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Abstract
“Innovative actions towards a pollution free-planet” is a goal of the United Nations Environment Assembly (UNEA). Aided by
both the Food and Agricultural Organisation (FAO) and its Global Soil Partnership under the 3rd UNEA resolution, a consensus
from > 170 countries have agreed a need for accelerated action and collaboration to combat soil pollution. This initiative has been
tasked to find new and improved solutions to prevent and reduce soil pollution, and it is in this context that this review provides an
updated perspective on an emerging technology platform that has already provided demonstrable utility for measurement,
mapping, and monitoring of toxic trace elements (TTEs) in soils, in addition to the entrapment, removal, and remediation of
pollutant sources. In this article, the development and characteristics of functionalized mesoporous silica nanomaterials (FMSN)
will be discussed and compared with other common metal scavenging materials. The chemistries of the common
functionalizations will be reviewed, in addition to providing an outlook on some of the future directions/applications of
FMSN. The use of FMSN in soil will be considered with some specific case studies focusing on Hg and As. Finally, the
advantages and developments of FMSN in the widely used diffusive gradients-in-thin films (DGT) technique will be discussed,
in particular, its advantages as a DGT substrate for integration with oxygen planar optodes in multilayer systems that provide 2D
mapping of metal pollutant fluxes at submillimeter resolution, which can be used to measure detailed sediment-water fluxes as
well as soil-root interactions, to predict plant uptake and bioavailability.
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Introduction to FMSN

The Development of FMSN and Its Principles of
Adsorption

Functionalized mesoporous silica nanomaterials (FMSN) can be
ordered by the physical/structural characteristics of the inert
hosting material and/or the chemistries of the functionalization.
Both factors control the behavior of thematerial and its suitability
for different tasks and conditions. This ability for optimization
and fine-tuning hasmade FMSN an increasingly promising tech-
nology for medical and environmental applications. The most
popular configurations have a tendency for large pore volumes
but variable pore sizes, high surface areas, and a stability that
makes them reliable even in challenging matrixes (low pH, high
organic concentrations) and environmental conditions (low–high
temperatures) [1–3]. The crystal state of FMSN is shown in Fig.
1. To develop a better understanding of FMSN, it is instructive to
consider how they have developed, why, and the technologies
that they have superseded.

Research on FMSN has been ongoing for ca. 30 years. In
the early 1990s, the initial aim was to expand beyond the

confines of zeolite minerals used for ion exchange and con-
taminant sorption. These hydrated aluminosilicates, compris-
ing of a tetrahedra patchwork of alumina and silica structures,
were the most widely used metal/elemental scavengers.
Effective as they were, however, they had their limitations,
and consequently, there was a demand for new materials
(mesoporous silica) with more structured/controlled pores of
sizes between 2 and 10 nm. These designs were needed to
accommodate molecules that could not be captured by
existing zeolites because they were not small enough to fit in
the micropores [4]. It was not until 1992 that the first scanning
electron microscopy (SEM) micrograph of mesoporous silica
appeared, yielding a greater appreciation of their detailed/
intricate structure and how synthesis conditions governed
morphogenesis [5]. In 1998, Stucky and colleagues synthe-
sized mesoporous silica with larger pores (30 nm), further
expanding the range of molecules accessible to the interiors
of the Si crystals [6] and opening up new opportunities for
functionalization.

It is also worth noting that FMSN have benefited from the
increase of interest in nanotechnologies. In accordance with
the International Organization for Standardization definition

Fig. 1 Copper removal by
iMoLboX FMSN and its high
absorbing capacity. a Partitioning
of Cu from 15 ml 98% anhydrous
ethanol solution (pH 4–6)
containing 30 mg L−1 CuSO4 into
0.025 g FMSN, removal
efficiency reached 92.97%. The
color change of the solution is
caused by bromophenol blue
(0.1–0.3 ml). The color of FMSN
changed from colorless to blue
after the adsorption was
completed. b Si crystal image
before and after palladium
recovery from a solution (pH 2–5)
of 250 mg L−1 PbCl2. c and d Si
dosed with 30 mg L−1 CuSO4

solution (pH 4–6). e Si crystal
image before and after iron
recovery from a solution (pH 3–5)
of 150 mg L−1 FeCl3/FeCl2. Si
crystal particle size is 180–600
microns. The images of FMSN
particle were obtained through
compound optical microscope
(LEICA DM500), provided by
GoldenKeys High-tech Materials
Co., Ltd.
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in ISO/TS 80004, nanomaterials encompass not just materials
with any external dimension between 1 and 100 nm but those
“having internal structure or surface structure in the nano-
scale” [7]. With the development of nanomaterials, re-
searchers have discovered the potential of functionalized silica
as an advanced chemical material [8, 9]. Combining an ease of
surface modification and synthesis, good biocompatibility and
stability FMSN quickly became a viable replacement/
alternative to zeolites [10].

The other metal-removing agent traditionally used is acti-
vated carbon (AC). It has been successfully used in many
industrial applications. AC has been applied successfully be-
fore to remove As, Cr, and pharmaceutical compounds from
water [11–13]. It is also applied for greenhouse gas capture
[14], electrical energy applications (as an ultra-capacitor)
[15–17], and as an air pollution mitigator [18, 19].

The adsorption capacity traits associated with AC depend
principally on their porosity and surface area [20]. Two tradi-
tional methods are used to prepare AC that delineate by either
physical or chemical activation. Physical activation involves
carbonization of organic matter, and then, the resulting char is
modified in the presence of an activator (such as CO2 or
steam). In chemical activation, the activating agents (such as
K2CO3) is used directly for raw material impregnation. Next,
heat treatment is applied in an inert atmosphere (various/high
temperatures) [20]. Generally, compared with physically acti-
vated AC, chemically activated AC has a larger surface area
and a smaller pore size, with a wider range of applications
[21].

Activated carbon in general has a high internal surface area
due to its special sponge-like structure. Moreover, these ad-
sorbents have reasonable chemical stability [22]. Suitable nat-
ural ingredients are continually being sought to make low-cost
ACmaterials. To date, AC has been formed successfully from
agricultural wastes as diverse as apricot and bagasse, grape
seeds and cherry stones, rice husks, coconut, tomato process-
ing solid waste, etc. [12], which highlights its versatility.

The main benefit associated with AC as a clean-up tech-
nology for use in wastewater is its overall chemical flexibility
and universality. This stems from its large specific surface
area, adsorption capacity, wetting characteristics, and hetero-
geneous porous structure; all of this can be tailored via regu-
lation of the physical/chemical activation steps [23]. The gen-
eral adsorption capacity of AC depends principally on physi-
cal entrainment and then secondly by chemical properties.
However, for metal adsorption specifically, the surface chem-
istry and configuration of outer ligands on the AC are of more
importance, providing some element/species selectivity [24,
25]. The problem, though, is that the distribution of functional
groups can also change the structure of the AC [24, 25]. This
complicates attempts to further functionalize the char, as
chemical changes can similarly cause physical modification,
with potentially behavior-altering changes for the metal

scavenger. Ideally, an inert/stable host is required for
functionalization, as this enables better control of the specific
chemistries, which is the key to superior performance.
Functionalized Si meets these requirements, and this has been
partly the catalyst for the rapid development of FMSN.

Many popular metal clean-up methods rely on materials
that utilize ion exchange as the main binding mechanism.
Here, the process centers on the exchange of ions between a
solid and an associated liquid phase [26]. The solid phase is
called the ion exchange resin/ion exchanger, because it carries
exchangeable ions, insoluble in the liquid phase and during
chemical reactions/interactions maintains its structural integ-
rity [27]. The most useful ion exchangers are reversible en-
abling the materials to be reused multiple times, and based on
the charge characteristics of the ion reactions, the materials
can be further defined as either cation or anion exchangers
[27]. High-quality ion exchangers should have chemical and
physical stability, large surface areas, and large ion exchange
capacities, and exhibit a relatively fast ion exchange speed
[28].

FMSN structural/chemical attributes make them highly at-
tractive to be configured as ion exchangers. However, special-
ist ion exchange membranes remain the most popular and
widely used technology platform for ion exchange-mediated
metal removal. This is despite many studies having shown that
membrane-based ion exchangers have numerous practical
limitations. The most significant of these being poor chemical
stability in alkaline environments [29]. For example, in ma-
trixes with a high pH, hydrogen peroxide (including its free
radicals) is particularly reactive/damaging for ion exchange
membrane modules, making them prone to premature failure
[29, 30]. An exception to this is perfluorinated anion exchange
membranes, which have outstanding proton conductivity and
chemical stability, but suffer from high production costs and a
low ion selectivity [30]. In addition, the degradation treatment
of waste after the use of ion exchange membranes is still very
complicated [31]. As although the elemental target is removed
from the matrix, the counter ion still replaces it and this can
cause new/secondary problems. In contrast, functional silicas
have a more stable chemistry and are less expensive to man-
ufacture. There is also no requirement for a chemical “swap”
or exchange to occur, which improves the quality of the treat-
ed liquid phase. It is these practical considerations with ion
exchange membranes being generally limited by relatively
high capital and operating costs, as well as technical or eco-
nomic constraints [32], that have seenmany industriesmoving
away from these systems. Functionalised silica on the other
hand have a low operating cost and can be optimized to work
in environments with high dissolved organic carbon and low
pH [33].

This major increase in the popularity of FMSN research is
exemplified by two FMSN in particular: Mobile Crystal
Corporation (MCM-41) and Santa Barbara Amorphous
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(SBA-15). These two categories of mesoporous silica have
received the most attention. Figure 2 shows that the number
of FMSN studies published started to increase rapidly from
the early 2000s onwards. Today, there are over 70,000 pub-
lished papers featuring SBA-15 and MCM-41.

The majority of FMSN studies over the last two decades
have focused on the synthesis and preparation of new mate-
rials [34–39]. During this period, there has been a constant
development of novel structures and functionalizations, with
major gains in the understanding of the importance of the
inner fine structure of mesoporus Si along with the mecha-
nisms of FMSN binding [40–42]. Depending on the pore
length/size, the mass transfer and rate of molecular diffusion
are modulated [43, 44]. However, the pore sizes do not need to
be uniform through the Si either, and this creates additional
scope for tailoring the chemistries for a specific environment
or need. For example, Peng et al. [45] were able to create
specific mesopore channel regions within the Si with larger
surface areas and pore diameters (3.0 to 7.3 nm) by adding
1,3,5-trimethyl benzene alongside cetyltrimethyl ammonium
bromide (CTAB) during synthesis. This tuneable micelle
core-swelling agent provided a template that controlled the
shell architecture of the internal cavities, one that could be
easily removed from the silica structure prior to use. It was
this manipulat ion that created the 2D hexagonal
mesostructure, with smaller pores in the shell and larger
spaces in the silica core, providing the material with its
unique, 2-step adsorption-desorption characteristics [45].

However, despite the increasing role and complexity of
mesoporous structure as a determinant of adsorption behavior,
it is still the functionalization process that dominates the ma-
terials’ final characteristics. Thus, introducing different func-
tional groups ultimately controls the metal ions’ adsorption

both externally and internally within the adsorbent. For exam-
ple, carboxylate, sulfonate, and phosphate groups promote the
adsorption of metal ions through ion exchange, while amine
moieties typically operate by complexation. The adsorption of
metals by FMSN in water is mainly based on the use of
surface-grafted functional groups, such as amino or mercapto,
for complex coordination, thereby achieving selective adsorp-
tion of metal ions [46]. Studies have also shown that the ad-
sorption capacity of FMSN increases with an increase in the
total concentration of functional groups. The surface area of
the adsorbent is obviously an important factor determining
functional group concentration [47]. However, the branching
structures of the functionalizations, and how many terminal
groups there are, also play a defining role.

For the adsorption of nonionic organic matter in water,
generally, grafting alkanes onto the FMSN increases surface
hydrophobicity, which is beneficial to the capture of organic
matter. For the adsorption of ionic organics, the charge density
of the solid surface is the key factor for adsorption. The degree
of interaction between ionic organics and FMSN changes due
to variation in solution pH, because the surface charge of the
FMSN and the ionic radius of the ion target are controlled by
pH. The ionic strength and ionic composition of the solution
also affect the adsorption of ionic organics, especially when
inorganic ions compete with organic ions for binding sites
[46]. With greater appreciation of the unique adsorbing ability
of functional silica, this has promptedmore studies to consider
a broader range of chemical targets, further expanding the
utility of FMSN [48–50]. For example, there are specialist
FMSN scavengers for both Hg [51] and Cu [52, 53]. Despite
the vast number of wastewater treatment and environmental
protection technologies available, FMSN have proven them-
selves to be a sector leader for metal-chemical removal [54].
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Fig. 2 The cumulative number of
published papers featuring SBA-
15 and MCM-41 FMSN (Data
source: Scopus)
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Synthesis of FMSN

There are three main steps in the production of FMSN, syn-
thesis, surface modification, and stabilization. The synthesis
of mesoporous silica is commonly performed by base or acid
hydrolysis, using an alkoxysilane precursor. The ordered ar-
chitecture of pores and channels is obtained from amphiphilic
micelles which are trapped under the silica network. This
template/mold is then removed by either chemical extraction
or heat-assisted treatments. The pore length and diameter can
be adjusted by altering the amount and type of templating
agent used and the reaction conditions [10]. Protective etching
with NaOH on silica coated with PVP molecules can be used
to form FMSN, especially for crystalline silica such as quartz,
cristobalite, and tridymite [55]. Variation in the hollow silica
channels is achieved with different etching speeds and dura-
tions, and the targeting of outer or interior regions of the par-
ticle. However, fine control of pore structure is difficult, with
this method approach being more suited to disordered
mesopore synthesis [56].

Post-synthesis surface modification and direct synthesis (one-
step synthesis/co-condensation)methods are applied to fix organ-
ic functionalities to mesoporous silica [57]. For example, in the
post-synthesis surface modification of reactive nano-silica, sodi-
um silicate undergoes a hydrolysis reaction as pH decreases. This
then generates Si(OH)4 monomers which are then developed
through a series of dehydration condensation reactions, resulting
in a high-density surface functionalization with active hydroxyl
groups. At the same time, methoxyl groups of the surface mod-
ifier 3-mercaptopropyl-trimethoxysilane (MPTS) then hydrolyze
under alkaline conditions to produce the active surhydroxyl
group. These active hydroxyl groups generated by MPTS then
react with the surface functionalized hydroxyl groups just gener-
ated on the silica, forming Si-O-Si bonds and thus providing the
mesoporous silica with surface adhered sulfhydryl groups [58].

Through the co-condensation of precursor inorganic frame-
work materials with terminal trialkoxyorganosilanes (such as
(R′O)3SiR), the mesoporous silica phase can be prepared. This
results in organic moieties being covalently anchored to the
pore/channel walls of the silica in an orientation that enables
them to project directly into the pore walls [57]. The advan-
tage to this functionalization approach is that obstructions
within the pores themselves caused by the organic units are
minimized. An additional merit is that the modifications are
more homogenously distributed within the pores, compared
with other techniques. However, the degree of mesoscopic
order of the FMSN needs to be monitored. As the ratio be-
tween the organic and silica increases in the reaction mixture,
a more disordered and less reproducible material is produced
[57]. These restrictions though can be conquered with the
inclusion of structure-directing agents, producing a class of
materials termed periodic mesoporous organosilicas
(PMOs). Here, the functionalizations are integral components

of the silica structure, resulting in a narrow pore radius distri-
bution and well-organized pore network [57].

The final production stage of FMSN is stabilization. Here,
functionalization can be used to give different regions within
the Si particle different properties. For example, the core can
be made hydrophobic and the shell hydrophilic [59]. This is a
key part in improving hydrothermal stability. Hydrophobicity
enhances the hydrothermal stability of materials in the aque-
ous environment, and hydrophilicity ensures biocompatibility.
The free silanol (Si-OH) groups on the materials can provide a
certain degree of hydrophilicity; with the help of condensers,
these will be further used to modify some functional groups,
biomolecules, or drug molecules [60, 61].

Diversity of FMSN’s Functional Groups

Many studies have reported that FMSN with different func-
tional groups have specific selective adsorption functions. In
Georgescu’s study [62], synthesized FMSN (TAC-
functionalized silica) used for the removal cadmium and cop-
per from water, adsorption results show that 0.1 g of FMSN
can extract 94% of Cd(II) and 98% of Cu(II) from aqueous
solutions (pH 6). Li et al. [33], through a one-step method,
synthesized LMS-AP-FMSN. In a subsequent wastewater
treatment experiment, LMS-AP has good metal removal effi-
ciency, and the removal rate of Al, Pb, and Zn reached more
than 80%. But the adsorption of Cr from the same waste water
was only ca. 70%, while the removal of As was less still at only
30–40% [33]. The huge variety of mesoporous structures, pore
network structures, combined with functionalization configura-
tions makes FMSN a highly versatile yet extremely powerful
chemical solution to toxic element containment. However, with
the enormity of different FMSN configurations, selecting the
right materials for the correct conditions is still challenging, and
their effectiveness requires case-by-case validation. In the fol-
lowing sections, the application of FMSN in tackling environ-
mental pollution will be discussed.

Current Applications and Future Directions
of FMSN

The Use of FMSN in Water and Food Security

FMSN are currently widely used to absorb numerous metal
ions and compounds from aqueous solutions [63–66]
(Table 1). For example, Xia et al. [63] synthesized a variety
of different FMSN to study comparatively, FMSN adsorption
capacity for TTEs in water. In their absorption experiments,
Cd(II), Mn(II), Pb(II), and Fe(III) concentrations were all ~
0.5 mg L−1 in drinking water with a pH of ~ 4; it was found
among the types of FMSN tested; S16-1N completely re-
moved these four elemental impurities (< detection limit).
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The excellent performance of S16-1N can be ascribed to its
high pore volume and specific surface area, along with
possessing high accessibility to its functional group ligands
[63]. Chatterjee et al. [66], by using a modified Stober pro-
cess, synthesized cubic mesoporous silica, then it was func-
tionalized to produce a fluorogenic silica probe material
(SiO2@AZOL). The adsorption experiment of the
fluorogenic silica probe material was performed in a solution
with a pH of ca. 7. It was found that this material showed an
extraction efficiency of around 99% for HSO3

−, Cd(II),
Hg(II), Zn(II), and Cu(II), with adsorption capacities of 873,
633, 630, 412, and 260 mg g−1, respectively [66]. For
existing industrial applications, in Guizhou, China, the
FMSN iMoLboX has been successfully applied to retrieve
precious metals in addition to the removal of TTEs from a
variety of process waste streams. For example, iMoLboX has

achieved a 96.14% removal efficiency of As in medium/
strong acid solution (mass fraction of 65–85%) containing
300 μg L−1 As. While it possesses a removal efficiency for
Cu of 92.97% in aqueous solutions containing 30 mg L−1

CuSO4 (Fig. 1). In addition, iMoLboX FMSN can effectively
extract Rh from acidic aqueous solutions containing 57 mg
L−1 Rh(III), and remove Pd from organic alcohol solutions
containing 562 mg L−1 Pd(II); in both cases, removal effi-
ciency is > 99% [69]. But the adsorption efficiency of ion
exchange resins for Rh(III) and Pd(II) from 8.9 mg L−1

Rh(III) solution and 43.9 mg L−1 Pd(II) solution is only about
90% [70], while the removal ratio of AC for Pd(II) from
100 mg L−1 Pd(II) solution is 93.5% [71].

Fluorine is highly reactive and forms a great variety of
chemical compounds. It is used extensively in the nuclear
and metal processing industries, in electronics, as a surfactant,

Table 1 A summary of FMSN applications used to remove metals and compounds from waters

MFS Species Dominant system/
scheme

Key finding Ref.

SBA-15 Cu(II ) and Cd (II) The adsorption of
copper and cadmium
ions was studied

The adsorption capacity of SBA-15 for
Cu (II) and Cd (II) in a single metal
solution was determined and related
to the density and structure of the
organic groups grafted on the surface
of SBA-15.

Georgescu et al. [62]

SBA-15 Pb(II) and Cu(II) Adsorption experiment The adsorption of thiol-group SBA-15
and The amino-group SBA-15 to
Cu(II) and Pb(II) was studied.

Lee et al. [67]

SBA-15 U(VI) Adsorption experiment SBA-15-PA showed not only a good
sorption ability and a desirable
selectivity for U(VI) over a range of
competing metal ions but also an
excellent reusability.

Wang et al. [68]

Porous silica materials
S8, S12, S16, and
SBA

Cd(II), Pb(II),
Fe(III), Mn(II)

Heavy metal adsorption
experiments

Monoamino-functionalized silica
S16-1N shows effectively remove
heavy metal Cd(II), Pb(II), Fe(III),
and Mn(II).

Xia et al. [63]

Mesoporous silicas
MCM-41 and
MSU-H

Hydrogen
peroxide

Hydrogen peroxide
adsorption analysis

MSU-H silica have better absorption
ability than MCM-41 because its
lager pore size.

Lewandowski
et al. [64]

LMS-AP Pb (II) Pb(II) adsorption
experiments

In actual industrial wastewater
treatment process, LMS-AP had a
better Pb(II), Zn(II), and Cr (VI)
removal efficiency of 80% and As
(V) of 30–40% removal efficiency at
initial pH 4.

Li et al. [33]

Fe3O4 @SiO2

-NH2&F13
Perfluorinated

compounds
(PFC)

Sorption experiment For the removal of PFC from surface
water samples, Fe3O4 @SiO2
-NH2&F13 has a good
anti-interference ability, and shows
good removal efficiency (86.29%)
for the nine PFCs analyzed in this
study, as well as its reusability and
stability.

Zhou et al. [65]

SiO2@AZOL Hg(II), Cd(II),
Cu(II), and
Zn(II)

Adsorption studies The material shows a high adsorption
capacity for a variety of toxic metal
ions (Hg(II), Cd(II), Cu(II), and
Zn(II)).

Chatterjee et al. [66]
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features prominently in polymers and in agrochemicals where
it features within pesticide formulations. Fluorinated com-
pounds though are major environmental pollutants and can
be difficult to remove from waters. Zhou et al. [65] developed
a novel silica functionalized nanocomposite (Fe3O4@SiO2-
NH2&F13); this material showed a good selectivity for
perfluorinated compounds (PFCs). In a 1-L water sample for-
tified with PFC concentrations ranging from 0.5 to 50 ng L−1,
the composite possessed a much better removal efficiency
(86.29%) for PFCs than that (58.61%) of powdered AC [65].

FMSN can also be used to extract drug residues from food
[72]. In this example, three different mesostructured silicas
(SBA-15-C18, MSU-2-C18, HMS-C18) with added
octadecylsi lane groups were tr ialed. Despite the
functionalization approach being identical, the different silica
structures evolved distinctive binding properties. SBA-15-
C18 was the least effective scavenger due to hydrophobic
and polar secondary/hydrogen bonding interactions caused
from the functionalization leaving a high frequency of non-
modified silanol groups in the silica. However, HMS-C18
proved a promising multi-drug sorbent. Out of the panel of
26 veterinary drug residuals tested from bovine meat samples,
the extraction efficiency for more than half of these com-
pounds was over 80% [72]. Although the direct use of
FMSN in food safety is new, the successes to date provide
further evidence of the materials’ wide-ranging applications,
across diverse chemical conditions. However, perhaps, it is
the use of FMSN to combat soil pollution that might be the
materials’ greatest contribution to our future food safety [73].

The Use of FMSN in Soil Research

FMSN has good compatibility for use within soil because it is
inert, highly stable, and soils naturally already contain high
proportions of silica. The application of FMSN in soil research
is a theme that has only emerged relatively recently. The two
principle directions being soil remediation (direct amendment)
[73] and in situ measurement [74].

Although the use of functionalized silica in soils is relative-
ly new, there have already been a number of successful appli-
cations. For example, diacetylmonoxime-functionalized silica
gel has been used to remove Cu from fly ash-ameliorated soil
samples [75]. In this study through FTIR, element analysis,
BET surface area analysis, and 13C CPMAS NMR spectros-
copy, it was shown that the FMSN have high selectively for
Cu removal with a preconcentration factor of 250; sorption
capacity reached 0.93 mmol g−1. Kinetic parameters and iso-
therms correlated well with the pseudo-second-order and
Langmuir models [75]. Another important study reported that
FMSN can limit the absorption of toxic metals and As by
plants through reducing bioavailability. In this example, a soil
with an As concentration of 9.87 ± 1.22 mg kg−1 had the
fraction of unavailable As increased from 40 to 77% after

FMSN was applied [76]. Similarly, Lian et al. [58] used
FMSN in contaminated soil to selectively immobilize Pb
and Cd. Results showed that the FMSN applications can de-
crease the pools of bioavailable Cd and Pb from 12 mg kg−1

and 1194 mg kg−1 to 0.2 mg kg−1 and 10 mg kg−1, respective-
ly, with the immobilization efficiency of Pb and Cd reaching
99.12% and 98.23%. More importantly, this FMSN exhibited
a low effect on other soil parameters. While the Cd and Pb
species immobilized by FMSN exhibited greatly increased
acid resistance [58], an attribute making FMSN suited for
long-term remediation roles.

Recently, a series of studies has shown that FMSN can be
used for remediating Cd-contaminated agriculture soil [73,
77]. The stabilization efficiency of Cd by FMSN reached up
to 91.2% with just a 1% application. At the same time, the
migration rate of Cd in the soil decreased from 45.8 to 19.0%,
and the effect of the addition of FMSN on the soil properties
was negligible [77]. In addition, FMSN reduced the leaching
rate of Cd in the soil (36.0%) and bioavailability (54.3%); the
concentration of Cd in crops decreased more than 50% [73].

Directly, addressing pollutant bioavailability with amend-
ments is one solution to improve soil health. However, any
implementation of such technologies needs sufficient knowl-
edge of in situ conditions and subsequent pollutant mobility.
Over the past couple of decades, the passive sampling tech-
nology of DGT has emerged as a leading method for the
measurement of bioavailability for inorganic and organic con-
taminants in soil. However, the connection with FMSN is that
they are increasingly being used as DGT substrates, opening
up a range of exciting avenues in soil testing, new rapid anal-
ysis approaches, and for high-resolution 2D ion-mapping of
pore water chemistries.

The Use of FMSN in DGT Research

DGT Introduction

DGTwas originally developed for aquatic systems, then evolved
into an established technique to understand chemical lability and
speciation in soil [78]. Comprising of a base unit, a cap, and thin
film stack system (consisting of a membrane filter, diffusive gel,
and binding layer), theDGT configuration is robust, easy towork
with in the environment, and crucially, units do not require indi-
vidual calibration [78]. The binding layer provides the device’s
selectively, while the diffusive layer controls solute transport and
defines the intensity of the metal flux induced by the DGT de-
vice. Together, they both determine the measurement character-
istics of a specific/individual DGT configuration.

In practice, DGT devices are easy to deploy in water/
sediment/soil; for a detailed review of the technique, refer
to Davison [78]. After the DGT binding layer is recovered
and eluted, quantitative analysis of the eluents can be
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achieved through a range of commonly available analytical
techniques, including inductively coupled plasma mass
spectrometry (ICP-MS), inductively coupled plasma opti-
cal emission spectrometry (ICP-OES), atomic absorption
spectroscopy (AAS), and X-ray fluorescence (XRF).
Environmental samples are prone to a wide range of mea-
surement interferences due to matrix complexity. A further
benef i t o f the DGT approach is tha t there i s a
preconcentration of the target analyte. In the following sec-
tions, the use of DGT and FMSN for the measurement of
TTEs in soil will be discussed from the perspective of Hg
and As pollution.

Hg In Situ Sampling by DGT

Mercury (Hg) pollution remains a key pollution focus, not
only is it a potent human poison, but it can cause wide-
spread environmental damage [16, 17]. Mercury exposure
can arise naturally from rock weathering, volcanic activity,
and geological deposition [79]. However, the main sources
of Hg release are from human activities, particularly waste
incinerators, residential coal for heating and cooking, coal-
fired power plants, and mining for gold and other metals
[16, 17, 79, 80]. The fate and behavior of Hg are difficult to
predict, which complicates the assessment of toxicological
risk, due to the wide range of species and complexes found
in the environment. Elemental mercury (Hg0), referred to
as quick silver, is the most volatile species, forming vapor
easily at typical ambient temperature/pressure [81].
Hg(OH)2, Hg(OH)Cl, and HgCl2 are common inorganic
mercury (iHg) compounds in freshwaters. However, be-
cause the Cl concentration in seawaters is higher, Hg spe-
ciation trends are also typified by HgCl+, HgCl2, HgCl3

−,
and HgCl4

2−. Methylmercury (MeHg) is an organometallic
Hg species, characterized by extreme toxicity, making it the
critical contaminant/pollutant in the environment [81].

Soil is an important reservoir of anthropogenic Hg re-
lease, playing a key role in the Hg cycle [82]. The soil
environment is a heterogenous micro-landscape of solid-
solution-gas interfaces, and fluxes between these compart-
ments are dominated by the soil phase characteristic/com-
position, where partitioning of the Hg is concentrated.
Mechanistically, the kinetics of Hg mobility can be broadly
segregated into two groupings. The first is an immediate/
quick reaction scheme forming outer-sphere complexes in-
volving cation exchange, with a multitude of different li-
gand types, both organic and inorganic. The other group
involves the formation of stable colloid complexes that dif-
fuse within the interior of the soil particles. The bonds
formed are inner sphere and recalcitrant, characterized by
slow release. However, these stores should not be consid-
ered as insignificant as they can provide a long-term and
sustained source of bioavailable Hg [83, 84].

DGT has been shown to be effective at predicting Hg
uptake in plants [85]. It acts to introduce a controlled per-
turbation into the soil system—replicating the processes
evoked by the plant root. The method is also advantageous
for in situ measurement of Hg speciation, because it pre-
serves the stability and distribution of the Hg species, while
also preconcentrating the target analyte during sampling
[86]. DGT and HPLC-ICP-MS are appropriate tools for
the evaluation of rhizosphere Hg bioavailability in estimat-
ing the risk from contaminated soils [84]. Liu et al. [85]
predicted MeHg uptake by rice plants (Oryza sativa L.) by
using the DGT technique to detect bioavailable MeHg in
pore water; the DGT probe used a 3-mercaptophyl-FMSN.
A significant positive correlation between MeHg flux in soil
measured by DGT and MeHg flux in rice roots (R = 0.853,
p < 0.01) was observed. The correlation between these two
flux parameters indicates that DGT can provide a quantita-
tive description of the rate of update of this bioavailable
MeHg, and that the DGT can predict the bioavailability of
MeHg in rice paddy soil [85]. Ridošková et al. [87] used
Ambersep GT74 and Duolite GT73 gels as DGT binding
layer for measuring the bioavailability of Hg in contaminat-
ed soils. The DGT experiments indicated that Duolite GT73
shows similar Hg accumulation properties as Ambersep
GT74; the maximum Hg accumulation for these two resin
gels was obtained after 12 days of deployment in the soil,
about 27 and 33 ng/disk, respectively. In four different soil
deployment experiments, the range of DGT available Hg
compared with total Hg ranged between 2 and 10% [87].
Huu Nguyen et al. [88] measured the bioavailability of Hg
in soil for the earthworm Eisenia Fetida by using DGT
which used FMSN (3-mercaptopropyl-functionalized silica)
as the binding phase. Soils used in Hg exposure experiments
were prepared with different pH (4.6, 5.6, and 6.2) and
varying peat moss concentrations of 5, 10, 15, and 20%.
DGT was deployed in the soil with approximately 35–40
earthworms and removed across a series of timepoints span-
ning half-a-day through to 10 days. The calculated uptake
efficiency for Hg for this binding gel was 91 ± 3.4%; the
DGT was able to predict the Hg concentration of earthworm
tissue effectively, unlike comparative measurements of pore
water/acid-extractable Hg [88]. It can be seen that DGT is a
dependable technique that can be used to measure the bio-
availability of Hg in soil. Compared with other DGT, DGT
using FMSN as the binding phase has better absorption ef-
ficiency for Hg. For more research papers about Hg in situ
sampling by DGT, see Table 2.

In Situ Sampling of As with DGT

Arsenic is the 20th most abundant element in the earth’s crust
and can be present in the environment in four oxidation states
As(-III), As(0), As(III), and As(V) and as both organic and
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inorganic species [92]. The general order of toxicity of the
different arsenic species is as follows: arsenite > arsenate >
monomethyl arsenate (MMA) > dimethyl arsenate (DMA)
[92, 93]. While, the total content of As in the environment is
largely decided by the degree of environmental pollution and
associated geology. Localized redox conditions play a main
role, along with the microbiome in controlling the concentra-
tions of As(III) and As(V) [92], while methylation/
demethylation is subject to biotic controls Su et al. [94].
This creates a diverse range of As chemistries in situ that
can be difficult to capture.

In 2012, Bennett et al. performed selective measurement of
total inorganic arsenic and As(III) using separate DGT sampler
units configured with different binders. Here, it was determined
that As(III) was the main substance transferred from the sedi-
ment (solid phase) to pore water. They also showed that the
DGT technology can be used under a range of deployment
conditions to investigate arsenic morphology and its migration
potential [95]. Wang et al. [96] used Zr-O DGT to systemati-
cally study the concentration variation of unstable As in the
sediments of Hongze Lake; the recovery of Zr oxide DGT
was 88%. It was found that the concentration of labile As in
the sediment profiles varied considerably (ranging from 0.15 to
4.15μg L−1) [96]. Gorny et al. [97] used a Zn-ferrite (ZnFe2O4)

substrate as the DGT-binding phase to measure total arsenic in
river water and sediment pore water. Results shown ZnFe2O4

have a better sorption capacity for As(III) compared with ferri-
hydrite and Metsorb binding gels, with the sorption capacity of
ZnFe2O4 reaching 54,000 ng for As(III) [97]. In 2011, Bennett
et al. first used FMSN as a DGT-binding substrate to selectively
measure As(III), and its absorption efficiency for As(III) was >
99%, validating the feasibility of this method. The reason why
mercaptopropyl-silica have highly selective adsorption ability
for As(III) is because of the strong complexation of H3AsO3 by
thiol (S-H) groups [98]. Gorny et al. [99] also reported on the
use of FMSN as the DGT-binding layer and found that the use
of matrix corrected elution factors to rectify the interaction with
sulfides can ameliorate the measurement of As(III) in 3-
mercapto-silica (3MP)-binding gels; the concentration of
As(III) recovered from the 3MP-DGT samplers reached 103
± 7.0 and 93.8 ± 8.6% (mean ± standard deviation) of the initial
As(III) concentration in seawater and freshwater, respectively
[99] (Table 3).

DGT-Two-Dimensional Chemical Imaging

The acquisition of environmental/soil measurements in the
majority of studies to date prioritizes the sampling of

Table 2 A summary of FMSN and non-FMSN DGT configurations used for in situ sampling of Hg

Binding phase Species Matrix Dominant system/
scheme

Key finding Ref.

Chelex-100 and
Spheron-Thiol

MeHg,
CH3CH2Hg+,
Hg(II)

Soil HPLC-ICP-MS,
DGT

DGT techniques is a suitable tool for the
estimation of Hg root availability and in
assessing the risk from contaminated
soils.

Cattani et al. [84]

Duolite GT73 and
Ambersep GT74 gel

Hg(II) Water DGT The agarose gel was found as a diffusion
gel for mercury measurement in DGT
techinique.

Docekalová and
Diviš [89]

3-mercaptopropyl--
functionalized silica
(Sigma-Aldrich)

Hg(II), MeHg Soil DGT A new resin gel Ambersep GT74 was used
in DGT technology, which showed
similar Hg accumulation characteristics
to Duolite GT73.

Ridošková et al. [87]

3-mercaptopropyl--
functionalized silica
(Sigma-Aldrich)

MeHg Soil DGT Research shows that DGT can predict
bioavailability of MeHg in paddy soil.

Liu et al. [85]

3-mercaptopropyl--
functionalized silica
(Sigma-Aldrich)

Total Hg Soil DGT DGT-measured Hg flux is a better tool
than conventional methods for
predicting Hg bioavailability for
earthworms inhabiting diverse types of
soil.

Huu Nguyen et al.
[88]

3-mercaptopropyl--
functionalized silica
(Sigma-Aldrich)

Total Hg Soil DGT The effectiveness of DGT technology in
predicting plant uptake of mercury was
confirmed.

Turull et al. [90]

3-mercaptopropyl--
functionalized silica
(Sigma-Aldrich)

Total Hg, MeHg Water DGT Hg speciation in aquatic systems was
investaged, found that Labile MeHg in
the sediment of the Gulf represents up to
75% of total labile Hg.

Bratkič et al. [91]
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individual biogeochemical compartments. Far less consider-
ation is given to the speciation, transformation, and exchange
of elements across interfaces between different niches/zones,
and the processes controlling these events. 2D high-resolution
diffusive gradients in thin films (HR-DGT) are a key compo-
nent of one of the few existing tools that can capture multi-
elemental solute dynamics/interactions in appropriate submil-
limeter scales, to suitably understand/decipher interface
fluxes. The usual operation of this chemical imaging approach
uses a multi-layered system of DGT and planar optodes to
obtain the HR-2D images. This is not intended to be a com-
prehensive review of this emerging technology; for this, we
recommend Santner et al. [101] and Santner and Williams
[102]. However, FMSN are increasingly been used in these
ion-mapping applications, because of their high capacities,
environmental tolerances, and species specificity. For exam-
ple, Shi et al. [103], through mapping the 2D chemistry of a
rice rhizosphere, were able to capture the distribution of
Se(IV) and oxygen simultaneously. Here, the DGT substrate

used was a bi-functionalized SBA15 FMSN, which provided
a selective measurement for Se(IV) (Fig. 3) [103]. What was
apparent from these chemical images was that Se(IV) mobility
is restricted to the rooting zone and with localized redox con-
ditions controlling release patterns. This is despite the Se
amendments having been thoroughly mixed through the soils
prior to the addition of the rice plants.

This recent interest in the root-soil interactions within
rice rhizospheres is understandable. Rice is so widely
cropped and plays a fundamental role in global food secu-
rity, yet is significantly threatened by trace element imbal-
ances, either deficiencies or over-exposure. The below-
ground processes around the roots are very challenging to
measure because of the complexity and instability of the
environment due to strong zonation in both chemical and
biological effects. This means that there is still much to
learn about the biogeochemistry of paddy soils and in par-
ticular the role of these fine-scale, localized features on
plant health and quality. This is demonstrated by the recent

Table 3 A summary of FMSN and non-FMSN DGT configurations used for in situ sampling of As

Binding phase Species Matrix Dominant system/
scheme

Key finding Ref.

Metsorb and
mercapto-silica

Total inorganic
arsenic and
As(III)

Water and
sediment

DGT, DET, ICP-MS Demonstrated the capabilities of the
DGT and DET techniques for
investigating arsenic speciation and
mobilization over a range of
sediment conditions.

Bennett et al. [95]

Zirconium (Zr)
oxide and
3-mercaptopropyl--
functionalized silica

Total As Sediment DGT, atomic
fluorescence
spectrometry (AFS)

Prove DGT is a reliable and
high-resolution technique that can be
used for in situ monitoring of the
labile fractions of As and Hg in
sediment in fresh water bodies.

Wang et al. [96]

Ferrihydrite (Fe) and
titanium dioxide (Ti)

As(III) Water DGT, DET, ICP-MS The concentration of arsenic in the pore
water of contaminated rice fields was
measured, and the importance of
pore water in the measurement of
arsenic was emphasized.

Garnier et al. [100]

Zn-ferrite (ZnFe2O4)
and
3-mercaptopropyl--
functionalized silica

Total As and
As(III)

Sediment DGT, ICP-MS The new Zn-ferrite binding gel is well
adapted for determining total As
concentrations, and phosphate
interference on Asmeasurements has
been demonstrated whatever the
binding gel.

Gorny et al. [97]

3-mercaptopropyl--
functionalized silica
and Metsorb

Total inorganic
arsenic and
As(III)

Water DGT, ICP-MS First used
3-mercaptopropyl-functionalized
silica as DGT binding phase to
selectively measure As (III), and
proved the feasibility of this method.

Bennett et al. [98]

3-mercaptopropyl--
functionalized silica,
ferrihydrite, Metsorb,
zinc ferrite, and
zirconium dioxide

Total As and
As(III)

Sediment DGT, ICP-MS Comparison of the adsorption capacity
of different binding gels and found
that the use of unconventional elution
factors to correct the interaction with
sulfides can improve the
determination of As (III) in
3-mercaptopropyl-functionalized
silica binding gels.

Gorny et al. [99]

273Curr Pollution Rep  (2020) 6:264–280



DGT-optode imaging of greatly enhanced fluxes of As, Pb,
and Fe(II) mobilization immediately adjacent to lateral root
tips (Fig. 4) that forms simultaneously within a zone of P
depletion and co-currently with a root-induced oxidation
front [104, 105]. 2D HR-DGT applications lend themselves
very well to this study, being a low-disturbance sampling
system that was initially developed for flooded wetland
sediments [105]. Following on from this work, Fang et al.
[74] expanded the range of species that can be measured in
a rice rhizosphere by developing a mercapto-functionalized
SBA-15 FMSN DGT for Sb(III) solute imaging. Compared
with commercia l ly avai lab le 3-mercaptopropyl-
functionalized silica, the newly synthesized FMSN was dis-
tributed more evenly within the sampler, making it a better
candidate material for LA-ICP-MS analysis. Furthermore,
the DGT multi-system was also deployed with an AgI gel
layer to study the influences of sulfur application on Sb(III)
solubility (Fig. 5) [74]. It was found that sulfur additions
were contributing to greater release of Sb(III) compared
with the non-amended control, and there was a strong spa-
tial trend between Sb(III) and S(-II). There were also

hotspots of mobilization that formed around root tip zones,
similar to the patterns observed for As and Pb [104, 105].

Traditionally, to extend the range of element/species
measurements captured by the DGT/optode systems,
binders have been mixed together, or the combination
of binder layers has been increased. What is exciting
about FMSN approaches is that these properties can be
potentially delivered by one binder phase, given the cor-
rect functionalization approach, providing a molecular-
based solution to expanding and improving chemical im-
aging delivery.

Limitations and Considerations for FMSN Use
in Soils

As documented in this review, FMSN are a diverse and rap-
idly developing class of materials with a wide array of differ-
ent physio-chemical properties. However, there is still a lot
that remains unknown about the immediate and persistent ef-
fects these incredibly versatile and varied materials can have

Fig. 3 Two-dimensional representation of SeIV and O2 around a set of
rice root. a Photograph of rice root grown in Se-contaminated soil. b
Visualization of SeIV around a set of rice roots. The outlined position of
root that is featured in (c) is indicated by gray dash markings. c SeIV

species in the soil solution with distance from the root zone. d Oxygen
distribution imaged by an O2 planar optode sensor [103]. Reprinted with

permission from Shi X, Fang W, Tang N, Williams P, Hu X, Liu Z, Yin
D,MaL, and Luo J. In situ selectivemeasurement of Se(IV) in waters and
soils: diffusive gradients in thin-films with bi-functionalized silica
nanopa r t i c l e s . Env i r onmen t a l Sc i ence & Techno logy .
2018;52(24):14140-14148.). Copyright (2020) American Chemical
Society
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on soil/plant health. Or what the interplays are when soil type,
management practices and climate all interact. Answering
some of these questions just involves more testing.
However, as a first principle, the toxicity of inorganics in
severely polluted soils would have a dominant influence on
soil processes and function. Therefore, reducing the mobility
of harmful metal(loids) would render a restorative effect.
However, this would of course be dependent on specific
FMSN, dosage, and the soil environment.

The greatest uncertainly, though, in terms of long-term
safety and behavior lies with the smallest of the FMSN tech-
nologies. Those Si materials, at the lowest end of the nano-
scale spectrum, even when not chemically functionalized, can
give rise to unexpected interactions with cellular biological
systems/metabolism. Sometimes, these are beneficial. For

example, in addition to the widely known antagonisms asso-
ciated with Si and As(III) uptake in plants. It has recently been
observed that SiO2 nanoparticles (NPs) provide additional
protection to plant cells subject to As stress, mediating a
strengthening of plant cell walls by increasing their thickness
and altering their composition [106]. Likewise, in maize, field
applications of SiO2-NPs resulted in a large improvement to
growth, but interestingly, there were disruptive effects as well
with the Si found to induce a pesticide response for the crop
during storage [107]. Similarly, some soil invertebrates dem-
onstrate avoidance behaviors to SiO2NP Santos et al. [108],
and it has been shown that they can increase soil bacteria
community diversity [109].

SiO2NP place within the top five commercial nanoproducts
globally [108, 110] with applications ranging from paint

Fig. 4 Solute fluxes around a set of four-week-old rice roots with SPR-
IDA DGT and O2 planar optodes. a Image of O2 distribution obtained
before the deployment of the sandwich sensor. The horizontal-dashed
lines show the soil-water interface (SWI). b 3D plot of O2 distribution
in the rice rhizosphere with the sandwich sensor, O+R indicates the
aerobic rhizosphere, O-B indicates the anaerobic bulk area. c 3D plot of
As fluxes in rice rhizosphere with the sandwich sensor. FM indicates flux
maxima around the root tip apice. D indicates the flux depletion zones. d
Fe fluxes in the rhizosphere. The green box shows the corresponding data
extraction region/transect used for PCA analysis. e Mn fluxes in the
rhizosphere. The yellow circles indicate flux microniches (label as M1).
f PCA plot of elements in different regions, aerobic rhizosphere (O+R),

non-rhizosphere/anaerobic soil (O-B), and flux maximal around root tip
apice (FM1). For all images, the metal fluxes (fDGT, pg cm−2 s−1) and
oxygen concentration (percent air saturation) increased sequentially with
the color scale shown from blue to white. The scales in the figure
represent the following ranges from 0 to 100% for O2, from 0.004 to
0.126 for As, from 0 to 42.144 for Fe, and from 0.71 to 22.39 for Mn
[104]. Reprinted with permission from Yin D, Fang W, Guan D,
Williams P, Moreno-Jimenez E, Gao Y, Zhao F, Ma L, Zhang H, and
Luo J. Localized intensification of arsenic release within the emergent
r ice rhizosphere. Environmental Science & Technology.
2020;54(6):3138-3147.). Copyright (2020) American Chemical Society
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stabilizers through to food agents [111]. Therefore, extensive
material flows of SiO2NP into the environment are already
ongoing [111]. However, when trying to isolate and under-
stand the already complex mechanisms of FMSN interactions
within the plant-soil continuum, it would be prudent to work
initially with larger particle size FMSN. Not only would these
have more predictable mobility in soils but they would sim-
plify the interpretation of the soil chemical trends, making it
easier to match a specific functionalization to its response in
situ.

Outlook/Conclusion

Global soil health continues to be threatened by trace element
pollution. This damage is inextricably linked to our continued

intensive agri and industrial activities, demand for natural re-
sources, and poor waste management and material recycling/
reuse. This land degradation can be broadly viewed as either a
general increase in metal loading into soil systems, or modi-
fication of existing elemental reservoirs, or a mixture of both
processes which results in enhanced bioavailability and toxic-
ity. New technologies are required to counter these pollution
challenges, and the behavior and properties of FMSN are
highly suitable for this mission. Firstly, Si is already a major
constituent of soils, and is highly stable in the environment. It
is these traits that provide a cost-effective and resistant plat-
form from which to optimize the functionalization which in
combination with the architecture of the pores and channel
networks within the Si controls the binding chemistries and
their specificities to desired targets. These dual physical and
chemical “levers” enable the production of materials with a

Fig. 5 Photograph of rice root
after planting in the blank soil (C)
and the soil treated with 100 mg
kg−1 sulfur (S) (top). High-
resolution 2D profiles of SbIII and
dissolved sulfide in the
rhizosphere of rice obtained by
MSBA-DGT (middle) and AgI-
DGT (bottom) for 24-h
deployments, respectively [74].
Reprinted with permission from
Fang W, Shi X, Yang D, Hu X,
Williams P, Shi B, Liu Z, and Luo
J. In situ selective measurement
based on diffusive gradients in
thin films technique with
mercapto-functionalized
mesoporous silica for high-
resolution imaging of Sb(III) in
soil. Analytical Chemistry.
2020;92(5):3581-3588.).
Copyright (2020) American
Chemical Society
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wide range of behaviors and characteristics that can be con-
trolled very precisely by the developers. Used predominantly
to clean waters and “wet” waste discharges, there is exciting
potential for more soil applications to reduce toxic metal up-
take in crops and as permeable reactive barriers to halt pollut-
ant plume migrations and protect vulnerable groundwaters.

The other aspect of FMSN applications is in their role in
environmental measurement. In this review, we have focused
on the use of FMSN in the widely used/popular passive sam-
pler DGT, examining this from the perspective of two soil
pollutant priorities Hg and As, alongside the emerging new
DGT applications of HR-2D ion-mapping. In conclusion, the
benefits FMSN in an environmental setting are gaining increas-
ing attention, as more application successes continue to be
shown. The versatility of the FMSN platforms is perhaps best
illustrated by their large range of uses, fulfilling a research need
across the diverse themes of pollutant characterization, analy-
sis, monitoring, prevention, treatment, and remediation.
However, there is still much to be discovered about how
FMSN perform in different soil environments, especially in
wetland agri-ecosystems like rice paddies where inorganic pol-
lutants such as As are of particular concern [105, 112]. It is in
these systems where in order to improve air quality, worldwide
bans on rice straw burning have resulted in the repurposing of
the straw which was once cycled back into the soil. This export
removes millions of tonnes of Si. This is of concern because of
links Si depletion has on harvest failures, rampant pest/disease
outbreaks, and enhanced plant uptake of As [113]. How FMSN
could play a role in efforts to resupply Si to these damaged soils
is still unresolved, but certainly for the worst metal-impacted
sites, its use carries appeal.
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