of redox and aging conditions on heavy metal speciations and associations with mineral-organo com-
plexes are discussed. The modelling of heavy metals adsorption and desorption onto synthetic mineral-organo
composites and natural soils and sediments are also critically reviewed. Future challenges and prospects in the
mineral-organo interface are outlined. More in-depth investigations are warranted, especially on the function
and contribution of microorganisms in the immobilization of heavy metals at the complex mineral-organo in-
terface. It has become imperative to use the state-of-the-art methodologies to characterize the interface and
develop in situ analytical techniques in future studies.

1. Introduction

Heavy metal pollution has been a global problem which presents a
severe threat to human health mainly through food web and dust in-
gestion (Nriagu, 1996; Järup, 2003; Yang et al., 2018a). The mobility
and biotoxicity of heavy metals are dependent on their speciations in
terrestrial and aquatic environments, especially the associations with
solid fractions including various (hydro)oxides (Liu et al., 2014), clay
minerals (Bhattacharyya and Gupta, 2008; Uddin, 2017), organic
matters (Filella, 2008) and microorganisms (Fomina and Gadd, 2014).
These biotic and abiotic components are naturally interacted with each
other to form various mineral-organo composites, complexes or ag-
gregates via a series of physical, chemical and biological processes such
as adsorption, coating, co-precipitation, and so forth (Huang et al.,
2015; Chen et al., 2014; Du et al., 2018b). These interactions have
profound influences on the speciation, transformation and fate of pol-
luting elements (Huang et al., 2005; van Riemsdijk et al., 2006).

Understanding the behavior of heavy metals at the interface of the
composites is of paramount importance to the environmental risk as-
sessment and pollution remediation (Li et al., 2018; Wu et al., 2019).

The ability to elucidate the mechanisms and predict the interfacial
reactions of metal cations in natural systems depends on accurate
characterization of the component interactions and their reactivity with
the elements of interest. Therefore, over the past years, a large number
of studies have been devoted to the investigation on the adsorption
capacity, distribution, and coordination structure of heavy metals onto
mineral-organo composites for both artificial assemblages and natural
samples (e.g., Groenenberg and Lofts, 2014; Yang and Fein, 2017).
There are essentially two purposes when studying heavy metal reten-
tion in these mineral-organo complexes: 1) to reveal the binding me-
chanisms of heavy metals, such as adsorbing capacity, distribution
among different fractions, molecular coordination structure and so
forth; and 2) to predict the reactions of heavy metals with various in-
dividual components and composites by surface complexation models
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(SCMs) (Fig. 1). For the complexity of soils, different kinds of mineral-
organo composites were simulated under various environmental con-
ditions (Fig. 2).

For purpose of delineating the behavior of heavy metals in multi-
component systems, a subset of advanced instrumental technologies
have been employed including extended X-ray absorption fine structure
(EXAFS), microfocus X-ray fluorescence spectroscopy (μ-XRF), scanning
transmission X-ray microscopy (STXM), nano secondary ion mass
spectroscopy (NanoSIMS), scanning transmission electron microscopy
(STEM), confocal laser scanning microscopy (CLSM) and resonant
anomalous X-ray reflectivity (RAXR) spectroscopy. These methods can
provide the molecular structure information for the coordination of
heavy metals with the solid surfaces and the distribution of the metal
ions at the interfaces of binary or ternary complexes. Both the models
and advanced techniques have largely advanced our knowledge on the
behavior of heavy metals in mineral-organo composite systems.
Overall, the main purpose of this review was to provide current
achievements on the binding characteristics and mechanisms of heavy
metals by binary and ternary organo-mineral composites as influenced

by environmental conditions. Advances on the models that have been
used for the prediction of heavy metals in complex systems are pro-
vided. The research gaps that need to be filled and pitfalls in this field
are discussed and future research directions are proposed.

2. Binding of heavy metals on mineral-humic complexes

The humic acid (HA) and fulvic acid (FA) can form either inner
sphere or outer sphere coordination onto (hydro)oxides and clay mi-
nerals through surface carboxylic and hydroxyl functional groups, hy-
drogen bond and hydrophobic forces (Filius et al., 2000; Filius et al.,
2003; Weng et al., 2006; Weng et al., 2007; Chen et al., 2017). These
complex interfacial reactions may impact significantly on the retention
of heavy metals (Table 1). Based on the batch adsorption experiments
along with model calculation, slight decrease in Cd adsorption onto
hematite-HA composites was observed at pH 4 (Vermeer et al., 1999).
The reduction was explained by masking of carboxylic groups and re-
latively strong electrostatic contribution to their binding (Saito et al.,
2005). While enhanced adsorption capacity has been reported for heavy
metals when humic substances adsorb onto (hydro)oxide minerals. For
example, the adsorption of Cu on hematite increased by approximately
30% in the presence of FA (Christl and Kretzschmar, 2001). Similar
increments were also observed for Cd onto hematite-HA composites at
pH > 6 (Vermeer et al., 1999), Pb onto goethite-humic and γ-Al2O3/
FA composites (Wu et al., 2003; Orsetti et al., 2006; Xiong et al., 2015),
Cu onto goethite-HA complex and HA-coated gibbsite (Saito et al.,
2005; Antelo et al., 2009). The increased adsorptions were ascribed to
the decreased surface potential of Fe (hydro)oxides induced by humic
substances (HS), and changed affinity of HS for heavy metals or the
formation of ternary composites (Fig. 3). These interfacial interactions
have empowered Fe (hydro)oxides and humic associations as important
components in immobilization and transportation of heavy metals in
low-pH mine drainages (Antelo et al., 2013; Baleeiro et al., 2017) and
soils throughout the tropical and subtropical areas (Yu et al., 2016a; Yu
et al., 2016b; Wan et al., 2018).

With the development of modern analytical techniques, EXAFS has

Fig. 1. Overview on heavy metal behavior at mineral-organo interfaces.

Fig. 2. AFM images on the height of goethite-HA composites (a), ferrihydrite-HA composites formed by adsorption (b) and coprecipitation (c) (Du et al., 2018a), peak
force error images of bacterial aggregates with kaolinite (d), montmorillonite (e) and goethite (f) (Huang et al., 2015).
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been widely used for the characterization on the coordination struc-
tures of heavy metals in mineral-metal-humic systems. The Cu K-edge
EXAFS spectra indicated the formation of type-A ternary complex (ca-
tion bridging between mineral and organic matter) for goethite and HA
at pH 5 when HA concentration is lower than 0.94mg/m2 (Alcacio
et al., 2001). In boehmite-FA-Ni systems, both metal-bridging type-A
and ligand-bridging type-B (cation binding to organic matter adsorbed
on mineral surface) ternary surface complexes were detected, and the
proportion of type-B structures increased with increasing FA con-
centration and decreasing pH (Strathmann and Myneni, 2005). In
contrast, the generation of 1:1 type-B complex and binary corner-
sharing complex were observed in γ-Al2O3/HA/Eu systems at pH 6.5,
while 1:2 type-A ternary and binary edge-sharing complexes dominated
Eu speciation at pH 8.5 (Yang et al., 2013). Due to the formation of Fe
(hydro)oxide-HA composites, the component additivity (CA) approach
failed to accurately predict the adsorption capacity and distribution of
Co and Cu between mineral and organic fractions when HA is dominant
in the composites (Fariña et al., 2018; Woodward et al., 2018). The
EXAFS evidences demonstrated a universal importance of carboxyl
groups in the immobilization of heavy metals on the Fe (hydro)oxide-
organo composites (Moon and Peacock, 2012; Moon and Peacock,
2013; Fariña et al., 2018; Woodward et al., 2018). These observations
suggest that ternary complexes are common in mineral-humic-heavy
metal systems, and the ratios between type-A, type-B and binary

complexes in the composites are a function of pH, concentrations of
heavy metals, and mineral/organo mass ratios.

In co-precipitation composites, the stronger interactions between
Fe/Al and organic matter, inhibition of nucleation, and crystallization
of Fe/Al (hydr)oxides and isomorphous replacement of concomitant
metal cations may result in different properties for heavy metal uptake
from the adsorption systems (Fritzsche et al., 2015; Kleber et al., 2015).
When co-precipitation occurs, the site masking between Fe (hydro)
oxide and HS may lead to reduced adsorption of Cu, Zn and Eu (Tipping
et al., 2002; Lippold et al., 2007). The model calculation also indicated
strong competition between Fe3+ ions and rare earth elements on HA at
pH 3, while the hydrolyzed Fe species have similar affinity for car-
boxylic and phenolic groups at pH 6 (Marsac et al., 2013). Recently, Du
et al. (2018a, 2018b, 2018e) compared the sorption of Pb and Cd on Fe/
Al (hydro)oxide-HA composites formed via both adsorption and co-
precipitation by a combined study of isotherm adsorption, sorption
kinetics and EXAFS. Co-precipitated ferrihydrite-HA composites were
found to have a higher carbon content, smaller specific surface area,
and faster adsorption rate for Pb than those observed in adsorption (Du
et al., 2018a). However, almost similar amounts of Pb and Cd ions were
immobilized in co-precipitation complexes compared to the equivalent
composites formed by adsorption. Moreover, the allocation of heavy
metals between ferrihydrite and HA was identical between adsorbed
and coprecipitated complexes. The pH and organic C content were

Table 1
Adsorption mechanisms of heavy metals on humic and mineral composites. a: mineral-organo electrostatic interactions, b: mineral-organo ligand exchange, c: type-A
ternary complex/cation bridge, d: type-B ternary complex/ligand bridge, e: complex with dissolved organic ligand, f: adsorption onto mineral fraction, g: humic
fractionation.

Sorption systems Impact factors Additive? Proposed mechanism References

Hematite-HA/FA-Cu, Cd pH, IS, HMC Increased a, b, c, d, f, g (Vermeer et al., 1999; Christl and Kretzschmar, 2001)
Goethite-HA/FA-Cu RM/O, IS, HMC Increased a, b, c, d, f (Alcacio et al., 2001; Saito et al., 2005; Weng et al., 2008; Fariña et al.,

2017)
Goethite-HA/FA-Pb pH, RM/O, HMC Increased a, b, c, d, f (Orsetti et al., 2006; Xiong et al., 2015; Xiong et al., 2018)
Fe(III)- HA/FA-As Organic type, pH, RM/O ND f (Mikutta and Kretzschmar, 2011; Sundman et al., 2014)
Ferrihydrite-HA-Pb/Cd Time, pH, RM/O, ND b, d, f (Du et al., 2018a; Du et al., 2018e)
Ferrihydrite-humic-Cu/Co pH, RM/O pH/RM/O dependent a, d, f (Fariña et al., 2018; Woodward et al., 2018)
Gibbsite-HA-Cu pH, HMC Increased a, c, d (Antelo et al., 2009; Du et al., 2018d)
Al2O3-HA/FA-Cu/Pb/Ni pH, RM/O time, HMC Increased a, c, d, e, f (Boily and Fein, 2000; Wu et al., 2003; Strathmann and Myneni, 2005)
Kaolinite-HA/FA-Cu/Cd/Pb pH, Time, HMC Increased a, c, f, g (Heidmann et al., 2005; Hizal and Apak, 2006, Hizal et al., 2009; Komy

et al., 2014)
Kaolinite-HA-Ni Time, RM/O, pH, ND d, e, f (Maarten and Sparks, 2003; Hu et al., 2012; Zhao et al., 2017)
Muscovite-FA-Hg/Cu/Zn/Pb Cation type, pH, HMC,

RM/O

Cation dependent a, c, d, f (Lee et al., 2009, 2010, 2011)

Bentonite/zeolite-DOM-Cd HMC, RM/O Decreased b, f (Zhou et al., 2017)

IS: ionic strength, RM/O: mineral-organo mass ratio, HMC: heavy metal concentration, DOM: dissolved organic matter, ND: not determined.

Fig. 3. Schematic presentation of heavy metal adsorption at (hydr)oxide (A) and phyllosilicates (B)-organo composites. (a): mineral-organo electrostatic interactions,
(b): mineral-organo ligand exchange, (c): type-A ternary complex/cation bridge, (d): type-B ternary complex/ligand bridge, (e): complex with dissolved organic
ligand, (f): adsorption onto mineral fraction.
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considered to control the distribution of heavy metals, with more Pb
and Cd ions associated with the HA fraction at low pH and high C
content (Du et al., 2018a, 2018b). Contrary to these observations, the
study on the reaction of Cu ions with Fe (hydro)oxide, HA or FA during
the formation of ferrihydrite-organo complexes showed a higher Cu
retention capacity than surface adsorption onto the ferrihydrite-HA/FA
composites (Seda et al., 2016; Yang et al., 2018b). In the study of As(V)
adsorption onto Fe-humic composites formed by adsorption and co-
precipitation at various Fe:C ratios, the fastest reaction was observed
onto the co-precipitates formed at high C content, which was facilitated
by desorption of weakly bonded organic matter and disaggregation of
mineral-organo composites (Mikutta et al., 2014). The EXAFS study
revealed that> 70% of the adsorbed As ions were in combination with
Fe-HS complexes via inner-sphere monodentate binuclear and mono-
dentate mononuclear complexes (Mikutta and Kretzschmar, 2011).
Further investigation by EXAFS in combination with chemical equili-
brium calculation indicated that As was immobilized in Fe (hydro)
oxide-HS composites as FeAsO4 or Fe(OH)1.5(AsO4)0.5 (Sundman et al.,
2014).

Phyllosilicate clay minerals are quite different from (hydro)oxides
due to their larger amounts of permanent negative charges on basal
surfaces. The site analysis suggested enhanced surface functional
groups when HS adsorb on kaolinite and illite (Martinez et al., 2010).
Indeed, mounting studies confirmed increased sorption of Pb and Cd on
bentonite and kaolinite, respectively (Heidmann et al., 2005; Zhang
et al., 2015), Cu and Cd on kaolinite (Arias et al., 2002; Komy et al.,
2014) and Hg on kaolinite, vermiculite, and montmorillonite (Arias
et al., 2004; Zhu and Zhong, 2015), in the presence of HA or FA. In
contrast, predictions based on the CA method were in good agreement
with Cu sorption onto kaolinite-FA colloids (Heidmann et al., 2005). No
significant changes were observed for the adsorption capacity of Cd, Cu
and Pb by montmorillonite with preadsorbed HA (Liu and Gonzalez,
1999). Moreover, the presence of HS may also depress heavy metals'
adsorption under some circumstances. For example, reduced adsorp-
tions were reported for illite-HA-Ni complex and bentonite/zeolite-
chicken manure dissolved organic matter-Cd systems (Zhao et al., 2017;
Zhou et al., 2017). The decreases may arise from the occupation of
active sites, barrier effect and competitive adsorption by organic ligand
in solution (Li et al., 2009; Sheng et al., 2013).

The X-ray absorption/reflectivity spectroscopy was adopted to un-
cover the adsorption mechanisms in clay mineral-humic complexes.
The NieAl layered double hydroxide was observed by EXAFS at kao-
linite surfaces in the existence of 1 wt% HA and the precipitate formed
was similar to Ni(OH)2 with 5 wt% HA at pH 7.5 (Maarten and Sparks,
2003). The pH was also found to impact the speciation of Ni in the

composites. For example, the bridging on montmorillonite/illite and
outer-sphere coordination mainly formed at low pH (Hu et al., 2012;
Zhao et al., 2017). At high pH, the Ni mononuclear complexes and
NieAl layered double hydroxide were the major sorption mechanism in
montmorillonite-HA systems (Hu et al., 2012), while HA-bridging
complexes and α-Ni(OH)2 surface precipitates formed on illite-HA
complex (Zhao et al., 2017). The RAXR study indicated that the uptake
of Hg on muscovite (001) surface could be promoted by preadsorbed
FA. As compared with dissolved FA, the adsorbed FA provides different
binding environments and stability for Hg due to conformational dif-
ferences and fractionation during surface coating (Lee et al., 2009). The
competition of adsorbed FA with Sr for the surface sites may lead to
decreased ratios of inner-sphere to outer-sphere complex from 42:58 to
19:81 at pH 5.5 (Lee et al., 2010). In a further study, Lee et al. (2011)
concluded that the binding strength on FA and hydration enthalpy were
the controlling factors for immobilization of Cu, Zn, Ba, Sr, Pb and Hg
on muscovite (001). For the weakly hydrated cations such as Ba, Sr, Pb
and Hg, higher stabilization was consistent with the increasing affinity
on FA. In contrast, strong hydration for Cu and Zn ions hindered the
sorption within FA films.

3. Immobilization of heavy metals on mineral-microorganism
composites

Both clay minerals and microorganisms play vital roles in the
binding of heavy metals due to their small particle sizes and large
surface charges. The microbial cells have plenty of functional groups
such as phosphoryl, carboxyl, amino, hydroxyl and sulfhydryl, which
display electrostatic and chemical affinity for heavy metal ions (Fein,
2006; Chen et al., 2019). However, until recently attentions have been
paid to the investigations on the immobilization of heavy metals by clay
mineral-microorganism composites. Table 2 lists the component ad-
ditivity (CA) approaches that have been applied to a number of Fe
(hydro)oxide-bacteria mixtures with different accuracies. The study of
Alessi and Fein (2010) showed that the adsorption of Cd on Fe (hydro)
oxide-bacteria composites at a variety of mineral-organo ratios con-
formed to the additive model. Similarly, the component-additive rule
was found to be appropriate for Sb adsorption to a bacteria-goethite
complex (Lei et al., 2019). These results are in accord with the long-
period X-ray standing wave observation that the functional groups on
hematite and corundum surfaces were not masked by biofilm coating
(Templeton et al., 2001; Wang et al., 2016a). On the contrary, over
estimation of metal adsorption was noted in other (hydro)oxide-bac-
teria composites. Walker et al. (1989) noticed decreased uptake of Cu,
Cd, Ni, Pb, Zn and Cr by 20% to 90% on bacterial envelopes or walls/

Table 2
Adsorption of heavy metals onto composites of bacteria and minerals. a: mineral-organo electrostatic interactions, b: mineral-organo ligand exchange, c: type-A
ternary complex/cation bridge, d: adsorption onto organic fraction, e: adsorption onto mineral fraction, f: reduce the agglomeration of clay grains.

Sorption systems Impact factors Additive? Mechanisms References

Iron (hydr)oxide-Bacteria-Sr/Cu/Cd/Pb/Ni/ pH, HMC, RM/O,
IS

Decrease b, d, e (Song et al., 2009; Fang et al., 2010b; Eickhoff et al., 2014; Qu
et al., 2018b; Du et al., 2018c)

Iron (hydr)oxide- Bacteria-Cd/Sb pH, RM/O, HMC Additive d, e (Alessi and Fein, 2010; Lei et al., 2019)
Iron (hydr)oxide-Bacteria-Co, Au, Cd, Cr, Cu,

Hg, Ni, Pd, Zn
Cation type ND Preferential d (Hao et al., 2016; Martinez et al., 2016)

Birnessite-P. putida-Ni pH ND Preferential e (Jasquelin et al., 2011)
α-Fe2O3/α-Al2O3-Bacteria-Pb/Zn Time, HMC,

Mineral
ND Pb mainly e, Zn mainly d (Templeton et al., 2001; Wang et al., 2016a, 2016b)

Fe/Al (hydr)oxide- Bacteria-Pb pH, RM/O, HMC ND a, Low pH d, High pH e (Templeton et al., 2003; Du et al., 2019)
Ferrihydrite-B. subtilis-Cu pH, HMC, RM/O RM/O depend a, d, e (Moon and Peacock, 2012, 2013)
Smectite/kaolinite-B.subtilis-Cu/Cd/Pb… Cation type Reduce a, b (Walker et al., 1989)
Kaolinite/Mont. -Bacteria-Cu/Cd pH, RM/O, HMC, Increase a, c, d, e, f (Huang et al., 2005; Mikutta et al., 2012; Du et al., 2017a)
Kaolinite/Mont.- microbe-U/Pb/Cd pH, HMC, RM/O, Additive a, b, d, e (Sun et al., 2016; Qu et al., 2018a; Johnson et al., 2019)
Mont.-HA-P. putida-Cd HMC M-O depend a, b, d (Du et al., 2016a, 2016b)
Mont.-P. putida-Cu pH, RM/O, HMC,

IS
pH depend a, c, d, e (Qu et al., 2017)

IS: ionic strength, RM/O: mineral-organo mass ratio, HMC: heavy metal concentration, ND: not determined, Mont.: Montmorillonite.
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phyllosilicate composites at a mass ratio of 1:1. The adsorption capacity
of Sr, Cd, Pb and Cu on bacteria-Fe (hydro)oxide complexes was found
to be 17% to 193%, lower than additivity (Martinez et al., 2004;
Kulczycki et al., 2005; Langley et al., 2009; Fang et al., 2010a). These
reductions in the composite systems may be assigned to the site
masking among phosphoryl, carboxyl and hydroxyl groups on the sur-
face of bacteria and Fe (hydro)oxides (Omoike et al., 2004; Omoike and
Chorover, 2006; Parikh and Chorover, 2006; Ojeda et al., 2008; Gao
et al., 2009; Fang et al., 2012).

Different from the widely reported reduction for heavy metals onto
(hydr)oxide-bacteria systems, increased adsorption capacity has been
reported for the clay mineral-bacteria composites. For example, when
compared with the sum of their individual components, about 30.6%
and 16.4% increment in Cu adsorption was observed on montmor-
illonite-Bacillus thuringiensis and montmorillonite-Pseudomonas putida
mixtures, respectively (Fang et al., 2010b), while 6%–12% elevated
adsorption for Cu and Zn was found in living P. putida CZ1-smectite
composites (Chen et al., 2009). The immobilization of Zn onto goethite-
nonliving P. putida composite increased by approximately 80% (Chen
et al., 2008; Chen et al., 2009). A recent study showed that the observed
Cd adsorption on the binary composites of montmorillonite with Ba-
cillus subtilis and P. putida were slightly larger than that predicted based
on the CA approach (Du et al., 2017a). The extracellular polymeric
substances (EPS) coating on bentonite also enhanced the adsorption
capacity and rate of Pb, Cu and Zn (Mikutta et al., 2012). The promoted
capacity was speculated as production of cation bridges between bac-
terial cells and minerals (Zachara et al., 1994; Fang et al., 2010b).
Besides, the reduced agglomeration of mineral grains and more nega-
tive charges on the composite surfaces in the presence of biomass than
pure montmorillonite can explain the enhanced uptake of U and Cd
(Olivelli et al., 2013; Du et al., 2017a). These mechanisms for heavy
metal adsorption at phyllosilicate-microorganism composites are shown
in Fig. 3.

The thermodynamic driving forces for heavy metal adsorption can
be quantitatively characterized using isothermal titration calorimetry
(ITC). By the combination of ITC and SCM, the site-specific enthalpies
and entropies for the adsorption of Cd and Zn ions on bacteria have
been recognized (Gorman-Lewis, 2014; Gorman-Lewis et al., 2006). The
positive enthalpy and entropy changes for retention of Cu onto P. pu-
tida, Bacillus thuringiensis, EPS and their composites with montmor-
illonite and goethite were indicative of the major interactions of Cu ions
with>COOH and>PO4 as inner-sphere coordination (Fang et al.,
2010a, 2010b). For goethite-HA complex, Cu uptake was driven by both
enthalpy and entropy, while adsorption in goethite-P. putida-HA com-
posites was entropically promoted, with enthalpy and entropy changes
of 19.6 kJ/mol and 120.9 Jmol−1 K−1, respectively (Du et al., 2017b).
Negative enthalpies were detected for Cu and Pb retention on mon-
tmorillonite permanent sites, while positive enthalpies were observed
for the reactions on variable charge sites (Qu et al., 2017, 2018a). The
formation of montmorillonite-Pb-P. putida ternary complex (>AlO-Pb-
PO4) was found to be enthalpically driven (−4.74 kJ/mol) (Qu et al.,
2018a). The binding of Pb to Fe/Al hydroxide, microbe and their
composites was an exothermic process along with positive entropy
changes (Du et al., 2019). The adsorption of Cd by the binary mixtures
of montmorillonite/goethite-bacteria was entropy driven with positive
enthalpy changes (Du et al., 2017a; Qu et al., 2018b). The ITC data also
confirmed the site masking and reduction for Cd immobilization in
goethite-P. putida complexes (Qu et al., 2018b) and the Cd cation
bridges between montmorillonite and bacteria (Du et al., 2017a). When
Pb and Cd compete for adsorption onto montmorillonite-P. putida
composites, ITC detected smaller entropy changes than the single ele-
ment reaction systems, suggesting the same functional sites for the
immobilization of Cd and Pb onto the mineral-bacteria complex (Du
et al., 2016b).

One important issue for understanding the behavior of heavy metals
in binary or ternary complexes is the determination of quantitative

allocation of heavy metals and their molecular structure on individual
components. For example, the presence of 2 g/L EPS significantly in-
hibited ZneAl layered double hydroxide deposit on γ-alumina, but
enhanced the formation of inner-sphere complexes with EPS (Li et al.,
2017a). In goethite-Burkholderia cepacia complex, more than half of the
adsorbed Pb ions were in association with biofilms at pH<5.5, while
goethite dominated Pb uptake at pH>6 (Templeton et al., 2003). Si-
milar pH dependencies in heavy metal distribution were observed by
EXAFS in the composites of Cu-ferrihydrite-B. subtilis (Moon and
Peacock, 2012), CdeAl hydroxide-P. putida (Du et al., 2018d) and Pb-
Fe/Al hydroxide-P. putida (Du et al., 2019). These studies showed en-
hanced allocation of heavy metals onto (hydro)oxide fractions with pH
increment and the metals were immobilized by virtue of bidentate
edge/corner-sharing complexation on (hydro)oxides and carboxyl co-
ordination on bacteria (Du et al., 2018d; Du et al., 2019; Moon and
Peacock, 2012). Studies by EXAFS also revealed preferential binding of
Ni to the cation vacancy sites of bacteriogenic and mycogenic birnes-
sites via inner-sphere coordination, indicating that the biofilm did not
block the reactive surface sites on these Mn oxides (Jasquelin et al.,
2011; Droz et al., 2015). In the ternary montmorillonite-HA-P. putida
composite, Cd mainly formed complex with reactive sites on bacterial
surface by inner-sphere complexation, and the functional sites on bac-
terial cells were masked by HA molecules (Du et al., 2016a). In sericite-
B. subtilis systems, more U ions were allocated onto B. subtilis fractions
at pH < 5.0 because of inner-sphere coordination with carboxyl and
phosphoryl sites (Sun et al., 2016).

The spatial distribution of heavy metals in mineral-organo com-
plexes can be detected by μ-XRF, STXM and CLSM techniques. A STXM
observation demonstrated that the presence of calcium and phosphate
promoted the formation of nonuraninite U(IV) by increasing the se-
cretion of bacterial carbohydrates (Malgorzata et al., 2013). The μ-XRF
study on the competitive adsorption of Pb and Cd by montmorillonite-P.
putida composites showed that both metal ions tend to associate with
bacterial cells at pH 5 (Du et al., 2016b). For goethite-Bacillus cereus
composites, Cu and Ni were found to be predominately bound on
bacteria, whereas Cd was mainly combined with goethite at pH 5.5 (Du
et al., 2018c). The different behavior of the three metal ions at the
mineral-bacteria interface may be owing to the discrepancies in their
affinities toward the binding sites. By using CLSM and selective fluor-
ochrome, Hao et al. (2016) successfully detected the distribution of Au,
Cd, Cr, Cu, Hg, Ni, Pd and Zn on glycoconjugates, Rhodobacter fer-
rooxidans, and Fe (hydro)oxide at sub-μm scale. These metals ions were
mainly adsorbed on glycoconjugates, bacterial and mineral surfaces,
rather than doping into Fe (hydr)oxide. Recent studies further quanti-
tatively determined the allocation of Cd ions in kaolinite-B. subtilis
composites using similar methods, and the measured concentrations of
Cd in each reservoir agree well with the CA method predictions
(Johnson et al., 2018, 2019). These findings have advanced our un-
derstanding of metal distribution in the mineral-organo associations to
microscale, which is essential to reveal the immobilization mechanisms
of heavy metals in complex systems.

Some universal allocation mechanisms for cations between mineral
and organic components were noted in the mineral-organo composites
under various environmental conditions (Fig. 4). Generally, the allo-
cation onto (hydro)oxide fraction increased rapidly with pH near the
mineral adsorption edges (Moon and Peacock, 2013; Fariña et al., 2017;
Qu et al., 2018b). The permanent negative charge sites on phyllosili-
cates dominated the adsorption for cations at relatively low pH, while
hydroxyl sites on mineral edge surfaces performed similarly to that of
(hydro)oxides and resulted in enhanced adsorption at higher pH (Qu
et al., 2018a; Woodward et al., 2018). High ionic strength has strong
suppression on electrostatic adsorption, and more reduction in heavy
metal allocation onto phyllosilicates was observed than that of (hydro)
oxides (Schaller et al., 2009; Qu et al., 2017). At submicromolar con-
centrations, Pb ions were adsorbed preferentially to the oxide surfaces
in biofilm-coated Fe and Al oxides and the adsorption ratios on mineral
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surfaces decreased at Pb concentrations higher than 10−6 M
(Templeton et al., 2001; Wang et al., 2016a). When metal concentra-
tions reached millimole, slight increases in the distribution of metal
ions onto both phyllosilicates and (hydro)oxides were also observed in
a variety of complexes (Heidmann et al., 2005; Weng et al., 2008;
Antelo et al., 2009; Qu et al., 2018a). Time-dependent sorption pro-
cesses were suggested by Wang et al. (2016a, 2016b) who found that
both Pb and Zn ions migrated to oxide surfaces in mineral-organo
composites after reaction for 7 days.

4. Impacts of redox changes on mobility of mineral-organo
associated heavy metals

In soils and associated settings, the changes in environmental con-
ditions have remarkable impacts on the fate of toxic metal ions at the
microscale interfaces. For example, the flexible redox conditions can
lead to dynamic dissolution and precipitation of Fe/Mn oxides and their
association with organic component in soils (Domingos et al., 2015).
The aerobic conditions may induce oxidation, hydrolysis, nucleation,
and aggregation of Fe/Mn ions into larger oxide particles (Liao et al.,
2017). These processes are always accompanied by changes in mineral-
organo associations which ultimately govern the mobility of con-
comitant heavy metals (Fritzsche et al., 2015; Kleber et al., 2015).

Studies showed that the concentration of dissolved Fe and organic
carbon have considerable impacts on heavy metal speciations in bac-
terial dissimilatory Fe reduction systems (Honma et al., 2016a;
Rinklebe and Shaheen, 2017). Investigation by EXAFS demonstrated
that microbial Fe reduction altered Zn bonding structure, with a minor
increase in ZneO coordination number and long-range ordered struc-
ture in synthetic goethite and ferrihydrite sample (Cooper et al., 2005).
These altered coordination resulted in enhanced mobility of Zn when
microbial Fe reduction occurred in the presence of kaolinite, mon-
tmorillonite, and humic acid (Coby and Picardal, 2006). The sorbed Cd
was mobilized during the initial reduction of Fe (hydro)oxide by Geo-
bacter sp. Cd1, Shewanella oneidensis MR-1 and Shewanella putrefaciens
(Muehe et al., 2013; Li et al., 2016; Ghorbanzadeh et al., 2017). After
the continuous reduction of Fe, these Cd ions (1.86 to 55mg/L) were re-
immobilized by sorption to and/or co-precipitation within an otavite-
siderite-calcit or the newly formed iron minerals. At relatively lower Cd
concentrations (422 μg/L), an initial decrease of aqueous Cd by 137 μg/
L was attributed to the retention on lepidocrocite and a further im-
mobilization of residual Cd was observed due to adsorption onto S.
oneidensis MR-1 during microbial iron reduction (Yuan et al., 2018). In
the reduction of Fe (hydro)oxide-As(V) complexes by Shewanella sp.
ANA-3, As(V) was reduced simultaneously as Fe(III) (Campbell et al.,
2006). The reduction of As (V)-bearing lepidocrocite by Shewanella
putrefaciens ATCC 12099 produced ferrous‑carbonate hydroxide ac-
companied by a small quantity of Fe(OH)2 nano-particles rich in As
(Ona-Nguema et al., 2009).

The biotic and abiotic oxidation of Fe (hydr)oxide-bacteria

complexes also have a significant impact on heavy metal distribution
and speciation. The progressive oxidation of Fe(II) could reduce the
total surface sites on bacteria by>40% for the adsorption of Cd and
SeO4

2− (Daughney et al., 2011; Franzblau et al., 2014). During Fe(II)
oxidation in E. coli cell suspensions, Cu speciation was simultaneously
controlled by immobilization onto Fe (hydr)oxide and cells, formation
of ternary mineral/bacteria-bacterial exudate ligands-Cu, and aqueous
Cu complexes with bacterial exudates (Franzblau et al., 2015). Results
from CueK edge XANES further demonstrated that a proportion of Cu
(II) ions were reduced to Cu(I) when removed by Anoxybacillus fla-
vithermus-Fe (hydr)oxide complexes under Fe(II) oxidation (Franzblau
et al., 2016). In photoferrotroph biogenic ferrihydrite-Ni systems, the
STXM data indicated preferential associations of Ni ions with ferrihy-
drite, although Ni competed with organic substances for functional sites
on the mineral surfaces (Eickhoff et al., 2014). By using 3D chemical
maps, Schmid et al. (2016) revealed local heterogeneities for Ni dis-
tributions on Fe(II) oxidizing bacterial cells-Fe (hydr)oxide composites,
indicating the binding of small amounts of Ni ions to the reactive sites
on bacteria. The linear programming optimization method study re-
garding the surface reactivity and absorbability for Cd with Fe (hydr)
oxide-Rhodovulum iodosum composites found that two types of acidic
carboxyl groups were responsible for Cd immobilization, with the
concentrations of 0.11 and 0.09mmol/g (Martinez et al., 2016). In
Pseudogulbenkiania sp. 2002 Fe(II)-oxidizing systems, more As(III) than
As(V) were immobilized on lepidocrocite surfaces by the formation of
bidentate binuclear, bidentate mononuclear or monodentate mono-
nuclear complexes (Xiu et al., 2016). Similarly, the nitrite-driven Fe(II)
oxidation by Paracoccus denitrificans resulted in the adsorption and
partial incorporation of arsenite or arsenate into lepidocrocite (Park
et al., 2018). The nitrate-dependent ferrous oxidation process has po-
tentials for the remediation of nitrate and arsenic compounds (Zhang
et al., 2018b). Actually, the inoculation of Fe/Mn-oxidizing strains in
Cd/As-contaminated paddy soils was found to have promoted the for-
mation of Fe/Mn plaque on rice root and decreased significantly the
Cd/As concentrations in rice (Dong et al., 2016).

Fig. 5 depicts the influence of redox potential (Eh) on heavy metal
mobility via the changes in soil pH, chemical states of Fe, Mn, and S,
and the concentration of dissolved organic carbon. By using five-step
sequential chemical extractions, Kusonwiriyawong et al. (2016) found
73% redistribution of the total 122mg/kg Cu in a carbonatic flood plain
soil after 35-day anaerobic incubation. The increased solubility of many
heavy metals, for instance, Pb, Co, Ni, Zn, As, and U, have been re-
ported during Fe/Mn-reduction in contaminated soils (Burkhardt et al.,
2010; Antic-Mladenovic et al., 2017; Ghorbanzadeh et al., 2018).
Conversely, the sequential reduction and oxidation promoted Cd, Co,
Ni, Pb, and Zn sequestration into a 0.5 M HCl insoluble phase in sedi-
ments and the degree of incorporation was correlated positively with
the crystalline ionic radius at a coordination number of 6 (Contin et al.,
2007; Cooper et al., 2006). After flooding for a long time, the reduction
and availability of sulfate controlled the solubility and solid-phase
speciation of Cu (Fulda et al., 2013; Yang et al., 2015; Shaheen et al.,
2017; Xia et al., 2018; Mehlhorn et al., 2018) and Cd (Khaokaew et al.,
2011; Beate et al., 2013) by sulfidation. The subsequent oxidation of
Cu-sulfide co-precipitates from the anaerobic Red soil may cause re-
mobilization of> 50% of the total Cu (Balint et al., 2014; Hu et al.,
2014). The enhanced mobilization of Cd was also reported in paddy
soils after oxidation for 20 days, which was assigned to the release of Cd
from FeeMn (hydro)oxides due to the decrease of soil pH (Wang et al.,
2019). In view of the remarkable impacts of Eh on heavy metal spe-
ciations, water managements were considered effective in decreasing
the accumulation for both As and Cd ions in rice grains by adjusting pH
and Fe(II) concentrations in paddy soils (Honma et al., 2016a, 2016b).

Fig. 4. General allocations of heavy metal onto mineral fractions in mineral-
organo composites under various environmental conditions.
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5. Impacts of aging and organic amendment on the distribution of
heavy metal in soil aggregates

Soil aging may substantially impact a variety of soil physical, che-
mical, and biological properties. It is expected that the species and in-
terfacial behavior of heavy metals among soil constituents may change
by aging accordingly. Quite a lot of investigations have been conducted
in this regard over the past decades. Lu et al. (2005) reported consistent
increase of Cu, Zn, Pb and Cd bound to FeeMn (hydr)oxides and or-
ganic matter fraction after 8 weeks incubation of these exogenous
heavy metals in three Chinese soils. Further SEM-EDS observation on
the vineyard soil indicated that Cu ions were mainly bound onto Fe and
Al minerals after aging for 2 days (Sayen et al., 2009). Decreased Ag
lability was observed by six-month aging in six Australian soils which is
due to the transformation of soluble Ag to metallic species and the
associations with Fe (hydr)oxides and organic matter reduced S groups
(Settimio et al., 2014). Another 240-day incubation of five different
soils spiked with 30mg/kg Cd showed distinct aging processes for
acidic soils (Tang et al., 2006). The exchangeable Cd had a rapid de-
crease in the first 2 weeks at pH>6.0. Meanwhile, significantly more
Cd ions were associated with Fe/Mn (hydr)oxide and organic matter in
alkaline soils than very acidic ones (Tang et al., 2006). In contrast, the
bioavailability of As in the pH 4.5 soil declined faster than soils with
higher pH (> 6.0), and most of the added As were specifically adsorbed
and bound onto Fe/Al (hydr)oxides after aging for 120 days (Tang
et al., 2007). The 33-weeks aging of three Chinese soils resulted in the
transfer of 11%–28% of exogenous As from non-specifically and spe-
cifically sorbed to Fe/Al (hydr)oxide bound fractions, while 7%–21% of
Pb ions were redistributed from exchangeable, carbonate and Fe/Mn
(hydr)oxide bound to organic fractions (Shuang et al., 2014). When the
incubation was prolonged, approximately 12%–33% reduction in
bioaccessible As and Pb was observed after 76 weeks (Liang et al.,
2016). The effect of aging may vary with metal types. In a biosolid-
amended natural agricultural soil, organic matters play a dominant role
in Ni binding, but they are less important for Cu and Zn (Mamindy-
Pajany et al., 2014). Very recently, Tardif et al. (2019) noted that Cr
was non-extractable and stabilized with crystalline Fe oxides, while Cu
and As were associated with readily extractable phase in a 40-year

contaminated soil by multi-elements in Denmark.
The elemental mapping techniques could directly reveal the dis-

tribution of heavy metals on different soil fractions. The STEM
equipped with energy-dispersive X-ray spectroscopy and electron en-
ergy loss spectroscopy observation showed that the presence of HA and
Pb slowed down the transformation of ferrihydrite, and induced the
formation of porous structures on the newly formed hematite nano-
particles, which acted as reservoir for Pb and C (Lu et al., 2019). The
majority of As(V) were mainly incorporated into mineral particles after
the transformation of ferrihydrite to hematite at 75 °C, while the con-
comitant HA was accumulated on hematite surfaces (Hu et al., 2018).
Soil organic matter was found crucial in metal stabilization during the
aging process. The NanoSIMS observation by Li et al. (2018a) indicated
enhanced migration of Cu ions to organic matter fractions in soil par-
ticles with the sizes of< 2 μm and 20–63 μm from an Ultisol after aging
for 28months. Similar Cu-organic associations were detected by the
techniques of electron microprobe, EXAFS and μ-XRF in soils from vi-
neyard, farmland and sludge/pesticide spill test plots (Jacobson et al.,
2007; Strawn and Baker, 2008; Strawn and Baker, 2009). The STXM
further revealed the preferential association of Cu with aromatic-C and
carboxylic-C rather than aliphatic-C of the clay fractions in a con-
taminated agricultural soil (Yang and Wang, 2018). The investigation
by Landrot and Khaokaew (2018) using EXAFS and XRF also demon-
strated that the ratios for Pb-humate increased with the decrease of
particle size in the surface soils polluted by Pb crude ore waste for
nearly 20 years in Thailand. A combined study of EXAFS, STXM and
NanoSIMS indicated that binding onto organic matter (OM) and OM-
clays complexes dominated U speciation in an artificial sediment in-
cubated for 68 days under anaerobic condition (Bone et al., 2017). On
the other hand, some studies noted that the mineral fractions control
heavy metal immobilization in soils. For example, Cu was identified by
EXAFS, μ-XRF and STXM to be mainly located at Fe (hydro)oxides ra-
ther than organic matter in soils from an abandoned Cu mine site (Yang
et al., 2014). Similarly, the correlative analysis among μ-XRF, electron
probe microanalysis, and micro-FTIR revealed consistent distribution of
Cd only with minerals, rather than organic groups in Ferralic Cambisol
after adsorption of 20mg Cd/kg soil (Sun et al., 2017). In combination
of fluorescence in situ hybridization (FISH) and μ-XRF, Honeker et al.

Fig. 5. Proposed scheme showing the influences of redox and aging on the behavior of heavy metals associated with Fe (hydr)oxides-organo complexes.
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(2016) reported that As was co-localized with Fe-oxide plaques more
significantly than with bacteria on Buchloe dactyloides root surfaces.
After aging for 63 days, the μ-XRF maps and μ-XANES spectra showed
an increased migration of Zn from organic matter to Fe (hydr)oxides in
calcareous soils (Sayen and Guillon, 2014).

The input or return of organic matter to soils is a common agri-
cultural practice for sustaining soil fertility and quality, which impacts
the fate of metal pollutants. Liu et al. (2009) reported that the appli-
cation of chicken manure compost resulted in a decrease of exchange-
able Cd by>70%, while enhanced the proportion of organic-bound
and inorganic precipitated Cd in a fine clay-loam soil from central
China. The incubation of 3% straw manure in an Ultisol for 60 days
promoted the binding of Pb to FeeMn (hydr)oxide, organic and residual
fractions by 45.0%, 2.0% and 12.9%, respectively (Tang et al., 2015).
The study of Tang et al. (2017) showed enhanced combination of Cd
with solid/dissolved organic matter after 81-day decomposition of rice
straw residues, leading to the reduction of phytoavailable Cd by
17–92%. The incubation of a subtropical Pb-contaminated Udic Ferra-
losol with rice straw for 2 years reduced markedly the labile species of
Pb by promoting the binding of Pb to Fe (hydro)oxides (Wan et al.,
2018). Likewise, after the incubation of rice straw with three different
Chinese soils for 12months in the presence of exogenous Cu, organic
matter was found to be the most important factor governing the par-
tition of Cu in Ultisols, whereas Fe (hydr)oxides controlled Cu specia-
tions in Alfisols (Shi et al., 2018). The incubation of humic substance
(HS) and biochar to argosols for 104 days promoted the formation of
large soil aggregates with greater mass of Cd loading which explains the
decreased Cd accumulation in wheat tissues (Li et al., 2018b). The
promotive effects on heavy metal mobility of introduced organic ma-
terials were also demonstrated. For example, the amendment by aged
humic acid caused lower pH and higher Cd concentrations in soil so-
lution than unaged amendments (Yu et al., 2018). After application of
organic waste for 120 days, Zn desorption from Fe (hydro)oxides ex-
plained the enhanced Zn availability, while the mineralization of or-
ganic carbon from organic waste was responsible for the increased Cu
release and availability (Tella et al., 2016).

Due to the large adsorption capacity for metal ions, microorganisms
are efficient alternative agents for the immobilization of heavy metals
in soils. The introduction of microorganisms to soils can have remark-
able influences on the interfacial behavior of heavy metals. For in-
stance, after the addition of Raoultella sp. X13 at a ratio of 108 CFU/g
soil for 55 days, the exchangeable Cd reduced by 8–36.4% and the in-
organic-bound Cd enhanced by 8.2–25.0% compared with the non-in-
oculated group (Xu et al., 2019). Similarly, the decreasing mobility
factors demonstrated that the application of P. putida X4 reduced Cu
mobility in Black, Red, and Cinnamon soils at the first 4, 8, and
8months, respectively (Shi et al., 2018). The incubation with 107 P.
putida X4 CFU per gram soil for 90 days also decreased the labile Cd by
7.5%–24.8% in a tea garden soil spiked with various levels of Cd
(0–10mg kg−1 soil) (Xu et al., 2012). Another incubation of an agri-
cultural soil with B. subtilis DBM for 28 days remarkably reduced weak
acid soluble Pb and increased its binding onto organic matter by 71%
(Bai et al., 2014). The presence of Bacillus megaterium H3 and Neorhi-
zobium huautlense T1–17 significantly decreased the exchangeable Cd
and increased the Fe/Mn (hydr)oxide, organic and sulfide bound Cd
after growing rice for 110 days in an Alfisol (Li et al., 2017b). However,
microorganisms may also facilitate the release of trace elements in soils.
For example, the acidophilic sulfur oxidizing bacteria Acidithiobacillus
thiooxidans could leach>60% of organic bound and residual Cd, Cr,
Cu, and Zn in soils near tanneries within 28 days (Kumar and
Nagendran, 2009). Enhanced releases of Fe, V, Rb, Ni, Cd, and Pb were
observed from the mineral and organic horizons of a Podzol incubated
with Pseudomonas aureofaciens CNMN PsB-03 for 168 h (Drozdova et al.,
2015). The two-step bioleaching process using Penicillium chrysogenum
F1 for 8 days removed 82% Cd, 55% Cu, 10% Pb and 62% Zn in the soil
from central-south China, and the metals remaining were mainly stable

fractions (Deng et al., 2012).
As seen from above studies, aging process can facilitate the diffusion

of heavy metals into mineral-organo aggregates and promote their
strong binding onto FeeMn (hydro)oxides and organic matter fractions.
The input of organic matter and microorganisms accelerates the organic
turnover, (hydro)oxide transformation and organo-mineral aggrega-
tion. The subsequent interactions of these soil reactive constituents may
decrease heavy metal bioavailability via the complexation with the
functional groups such as sulfydryl, carboxyl, phosphoryl and hydro-
xyls. However, during the early decomposition stage of straws and in
the presence of acidophilic microorganisms, soil pH reduction may lead
to the desorption of metal ions from weakly binding sites.

6. Speciation modelling and kinetics of heavy metal in soil
assemblages

Modelling for the speciation and capacity of heavy metals can
provide useful information on the mobility and bioavailability of toxic
elements in ecosystems. The information is fundamental for the risk
assessment and restoration scheme formulation. A variety of models
such as Charge Distribution Multi-site Complexation model (Venema
et al., 1996), Extended Constant Capacitance model (Peacock and
Sherman, 2005), Non-ideal Competitive Adsorption model (Benedetti
et al., 1995) and Nonelectrostatic model (Borrok et al., 2004) have been
used for the systems of single sorbents including oxides, clay minerals,
humic substances, and microorganisms. Studies regarding the model-
ling of heavy metal behaviors in complex systems and at the microscale
interface have been on the rise for the past years. A handful of studies
tried to eliminate the deviations of CA methods by optimizing model
parameters, introducing the bacteria-mineral surface reactions or
ternary complexes in the models. By adjusting the exact end-member
binding constants for ferrihydrite and B. subtilis within the uncertainty,
Cu adsorption was precisely modelled on the composites mainly of
ferrihydrite (Moon and Peacock, 2012, 2013). But the optimized sta-
bility constants at high bacterial ratios fell out of the error range. In
ferrihydrite-Comamonas spp.-Cd systems, the 10% over prediction was
corrected by introducing empirical complexation between the reactive
sites on bacteria and Fe (hydro)oxide (Song et al., 2009). In a recent
study, a “CA-Site Masking”model for Cd binding onto goethite-P. putida
complexes was built based on FTIR and titration data. In this model, the
masked sites were deducted by the formation of>RCOOFe0.5- and>
RPO4Fe0.5-, and 8% overestimation in CA method was successfully
eliminated (Qu et al., 2018b). Interestingly, though the Pb adsorption
onto montmorillonite-P. putida complexes conformed to additivity, the
molecular and thermodynamic evidence from EXAFS and ITC along
with model calculation demonstrated the formation of ternary complex
(>AlO-Pb-PO4) in the composites (Qu et al., 2018a). An increase in Cu
adsorption onto montmorillonite-P. putida complexes was found at
pH > 5.5, while the adsorption reduced at pH < 5.5. These deviations
were successfully corrected by “CA-Site Masking-Bridging” method,
considering physical screening of permanent negative charge sites and
the formation of ternary complexes>RCOO-CuOH-XNa (Qu et al.,
2017).

Similar cation bridge models were built in mineral-humic substance
systems. For instance, the addition of cation-bridges between kaolinite
edge sites and FA could satisfactorily simulate the adsorption of Cu, Cd,
and Pb (Schroth and Sposito, 1998). The diffuse layer model calculation
indicated the formation of kaolinite-HA-Cd/Cu/Pb ternary complexes
and their stability was higher than that in binary systems (Hizal and
Apak, 2006; Hizal et al., 2009). In Fe (hydro)oxide-organo composites,
the interactions between natural organic matter (NOM) and Fe (hydr)
oxides were simulated by considering inner- (> FeNOM), outer-sphere
complexes (> FeOH2NOM) and protonated inner-sphere complexes at
low pH (> FeNOMH) (Hiemstra et al., 2010, 2013). This NOM-charge
distribution model in combination with type-B ternary complex pre-
cisely predicted the adsorption of Cu on goethite-HA composite,
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and>Fe-HA-CuOH was found to be the dominant structure at low pH
(Fariña et al., 2017). The type A and type B ternary reactions in Ligand
and Charge Distribution (LCD) model successfully simulated the ad-
sorption of Cu onto goethite-FA complex (Weng et al., 2008). The
model calculation showed that the type A complex dominated the
speciation of Cu at low concentrations, high FA coating and acidic
conditions. In line with the linear combination fit of the Pb-L3 edge by
EXAFS, LCD model calculation revealed that almost 100% of adsorbed
Pb ions act as bridge between HS and goethite at low Pb levels, while
goethite-HS-Pb and goethite-Pb were the main speciations at high Pb
and HS concentrations (Xiong et al., 2018). It is most likely that these
spectroscopy and thermodynamic based reaction equations can be uti-
lized in other mineral-organo composite systems.

The multi-surface models have been widely used for the prediction
of the adsorption behavior and the speciation distribution of heavy
metals in soils. This model is based on the surface properties of solid
components such as functional groups, charges, surface area, and heavy
metal binding constants. A total of 39 models for the studies of heavy
metals in natural assemblages were reviewed by Groenenberg and Lofts
(Groenenberg and Lofts, 2014). Among these studies, organic matter
and Fe (hydr)oxides were usually considered as the major components
for heavy metal immobilization. Twenty models included Fe (hydr)
oxides, but only 8 comprised Al or Mn (hydr)oxides, while 14 studies
considered the binding to permanent charge sites of clay minerals.

Recently, the multi-surface model was proven reliable for predicting
Zn concentration in low-Zn soils as validated by the highly sensitive
Donnan membrane techniques (Duffner et al., 2014). The use of iso-
topically exchangeable metal as input variables in WHAM VI and VII
provided good predictions for the solubility of Cd, Ni, Cu and Zn in soils
from mine spoil-contaminated catchment and urban, although Pb so-
lubility was less well predicted (Mao et al., 2017; Marzouk et al., 2013).
Considering organic matter, phyllosilicates and Fe/Al/Mn (hydr)oxide,
the simulation on the complexation of Cd, Cu, Ni, Pb and Zn in flood-
plain soil showed that Pb and Zn were mainly located on (hydr)oxides,
while Cd, Cu and Ni primarily associated with organic matter (Rennert
et al., 2017; Rennert and Rinklebe, 2017). The WHAM 7 model pre-
sented reasonable predictions for the partition of a variety of heavy
metals in 98 soils from five continents, with the root-mean-square-
error< 0.5 for Cd and Zn, and<1.0 for Ni, Pb and Zn (Peng et al.,
2018c). Under anaerobic conditions, the free Cu and Pb in paddy soils
were poorly predicted by model calculations, indicating the general
multi-surfaces model does not fully capture all the chemical processes
occurring under anaerobic conditions (Pan et al., 2015). When they
further considered sulfide in the model, the simulations were

substantially promoted and sulfide precipitates were found to control
the solubility of a variety of heavy metals including Cu, Cd, Pb, Zn, and
Ni (Pan et al., 2016). More recently, the two-site model considering
both permanent charge and edge sites for clay fractions improved the
prediction of 0.01M CaCl2 soluble Ni in 19 Chinese soils with various
properties (Zhang et al., 2018a; Zhao et al., 2018). Besides, this multi-
surface model simulated dissolved Cd correlated strongly with the
amount of Cd uptake by wheat, and the model predicted bioavailability
was better than chemical extraction and soil total Cd (Zhu et al., 2018).
This was probably an early work that uses models for the remediation
practice of polluted soils. It is worth noting that, though the labile
heavy metals were satisfactorily predicted, the lack of mineral-organo
interfacial reactions and the formation of ternary complexes in the
multi-surface models may result in deviates for heavy metal speciation
in the solid phase.

The unified model for the adsorption and desorption kinetics of
heavy metal from organic matter (Shi et al., 2016), Fe/Mn (hydr)oxides
(Tian et al., 2017; Feng et al., 2018) and soils have been developed
based on the chemical equilibrium models WHAM 7 and CD-MUSIC. In
these “mechanistic kinetic” models, metal adsorption and desorption
rate coefficients on the specific sites were constrained by the local
binding constants (Peng et al., 2018a). For soils with low clay fractions,
SOM was considered as the sole adsorbent and the model simulated
successfully adsorption and release of Zn, Cu and Pb from artificial
spiked soils (Shi et al., 2008, 2013). Similarly, by integrating Ni ad-
sorption on SOM and formation of Ni layered double hydroxide pre-
cipitation, the Ni speciation predicted by kinetic model during sorption
was in line with that obtained by EXAFS (Shi et al., 2012). In a recently
work, the kinetic model proposed by Peng et al. (2018a) can precisely
simulate most of the reactions for Cd, Cu, Ni, Pb, and Zn in spiked soils
under different environmental conditions if both soil organic and mi-
neral fractions were considered. Furthermore, the model simulating the
reactions of Zn with SOM, Fe (hydro)oxides, and phyllosilicates, and
the formation of ZneAl layered double hydroxide under the constrain
of EXAFS was found to be suitable for assessing the vibrational Zn
speciations with the change of time and solution conditions (Peng et al.,
2018b). Very recently, Liu et al. (2019) tried to apply models in con-
taminated field soils and found that SOM was vital in controlling the
release of Cd, Cu, and Zn, while Fe (hydro)oxides were significant for
the release of Pb. The successful implantation of multi-surface models
with kinetics equations indicates great potential of SCMs in predicting
the fate of metals under various chemical processes, such as in redox
and precipitation systems.

The feasibility of SCM in predicting reactive heavy metal contents in

Fig. 6. Correlations of measured and model predicted heavy metal speciations in soil-water-plant systems.
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soils and sediments has been proven by a variety of experimental data
(Fig. 6), including Donnan membrane technique (Weng et al., 2001; Cui
et al., 2008), CaCl2 and 0.43M HNO3 extraction (Schroder et al., 2005;
Rennert and Rinklebe, 2017; Zhang et al., 2018a), pH-Static leaching
(Dijkstra et al., 2009), stable isotope dilution (Marzouk et al., 2013),
and wheat uptake (Zhu et al., 2018; Zhao et al., 2018). Generally, the
root-mean-squared errors between predicted and measured log con-
centrations were<1 (Dijkstra et al., 2009). In contrast, significant
deviations may exist for metal ion speciations in solid phase among
model calculation, selective sequential extraction (SEE) and EXAFS
analysis. The model for the prediction of Pb and Zn speciations in
topsoil sample from north France was in line with EXAFS data (Cance's
et al., 2003), but disagreements were observed in four historically
contaminated Swedish soils (Sjöstedta et al., 2018). Though good
agreement was found between SEE and model prediction for Cu, con-
tradictions were significant for Cd, Zn and Pb in grassland and flood-
plain soils (Cui and Weng, 2015; Rennert et al., 2017). Similarly, high
correlation was found between the first three step extractions of the SSE
scheme and the isotopically exchangeable fraction of Pb in con-
taminated soils. But the uncertainty of submodel for Mn oxides led to
huge deviations for solid Pb speciations (Ren et al., 2017). More in-
dependent verification by spectroscopic and chemical extraction are
needed before using the multi-surface models in predicting the solid-
phase heavy metal speciations in soils and sediments.

7. Future challenges

Previous studies have vastly advanced our knowledges in the field of
heavy metal behaviors at mineral-organo interfaces. Though the sig-
nificant impacts of mineral and organic matter interfacial reactions
(Weng et al., 2008; Fariña et al., 2017; Qu et al., 2018b) and the for-
mation of ternary complexes (Du et al., 2017a; Qu et al., 2018a; Xiong
et al., 2018) on heavy metal retention have been demonstrated, most of
the investigations were carried out in simulated systems. Such co-
ordination has never been verified in natural environments. It would be
necessary to have more studies using soil mineral-organo particles to
justify and decipher these mechanisms (Fig. 7). One of the difficulties is
the low concentrations of heavy metals present in natural samples
which cannot be efficiently detected by a number of techniques such as
EXAFS and NanoSIMS. For example, the concentration of Cd in low-
medium contaminated soils is usually in the range of 0.5–1mg/kg.
Therefore, new chemical and modern instrumental techniques should
be employed for the analysis of such purposes. The isotopic dilution

method is possible for quantifying the ‘labile’ metal pool in soils and
sediments at such low concentrations (Marzouk et al., 2013). Besides,
although sacrifice part of metal ions, soil nano and micron particle
fractionation may increase heavy metal concentration and expect to
enhance signal to noise ratio of XAS and μ-XRF (Quenea et al., 2009;
Fulda et al., 2013; Sun et al., 2017; Landrot and Khaokaew, 2018).
More importantly, in situ analytical methods need to be developed to
manipulate the interactions of heavy metals with soil components
under natural conditions.

The roles of different soil components in the immobilization of
heavy metals were quantitatively determined by assemblage models
considering soil OM, Fe/Al/Mn (hydr)oxides and clay mineral for static
systems using generic parameter sets. The majority of previous studies
have been directed to these nonliving sorbents. It is worth noting that
microorganisms may be the most active soil constituents in the stabi-
lization of heavy metals, especially at low metal concentrations (Yu and
Fein, 2015; Nell and Fein, 2017; Yuan et al., 2018). The significant
decrease in the concentrations of labile heavy metals after micro-
organism application supports the microbial functions in pollutant
stabilization in natural environments (Xu et al., 2012; Shi et al., 2018).
Though small in soil organic pool, the microbial biomass may con-
tribute> 50% of the extractable soil organic matter fractions (Simpson
et al., 2007). Apparently, the ignorance of microorganisms in assem-
blage models may result in marked deviations. Research on the inter-
actions of various clay minerals, (hydr)oxides and organic matter with
microorganisms are still in its infancy and the in-depth mechanisms
deserve further investigation, especially in rhizosphere where micro-
organisms are abundant. The development of models involving micro-
organisms would further broaden the applicability of SCMs in natural
systems.

In addition, most of the current models focus mainly on the labile
species of heavy metals. Limited information is available with respect to
the distribution of metal ions on individual components in complex
systems under various conditions such as pH, mass ratios and so forth.
The comparisons between model simulations and data obtained from
spectroscopic, microscopic and thermodynamic measurements are still
rare. Among the limited studies, deviations may arise from model un-
certainties, ignorance of interfacial reactions on adsorbents, and the
intrinsic errors in sequential chemical extraction. More studies are
needed in constraining the present multi-surface models and SEE with
EXAFS data (Fig. 7). The data collected from both remediation field and
laboratory incubation experiments are valuable for these purposes,
especially those with EXAFS analysis (Fulda et al., 2013; Wan et al.,

Fig. 7. Overview on the future challenges about heavy metal behavior at mineral-organo interfaces.

C. Qu, et al. Environment International 131 (2019) 104995

10



2018). This kind of comparison may shed light on the precise de-
termination of heavy metal speciations in the solid phase by extraction
and model methods.

The transformation patterns of heavy metal with the change of
redox conditions, aging in the presence of organic matter and micro-
organisms have been qualitatively characterized in both mineral-bac-
teria composites and soil systems. Unfortunately, there is a lack of
mechanistic models for the prediction of heavy metal speciations under
these dynamic soil processes. It is far from quantitative and precise
analyses on the role of microbial activity and understanding on the
dynamics for mineral-organo associations with heavy metal speciation.
It is worth mentioning that several pioneer studies have simulated the
speciation of heavy metals under dynamic environmental conditions.
The addition of redox couples in equilibrium models has improved the
accuracy of SCM for alternating flooding and drainage paddy soils (Pan
et al., 2016). A mechanistic model for As(V) speciation was successfully
developed during ferrihydrite transformation in the presence of HA (Hu
et al., 2018). In consideration of the ubiquitous FeeC associations in
natural environment and their different characteristics from the com-
posites formed by adsorption, further study should focus on the
mathematic models for reactions in FeeC coprecipitation systems re-
garding both simulated and natural mineral-organo composites (Chen
et al., 2014; Chen et al., 2016; Liao et al., 2017). The lack of such
models has largely restricted the prediction of co-precipitation reac-
tions in natural environment. It is a huge challenge to achieve such
goals because the inherent uncertainties in characterization of natural
systems and the dynamic changes further complicate the determination
of soil fractions (Groenenberg and Lofts, 2014; Mao et al., 2017). The
unified model for the kinetics of heavy metal adsorption and desorption
should increase our confidence in reaching these targets (Peng et al.,
2018a). These kinds of SCMs for dynamic processes have the potential
in providing scientific basis for the in situ remediation of heavy metal
contaminations.
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