Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 02 2023. Downloaded on 21/06/26 02:17:46.

(cc)

Chem Soc Rev

TUTORIAL REVIEW

’ '.) Check for updates ‘

Cite this: Chem. Soc. Rev., 2023,
52, 5827

Received 6th May 2023

DOI: 10.1039/d2cs00683a

rsc.li/chem-soc-rev

Key learning points

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online
View Journal | View Issue

Current trends in the detection and removal of
heavy metal ions using functional materials
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The shortage of freshwater resources caused by heavy metal pollution is an acute global issue, which has
a great impact on environmental protection and human health. Therefore, the exploitation of new
strategies for designing and synthesizing green, efficient, and economical materials for the detection and
removal of heavy metal ions is crucial. Among the various methods for the detection and removal of
heavy ions, advanced functional systems including nanomaterials, polymers, porous materials, and
biomaterials have attracted considerable attention over the past several years due to their capabilities of
real-time detection, excellent removal efficiency, anti-interference, quick response, high selectivity, and
low limit of detection. In this tutorial review, we review the general design principles underlying the
aforementioned functional materials, and in particular highlight the fundamental mechanisms and specific
examples of detecting and removing heavy metal ions. Additionally, the methods which enhance water
purification quality using these functional materials have been reviewed, also current challenges and
opportunities in this exciting field have been highlighted, including the fabrication, subsequent treatment,
and potential future applications of such functional materials. We envision that this tutorial review will
provide invaluable guidance for the design of functional materials tailored towards the detection and
removal of heavy metals, thereby expediting the development of high-performance materials and
fostering the development of more efficient approaches to water pollution remediation.

A. Introduction to the hazards of heavy metal ion pollution and the necessity of water treatment.

B. Advantages and disadvantages of different materials for the detection and removal of heavy metal ions.

C. Applications of functional materials for wastewater treatment.

D. Current challenges and future developments.

1. Introduction

metal ions further exacerbates the current situation.'™ For
instance, mercury ions, a commonly occurring bioaccumulative

With the advancement of industrialization, global demand for
fresh water globally is expected to increase by 55% between
2000 and 2050. However, the contamination of water by heavy
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heavy metal ion pollutant, pose a significant threat to human
health and environmental ecology. Mercury is predominantly
generated by various anthropogenic activities such as coal
combustion, battery production, and waste incineration. Most
of the harmful Hg>" ions are distributed in aqueous solutions,
and their excessive presence in fish and water leads to severe
health problems, as demonstrated by the Minamata disease in
Japan. Mercury ions significantly influence human mental and
neurological functions by coordinating with thiol groups present in
proteins,*” while the interaction of copper ions with proteins and
enzymes in the body can lead to gastrointestinal problems, osteo-
porosis, and various diseases including Alzheimer’s disease.”
Similarly, exposure to lead ions is linked with cardiovascular effects,
increasing the blood pressure and raising hypertension rates of
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adults.>® Therefore, the development of real-time and highly effi-
cient sensors capable of detecting and removing metal ions is of
great importance. Organic molecular probes,” biomolecules,™
inorganic materials,"* and a range of optical artificial systems have
been used to construct functional materials for monitoring and
removing heavy metal ions. These functional materials exhibit rapid
recognition of heavy metal ions due to the mechanisms of photo-
induced electron transfer (PeT), aggregation-induced emission
(AIE), intramolecular charge transfer (ICT), Forster resonance energy
transfer (FRET), inner filter effect (IFE), chelation-enhanced fluores-
cence (CHEF), and chelation quenched fluorescence (CHQF). Mean-
while, the porous structure and surface functional groups of these
substrate materials play a critical role in the removal of heavy metal
ions, leading to an excellent uptake ability for heavy metal ions.
The specific mechanisms underlying detection and removal will
be reviewed in the subsequent sections. Up to now, various techni-

ques, including electrochemical analysis,">"* inductively coupled
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plasma mass spectrometry (ICP-MS),">'® atomic absorption
spectroscopy,'”*® and optical detection, have been explored for
the monitoring of heavy metal ions."”'® Among the developed
detection technologies, mass spectrometry (ICP-MS) and atomic
absorption spectroscopy are considered as the main techniques
for detecting heavy metal ions. However, these methods suffer
from drawbacks such as high cost, complexity, and long analysis
time, rendering them unsuitable for real-time online monitoring
of heavy metal ions. Fluorescence detection methods, on the other
hand, have emerged as a prominent approach for pollutant
detection due to their ease of operation, excellent responsiveness,
in situ monitoring capabilities, and high sensitivity.>*>**

In fact, traditional materials suffer from high cost, poor
stability, low sensitivity, long response time, and low removal
efficiency. Therefore, it is imperative to develop novel materials
and strategies with outstanding performance to overcome these
challenges. Functional materials that integrate detection
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and removal capabilities offer significant advantages in the
identification and elimination of heavy metal ions in water.
Most conventional materials exhibit limited functionality in
wastewater treatment, as they can only achieve singular detec-
tion or adsorption of heavy metal ions, thereby restricting their
widespread application. The use of functional materials for the
simultaneous detection and removal of pollutants in water not
only reduces treatment costs but also improves material per-
formance. When the adsorbent contains a probe, it can
enhance the mechanical properties of the adsorbent and sta-
bilize the probe, thereby improving water treatment efficiency.
So far, significant research has been devoted to establishing
various functional materials, including nanomaterials,**
polymer  materials,>»*>  porous  materials,>***®¥  and
biomaterials,**? for the treatment of heavy metal ions with
low detection limits, high sensitivity, high selectivity, and large
adsorption capacity. Each functional material possesses unique
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advantages and holds great potential in addressing the issue of
heavy metal ion pollution in practical applications. Firstly,
nanomaterials such as metal nanoprobes and photolumines-
cent carbon dots (CDs) have attracted attention in functional
system development due to their unique electronic, magnetic,
and optical  properties.>?*  Nanomaterials  provide
new strategies for constructing functional materials that can
accurately, conveniently, and rapidly detect and remove heavy
metal ions from water. Secondly, polymer materials possess
abundant reactive groups and favorable structures, making
them the preferred choice for constructing high performance
chemical sensors. Undoubtedly, polymer probes exhibit out-
standing recoverability, low cost, and advantages in green
detection (the probe is linked with the polymer so it can be
recycled and does not cause secondary contamination) when
applied in real samples.**** In addition, mesoporous silica,
metal-organic frameworks (MOFs), and covalent organic frame-
works (COFs), among other porous materials, have emerged as
popular systems for the detection and removal of heavy metal
ions due to their significant advantages, including extended
n-conjugated frameworks, large surface areas, tunable func-
tionality, and inherent porous structures.>>® Apart from the
aforementioned three types of functional materials, biocompa-
tible biomaterials have gained significant attention due to their
multifunctionality and compatibility with living systems. Mate-
rials such as proteins and peptides exhibit unique advantages
in constructing biosensors and medical devices.***°

Currently, extensive developments have been made in func-
tional materials to meet the growing demands of water pollution
control. Considering the advantages of these functional materials,
this review aims to summarize the latest progress in the detection
and removal of heavy metal ions using different types of func-
tional materials, including nanomaterials, polymers, porous
materials, and biomaterials (Fig. 1). Additionally, the future
prospects and challenges faced by these four material categories
are discussed, with the hope of inspiring novel ideas in the
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Fig. 1 Schematic diagram of functional materials fabrication and their
applications for detection and removal of heavy metal ions.

detection and removal of heavy metal ions and fostering a better
understanding of the future development in this research field.

2. Types of fluorescent probes for
heavy metal ion sensing

There are several types of fluorescent probes for sensing heavy
metal ions, such as molecular chromophores, nanomaterials,
metal organic frameworks (MOFs), covalent organic frameworks
(COFs), etc. Based on photophysical processes, fluorescent
probes respond to heavy metal ions mainly through several
signalling mechanisms including photo-induced electron trans-
fer (PeT), aggregation induced emission (AIE), intramolecular
charge transfer (ICT), Forster resonance energy transfer (FRET),
inner-filter effect (IFE), chelation-enhanced fluorescence (CHEF),
chelation-quenched fluorescence (CHQF) (Table 1).

2.1. Molecular chromophores

The addition of heavy metal ions into a solution containing a
fluorescent probe frequently induces fluorescence quenching
through mechanisms such as electron transfer, FRET, heavy
atom effect, and spin-orbit coupling (Fig. 2). For example,
Hg>" ions can markedly quench the fluorescence of ligands. In
2017, John and co-workers designed a pyrene-amino mercapto
thiadiazole fluorescent probe (Fig. 3a) for the detection of Hg>"
ions via a “turn-off’ mode, exhibiting three emission peaks at
378, 388 and 397 nm."' Significant fluorescence quenching
(96%) could be observed after binding with Hg>" ions (Fig. 3b),

Table 1 Examples of chromophores for the detection of heavy metal ions
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while other metal ions (e.g. Pb>" and Fe®") had little effect on the
fluorescence intensity. This probe exhibited a good linear corre-
lation with a wide range of Hg®" concentrations, providing an
impressive limit of detection (LOD) of 0.35 nM. The fluorescence
quenching mechanism of this probe was attributed to the heavy
atom effect induced by the Hg”" ions.

The majority of organic fluorescent dyes or fluorophores
exhibit strong fluorescence emissions in a solution state,
whereas their fluorescence emission intensity is reduced when
they are in a solid state or aggregated form.**> However, Tang
et al. observed that some flexible molecular systems exhibit
weak emission in the solution phase but strong emission at
high concentrations or when aggregated.*® Such Aggregation-
induced emission (AIE) molecular systems are now widely used
as fluorescent sensors and optoelectronic materials.** In 2020,
Feng and co-workers developed a non-planar tetraphenylethylene-
functionalized salicylaldehyde Schiff base fluorescent probe
(TPE-An-Py) (Fig. 3c) with aggregation-induced enhanced emission
(AIEE) properties via a classical Knoevenagel condensation
reaction.”> Its fluorescence spectrum in tetrahydrofuran (THF)
exhibited two emission bands at 477 nm and 598 nm corres-
ponding to the enol and ketone forms, respectively. The probe
can easily transfer from the enol form to the keto form via a photo-
tautomerization process under photoexcitation via the excited-state
intramolecular proton transfer (ESIPT). Based on a ligand-induced
complexation mechanism, coordination between Cu®* and the
nitrogen and oxygen atoms in the Schiff base result a selective
off response of TPE-An-Py towards Cu®" in a mixture of THF and
water (Fig. 3d). The detection limit of the probe for Cu®" was
determined to be 2.36 x 10’ M based on the “turn-off’ fluores-
cence detection. Meanwhile, this probe also provides a convenient
“naked eye” detection method for Cu®* ions, demonstrating its
promising potential as a sensitive and selective sensing platform
for heavy metal ions, which pave the way for the development of
novel fluorescent probes with tunable properties for a wide range of
applications in chemical and biological sensing.

Nevertheless, since fluorescent sensors based on a quenching
mechanism may provide false signals, they are less practically
applicable. Compared with turn-off sensors, turn-on sensors
exhibit higher accuracy in detecting heavy metal ions. In 2019,
Patra and co-workers designed a bis-Schiff base chemosensor
incorporating triazole moieties, which exhibits colorimetric
and fluorescent response towards Pb>* and Cu®" ions (Fig. 4a)
via a “turn-on” mechanism."® The free triazole probe exhibited a
weak fluorescence emission at 440 nm, which was attributed to a
non-radiative PeT process from the nitrogen to the excited
fluorophore. In the presence of Cu®>" or Pb** ions, a remarkable

Chromophores Signal Mechanism Analytes LOD (M) Ref.
Pyrene-amino mercaptothiadiazole Fluorescence quenching Heavy atom effect Hg>* 0.35 x 107° 41
TPE-An-Py Fluorescence quenching CHQF cu* 2.36 x 1077 45
Schiff base Fluorescence increase ICT Pb** 1.24 x 1073 46
Tmbipe Fluorescence increase CHEF Hg”*, MeHg" 6.30 x 107*° 47
H,Pc, ZnPor Ratiometric response FRET pb** 4.10 x 107° 49
Tetraphenylene, Rho Ratiometric response DTBET Hg”" 1.50 x 10° 50

5830 | Chem. Soc. Rev, 2023, 52, 5827-5860
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Fig. 3 The synthesis of “turn-off” fluorescent probes and their fluorescence spectra for detecting heavy metal ions. (a) Pyrene-based fluorescent probe
for detection of Hg?* ions with turn-off response. (b) Fluorescence spectra of PYAMT in the presence of Hg?*. Reproduced from ref. 41 with permission
from Elsevier B.V. Copyright 2017. (c) Synthetic route to probe TPE-An—Py. (d) Fluorescence response of TPE-An—Py on addition of Cu®*. Reproduced
from ref. 45 with permission from Royal Society of Chemistry. Copyright 2020.

amplification of fluorescence intensity by approximately 15-fold observed upon the addition of other metal ions. The LOD for
and 17-fold, respectively, was observed at 440 nm (Fig. 4b), Pb®" and Cu®*" ions were determined as 0.99 mM and 1.24 mM,
accompanied by a blue shift of the emission wavelength to respectively. The underlying mechanism for the observed
412 nm. In contrast, no significant spectral changes were enhancement was attributed to the coordination of Pb** or Cu®*

This journal is © The Royal Society of Chemistry 2023 Chem. Soc. Rev,, 2023, 52, 5827-5860 | 5831
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Fig. 4 The synthesis of “turn-on"” fluorescent probes and their fluorescence spectra for detecting heavy metal ions. (a) Synthesis of fluorescence probe L.
(b) Fluorescence response of L after adding different metal ions. Reproduced from ref. 46 with permission from Royal Society of Chemistry. Copyright 2019.
(c) Structure of Tmbipe and its application. (d) Fluorescence spectra of the Tmbipe probe in presence of MeHg*. Reproduced from ref. 47 with permission

from Royal Society of Chemistry. Copyright 2019.

with the triazole moieties and imine unit, which impedes the PeT
process and reinforce the ICT process. Subsequently, Yuan and
co-workers reported a benzimidazole-modified 1,1,2,2-tetrakis[4-
(3-methyl-1H-benzimidazol-1-yl)phenyljethylene tetraiodide (Tmbipe)
probe (Fig. 4c) for the detection of Hg>".*” The probe exhibits
negligible fluorescence emission in aqueous media. Which
was attributed to the C-C bonds between phenyl rings and
C=—C bonds and the C-N bonds between phenyl rings and
benzimidazoles exhibiting high rotational freedom, which
diminished the molecular planarity, while concurrently
increasing the possibility of radiationless relaxation. As such
the probe exhibited significant fluorescence enhancements
with Hg>" and organic mercury (MeHg" and PhHg") (Fig. 4d).
It was proposed that Hg®" can coordinate with two benzimida-
zole units to form a binuclear tetracarbene Hg>" complex, which
is similar to the reported Ag" or Au” tetracarbene complexes.*®
Therefore, free rotation is restricted due to formation of a closed
macrocyclic structure, which triggers the fluorescence enhance-
ment. Dynamic light scattering (DLS) results indicated that the
average size of the probe in solution increased dramatically from
1.3 nm to 1000 nm after the addition of Hg>*, confirming the
formation of large aggregates.

The dual-channel signal based on the FRET effect provides more
accurate and stable response when compared to single-channel
signaling. Jiang and co-workers designed a phthalocyanine-
porphyrin hetero-triad H,Pc-B-(ZnPor), probe for the ratio-
metric fluorescence detection of Pb*>* ions (Fig. 5a).*° The
ratiometric fluorescence response relied on the coupled
FRET and a metal-chelating induced fluorescence quenching.

5832 | Chem. Soc. Rev., 2023, 52, 5827-5860

Specifically, the probe exhibited highly efficient intramolecular
FRET from the two zinc-porphyrin (ZnPor) units to the metal-
free phthalocyanine (H,Pc) unit. Selective binding of Pb** to
H,Pc effectively quenched the emission of the phthalocyanine
unit, and the emission of the ZnPor units recovered due to
suppression of the intramolecular FRET process, resulting in an
obvious ratiometric fluorescent response (Fig. 5b). The addition of
Pb** resulted in a significant 82-fold increase in the emission
intensity ratio of ZnPor and H,Pc, and a good linear relation-
ship to Pb>" concentrations over a range from 0-2.0 UM was
observed, resulting in a LOD value of 4.1 nM that was not
affected by other heavy metal ions. Tang and co-workers devised
a dark through-bond energy transfer (DTBET) strategy for the
development of high-performance ratiometric Hg>* sensors
(Fig. 5¢).°° The system used a tetraphenylene (TPE) derivative
with AIE characteristics as the dark donor to eliminate the
leakage of donor emission. Energy transfer from the TPE deri-
vative (dark donor) to the rhodamine unit (acceptor) proceeded
with an energy transfer efficiency (ETE) of 99%. The through-
bond energy transfer (TBET) mechanism was used due to the
reduced sensitivity to spectral overlap than FRET, allowing for
greater flexibility in the design of the system with large pseudo-
Stokes shifts. The addition of Hg>" results in two distinct effects:
(i) the generation of a rhodamine core, leading to increased PL at
595 nm and decreased PL intensity of the TPE moiety due
to rapid and efficient TBET processes; (ii) the reduction of sensor
aggregation, resulting in a fluorescence decrease of the TPE
unit (Fig. 5d). The sensor exhibited an ultra-high ratiometric
enhancement and a very low detection limit of 0.3 ppb. Therefore,

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 The synthesis of “ratiometric” fluorescent probes and their fluorescence spectra for detecting heavy metal ions. (a) The sensing mechanism of
ratiometric probe for Pb2*. (b) fluorescence spectra of triad 1 upon addition of Pb?*. Reproduced from ref. 49 with permission from Elsevier Ltd.
Copyright 2019. (c) The sensing mechanism of p/m-TPE-RNS for Hg?*. (d) Fluorescence spectra of 10 mM m-TPE—RNS under different concentrations
of Hg®*. Reproduced from ref. 50 with permission from Royal Society of Chemistry. Copyright 2017.

the combination of AIE and DTBET is a good design strategy for
the development of high-performance sensors.

To improve the removal efficiency of heavy metal ions,
molecular fluorescent probes have been incorporated into poly-
meric and porous materials. Such integration enables the simul-
taneous detection and removal of heavy metal ions, providing
a comprehensive solution for environmental monitoring and
remediation.

2.2. Nanomaterials

Nanomaterials are substances whose physical dimensions are
within the nanoscale range, typically ranging from 1 to 100
nanometers, or those that possess a nanoscale internal struc-
ture or surface morphology. In general, common nanomaterials
used in sensing heavy metal cations include metal nano
materials,”>®> nano carbon materials,”®** and nanofiber
materials.®>*® Such nanomaterials exhibit special properties
including surface effects, small size effects, quantum effects,
and macro quantum tunnel effects.’” These properties contri-
bute to their high sensitivity and selectivity. Consequently, a
plethora of nanomaterials have been used for the purpose of
detecting heavy metal ions in wastewater.’%>°

2.2.1. Metal nanomaterials. Metallic nanoparticles have
gained considerable attention as fluorophores due to their size-
dependent electronic transitions and high fluorescence emission
intensity. Amongst which, gold and silver nanoparticles have
emerged as promising sensing platforms, owing to their unique

This journal is © The Royal Society of Chemistry 2023

interaction with heavy metal ions, such as the D;,-D;, interaction
between gold nanoparticles and Hg**,°*"** which results in excel-
lent performance for the detection of heavy metal ions.®®
Zhang and co-workers constructed highly luminescent gold-thiol
nanocrystals (SMBD@AuUNCs) for Hg>" detection using a simple
one-pot method with 2-mercaptobenzimidazole-5-sulfonic acid
sodium salt (SMBD) (Fig. 6a).°® The 2-mercaptobenzimidazole-5-
sulfonic acid sodium salt contains a thiol group, an imidazole
ring and a sulfonate group attached to an aromatic ring, which
can be used as an effective stabilizer and reducing agent. The
fluorescence of SMBD@AuUNCs was rapidly and significantly
quenched after binding with Hg*" (Fig. 6b). Hg>" resulted in the
fluorescence quenching of AuNCs due to the formation of a
metallophilic bond between the 5d;, centers of Hg”* and Au*
with high specificity and affinity. The Hg-Au amalgam formed by
the enhanced interaction between Hg>* and Au’, significantly
quenches the fluorescent AuNCs. The detection limit for Hg>* was
0.5 nM with a linear range from 4.0 nM to 20.0 uM (R* = 0.999),
enabling the detection of trace amounts of Hg”" in real water
samples. Similarly, Liu and co-workers designed a colorimetric
probe for Hg>" with high sensitivity and selectivity employing
gold nanoparticles (AuNPs) as the sensing moiety (Fig. 6c).®”
The sensing mechanism relies on the formation and aggregation
of Au-Hg alloy, leading to a distinct tri-color transition from
red (representing AuNPs) to sandy beige (indicating the formation
of Au-Hg alloy) and finally to celandine green (corresponding
to larger Au-Hg alloy) (Fig. 6d). Specifically, in the presence of
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Fig. 6 The synthesis of metal nanoprobes and their sensing mechanisms for heavy metal ions. (a) The synthesis of SMBD@AUNC:s. (b) Fluorescence
response of SMBD@AUNCs under different concentrations of ng*. Reproduced from ref. 66 with permission from Elsevier B.V. Copyright 2019.
(c) Synthesis of SH-HPEI and the fluorescence response to Hg?*. (d) Photographs and UV-vis absorption spectra of AuNPs. Reproduced from ref. 67 with
permission from Elsevier B.V. Copyright 2017. (e) The sensing mechanism of fluorescent probes for detection of Hg?*. (f) The fluorescence response of
RhB with AuNPs and NaBH, under different concentrations of Hg?". Reproduced from ref. 68 with permission from Royal Society of Chemistry.

Copyright 2017.

ascorbic acid, Hg** undergoes reduction to Hg’, which subse-
quently gets deposited onto the surface of AuNPs, resulting in the
formation of Hg-Au alloys and a distinct color change from red to
sandy brown. In contrast to conventional colorimetric assays that
typically exhibit a single-color change from red to blue or purple,
this assay demonstrates exceptional selectivity for Hg>" detection.
The possibility of encountering identical three-color transitions
induced by interfering agents is remarkably low, rendering this
assay highly selective for Hg>* sensing. The detection limit of this
colorimetric sensor towards Hg>" was 8.76 x 10~° M with a good
linearity over a range from 8.76 x 10~ ° to 1.27 x 10~ * M. Notably,
the introduction of multi-mercapto-functionalized hyperbranched
polyethyleneimine, possessing abundant thiol and amine groups,
to the solution induces the aggregation of Hg-Au alloys, leading to
the formation of larger Hg-Au alloys and a color transition from
sandy yellow to green. This unique colorimetric response enables

5834 | Chem. Soc. Rev., 2023, 52, 5827-5860

the sensitive and selective detection of Hg?*. Due to the three
colour changes in the gold nanoparticle system, this sensing
platform exhibits promising potential for high-performance detec-
tion of Hg”" with exceptional sensitivity and selectivity, offering
new opportunities for environmental monitoring and analytical
applications.

Wang and co-workers used AuNPs as chemosensors for the
dual signal amplification detection of Hg>" (Fig. 6€).°® This
simple method presents some notable advantages, including
simple synthesis, rapid response, exceptional selectivity, and
high sensitivity. The proposed system relies on the formation of
gold amalgam and a gold amalgam-based reaction involving
rhodamine B (RhB) and NaBH,, which exhibits fluorescence
and colorimetric sensing functionalities. RhB was strategically
selected as the visible signaling reporter due to its remarkable
attributes, including long-wavelength absorption and emission,

This journal is © The Royal Society of Chemistry 2023
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high absorption coefficient, exceptional quantum efficiency,
and superior photostability. Notably, the strong and specific
D;o-D;, metallophilic interaction between Au® and Hg”* facil-
itates the catalytic reduction of RhB by the as-formed gold
amalgam, leading to simultaneous changes in fluorescence and
color of RhB (Fig. 6f), thus enabling dual signal amplification.
Remarkably, the reduction product of RhB can be readily
oxidized to regenerate RhB in air, allowing for repeatable and
reusable utilization of the prepared sensor. To sum up, due to
the specific interaction between metal nanomaterials and heavy
metal ions, heavy metal ions can be identified precisely and
sensitively in solution. Therefore, metal nanoparticles are
promising practical tools for heavy metal ions detection.

2.2.2. Carbon dots. Carbon dots (CDs) are quasi-spherical
particles with a diameter of less than 10 nm that can be
prepared by simple methods,®*”> and exhibit significant
potential for wastewater treatment due to their adventitious
properties, such as tunable photoluminescence (PL),”*”* eco-
friendliness, low bio-toxicity and multiple active sites.”®””
Moreover, the intricate interplay of complexation and electron
transfer phenomena between the surface-active functional
groups and the graphite-like core of CDs with heavy metal ions
results in the selective quenching of fluorescence emission
from CDs.”®”® This phenomenon arises from the intricate
coordination chemistry and redox interactions that occur at
the interface of CDs and heavy metal ions, leading to the
modulated emission behavior of CDs. This elucidates the
multifaceted nature of CDs and their potential for tailored
sensing and detection applications in the realm of heavy metal
ion detection.

Currently, CDs can be synthesized using two strategies, a
top-down or bottom-up approach (Fig. 7).5° The top-down
method involves the fragmentation of a wider range of carbon-
based materials (graphite, carbon black, graphene oxide, etc.)
into quantum-sized particles by chemical oxidation or electrical
discharge, laser ablation, and acid exfoliation under harsh
synthetic conditions. In 2021, Carbone and co-workers synthe-
sized nitrogen-doped carbon quantum dots (N-CQDs) (Fig. 8a) by

Graphite Carbon nanotubes Graphene

Chemical oxidation
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a top-down method using fullerene as the raw material.** Since
the opening of the fullerene rings requires a mixture of hydrogen
peroxide (H,O,) and ammonia (NH,OH), which generates oxyge-
nated and nitrogenated functional groups. The process of
hydroxyl-radical-induced opening of fullerene results in the
modification of the surface of the resulting carbon quantum
dots (CQDs) with various functional groups including hydroxyl
(-C-OH), carboxyl (-CHO, -COOH), ether and/or epoxy (-C-O-C-),
amine (-C-NH,), and amide (-CO-NH,, x = 1, 2) moieties. XPS
and Fourier transform infrared spectroscopy (FTIR) confirmed
that the surface of the synthesized carbon dots was rich in
reactive groups (hydroxyl, carboxyl and amino groups), which
could provide sufficient reactive sites for heavy metal ion
chelation. When Cu®' and Cr®' are added, the fluorescence
intensity of the CDs was reduced by 44% and 60%, respectively
(Fig. 8b). However, the high price of raw materials, complex
preparation process, and relatively low yield results in a the high
cost for the preparation of these CDs.®* Therefore, alternative
approaches are required to improve the synthetic methods
towards such CDs. The top-down methods for the synthesis of
carbon dots typically require harsh conditions and high costs. In
most cases, this method of synthesizing CDs is challenging and
time-consuming.

Compared to top-down strategies, bottom-up approaches
have significant advantages such as mild reaction conditions,
rich carbon resources and better material morphology.®® This
method is also known to be a green method of synthesizing
CDs. Since, many renewable green resources are used to pre-
pare CDs such as lemons, honey, flowers, and silk.** Bottom-up
approaches for the preparation of CDs include small molecule
condensation, cross-linking or carbonization by hydrothermal
methods, pyrolysis and microwave-assisted synthesis.®*™®”
These methods are simple, low cost, and eco-friendly, resulting
in the green synthesis of CDs. In 2019, Liu and co-workers
synthesized fully water-soluble nitrogen-doped carbon dots
(N-CDs) using barley as the carbon source and ethylenediamine
as the nitrogen source for the detection of Hg>" (Fig. 8c).®® XPS
and FTIR spectra confirmed that N-CDs carry a large number of

Arc discharge

Laser ablation
Electrochemistry

Completed S S¥
carbonization

Fig. 7 Schematic illustration of the synthesis of CDs via top-down and bottom-up methods. Reproduced from ref. 80 with permission from Wiley-VCH.

Copyright 2021.
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Fig. 8 The synthesis of CDs via top-down (or bottom-up) and their fluorescence response to heavy metal ions. (a) Preparation of fluorescent N-CQDs.
(b) The fluorescence spectra of N-CQDs-15 h in the presence of different metal ions. Reproduced from ref. 81 with permission from Multidisciplinary
Digital Publishing Institute Copyright 2021. (c) The preparation of the N-CDs. (d) The fluorescence response of the N-CDs under different concentrations
of Hg?*. Reproduced from ref. 88 with permission from Multidisciplinary Digital Publishing Institute. Copyright 2019. (e) Synthesis of dual- and three-
emission CD nanohybrids for ratiometric fluorescent sensing of Pb2* and Hg?*, respectively. (f) Fluorescence spectra of the three-
emission CD nanohybrids before and after its application for the analysis of a blank sample. Reproduced from ref. 89 with permission from Elsevier

B.V. Copyright 2019.

reactive hydrophilic groups (oxygen and nitrogen containing
functional groups) on their surface. The remarkable fluores-
cence quenching observed in the N-CDs is attributed to the
robust chelating ability of Hg®>" ions towards the carboxylic
functional groups on the surface of N-CDs, as depicted in
Fig. 8d. This interaction leads to the formation of a non-
fluorescent complex, facilitating non-radiative electron/hole
annihilation through an efficient electron transfer process.
Therefore, the fluorescence of N-CDs is effectively quenched
through a static quenching mechanism. In addition, the N-CDs
are environmentally friendly since the N-CDs were prepared
using natural biomass as the raw materials. Similarly, Zhang and
co-workers have successfully developed two new dual-emission

5836 | Chem. Soc. Rev., 2023, 52, 5827-5860

and triple-emission CD nanohybrid ratiometric fluorescent
nanosensors for the simple, sensitive and specific detection of
Pb** and Hg** in complex environmental water samples, respec-
tively (Fig. 8e).*® These two novel CD hybrids were prepared by
solvent heat treatment of the same bamboo leaf extract. This
method is characterized by its simplicity, cost-effectiveness,
environmental sustainability, and practicality, as it circumvents
the need for post-modification of CDs or co-incorporation with
other fluorescent probes. Notably, these newly developed nano-
sensors exhibit built-in correction capabilities owing to their
dual emission behavior, enabling detection limits as low as
0.14 nM and 0.22 nM for Pb** and Hg*" respectively (Fig. 8f).
The system was particularly sensitive for the selective detection

This journal is © The Royal Society of Chemistry 2023
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of these analyte ions, indicating the unlimited possibilities of the
nano-probe in chemical analysis of real samples.

In order to meet the demand for both detection and removal
of heavy metal ions, researchers have explored the integration
of nanomaterials into polymer matrices. The incorporation of
nanomaterials within polymer matrices results in excellent
functional materials capable of the simultaneous detection
and removal of heavy metal ions.

2.3. DNA or RNA Biomaterials

The interaction of heavy metal ions with DNA, RNA and other
biomolecules provides biomaterials with a remarkable advan-
tage in terms of selectivity, thus facilitating the recognition and
elimination of heavy metal ions. Specific aptamer-target inter-
actions (T-Hg?*-T) in the presence of Hg** and aptamer make
biomaterials functional for the detection of Hg>*. Wu and co-
workers developed a Hg>" sensing platform based on T-Hg**-T
pairing using a single-channel recording technique for the
detection of Hg>".?° The presence of Hg>" can be confirmed at
around 7 nM within 30 min. The sensor is manufactured from
off-the-shelf materials, does not require synthesis, purification,
or probe fabrication processes, and is highly selective for Hg>"
without interference from other metal ions. This sensing strategy
opens new possibilities for the detection of many types of
analytes that have specific interactions with DNA molecules.

In recent years, significant advancements have been made
in enhancing the sensitivity of sensors for Hg>*. In 2017, Chen

View Article Online
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and co-workers reported a versatile and sensitive colorimetric
sensor for Hg** based on aptamer-target specific binding and
target-mediated growth of AuNPs.”" T bases were used to detect
Hg>" by T-Hg>*-T coordination (Fig. 9a) and a detection limit
of 9.6 x 10~° M (Fig. 9b) was determined, different lengths of
aptamer effected the sensitivity of Hg>" detection. Starting with
the 15-mer aptamer, the DNA sequences were extended and
truncated to produce 25-, 59- and 8-mer (8T) sequences, and it
was found that the detection performance of the 25-mer and
59-mer aptamers was greater than that of the 15-mer aptamer.
In the presence of Hg>*, T-Hg”*-T coordination makes the
T-base sequence detach from the AuNP surface, while the addi-
tional A base sequence remains adsorbed on the AuNP surface,
thus differences in the number of DNA strands adsorbed may lead
to morphological changes in the grown AuNP. This also indicates
that the increased sensitivity due to prolonging aptamer strands
can result in enhanced LOD. In 2021, Liu and co-workers devel-
oped a simple method to covalently incorporate unmodified DNA
oligonucleotides to hydrogel nanoparticles and monoliths using
As as an anchoring block (Fig. 9¢).> Various functional DNA
sequences were ligated by designing DNA containing As blocks.
The DNA was folded into a hairpin shape after Hg”* mediated
T-Hg>*-T formation. The DNA functionalized hydrogels were
utilized to detect Hg”* ions, demonstrating a remarkable detec-
tion limit of 10 nM (Fig. 9d). The thymine interaction with Hg*" is
particularly important for sensing applications. All the methods
based on this interaction show excellent selectivity over other
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Fig. 9 The specific receptors with strong metal binding ability of DNA or RNA biomaterials to facilitate the detection of Hg?*. (a) The sensing strategy for
the colorimetric detection of Hg* based on the growth of AuNPs induced by different amounts of bases (adenine and thymine). (b) Absorption spectra of
AuNPs grown in the presence of Hg?* and other interfering heavy metal ions. Reproduced from ref. 91 with permission from Wiley-VCH. Copyright 2017.
(c) The sequence of the AsDNA3 and Hg?" binding to AsDNA3 containing hydrogel nanoparticles. (d) Fluorescence spectra of Hg?* binding to AsDNA3
hydrogels. Reproduced from ref. 92 with permission from Wiley-VCH. Copyright 2021.
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heavy-metal ions due to the high specificity and strength of the
complex formed with Hg>", which ensures that such biomaterials
are ideal for heavy metal ions sensing. A similar approach was
used in 2022 to fabricate supramolecular polymers with high
efficiency for the detection and removal of Ag™ ions.”® Through,
the incorporation of functional macrocycles and fluorescent
molecules into the supramolecular polymers, an ideal material
for detection and removal applications could be developed, offer-
ing new avenues for pollutant monitoring and environmental
remediation. This innovative strategy holds great potential in the
field of pollution detection and environmental management.

3. Chromophore incorporated
Polymeric Materials

Polymeric sensing materials, consisting of fluorescent probes
and a hydrophilic polymer matrix, have drawn significant
attention due to their remarkable ion-specific selectivity and
exceptional sensitivity.'>** A hydrophilic polymer is preferred,
since while conventional hydrophobic polymers are more effec-
tive for heavy metal ion removal, they exhibit limited detection
ability in waste water. While, fluorescent probes are difficult to
remove from the sample for recycling, which limits their
application in real water samples or wastewater.”> To tackle
these problems, hydrophilic functional polymer materials with
good sensing and removal abilities have been constructed
(Fig. 10). Notably, the advantages of polymer-based functional
systems are as follows: (i) additional adventitious properties are
provided by functional polymer materials (e.g. good mechanical
properties, pore size structure, hydrophilicity and reusability,
etc.); (ii) larger reactive regions and more binding sites available
on functional polymers;’® (iii) the loading and encapsulation of
fluorescent materials using polymers can improve the stability and
enable them to be used for a variety of environmental applications;
(iv) some polymers can be designed to be degradable, which allows
them to break down into harmless substances in the environment,
reducing their impact. In addition, the mechanical properties of
polymers can also impart fluorescent materials with good proces-
sability. It should be noted that the advantages of polymer-based
functional systems are not limited to the polymers themselves. In
many cases, these systems can be carefully designed to possess
additional functionalities, such as optical, electrical, or magnetic
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properties. As a result, polymer-based functional systems have
broad applications in various fields, including environmental
remediation, and also energy storage.

3.1. Membrane-based materials

Membrane filtration is an effective separation technique that
uses the selective permeability of a membrane under the influ-
ence of a driving force, such as pressure, to effectively separate
substrates. Polymeric membranes exhibit great promise for
heavy metal ion removal due to their ease of processing, high
mechanical strength and acceptable separation performance.
Nevertheless, while conventional polymeric membranes exhibit
good retention ability for heavy metal ions, the ability to identify
heavy metal ions requires improvement. As such polymer mem-
branes can be modified to have the ability to both identify and
remove heavy metal ions. The hydrophilicity and pore size of the
modified polymer membrane will also be modified, potentially
enhancing the retention capacity of the polymer membrane for
heavy metal ions (Fig. 11). In addition, the polymer structure can
provide a good carrier for chromophores, which enhances the
stability and reusability of the chromophores.

Chuang and co-workers designed a novel functional
membrane material for the detection and removal of Cr(v)
(Fig. 12a).%” Phthalocyanine (Pc) derivatives and hyperbranched
polyamidoamines (HPAMAM) were coupled to polytetrafluoro-
ethylene (PTFE) membranes modified with furan groups via the
Diels-Alder (DA) reaction. Fluorescence quenching occurs
when Pc forms chelates with specific heavy metal ions
(Fig. 12b). To mitigate the rapidly flow of detected heavy metal
ions, hyperbranched poly(amidomethylamine) (PAMAM) can
effectively sequester heavy metal ions through the formation of
chelates. The intricate dendritic architecture of PAMAM, func-
tionalized by numerous primary and tertiary amine groups,
enables it to retain heavy metal ions through chelation,*®°%71>
In addition, after modification by HPAMAM and Pc, the surface
pore structure of the membrane is partially filled with a thick
polymer layer, resulting in the average pore size of the
membrane being reduced from 2.3 pm to 1.3 pm. Significantly,
the 145.2 + 0.17° contact angle of the extremely hydrophobic
neat PTFE membrane was decreased to 57.7 £ 0.80° by the
hydrophilic polymer HPAMAM. The membrane surface pore size
was decreased by the polymer layer following HPAMAM)/Pc
modification, and the decreased hydrophobicity improved water
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Fig. 10 A comparison of the strengths and weaknesses of the traditional polymers and functional polymers.
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Fig. 12 The preparation of functional polymer membranes and their sensing and removal for heavy metal ions. (a) The preparation of HPAMAM/Pc PTFE
membrane. (b) The fluorescence spectra of HPAMAM/Pc PTFE membrane with Cr(vi) ions adsorbed. Reproduced from ref. 97 with permission from
Elsevier Ltd. Copyright 2019. (c) The comparison of the cellulose membrane, GO-cellulose membrane and modified NGC membrane. (d) Fluorescence
intensity of probe 1 attached to the cellulose membrane with and without a GO coating.

permeation.'”™% Moreover, the reversible Diels-Alder (DA)
reaction between furan and maleimide moieties, operating
under thermal conditions, endows the membrane with selective
regenerative properties. Hence, the integration of multiple func-
tional materials within a single membrane holds immense

This journal is © The Royal Society of Chemistry 2023

potential for enabling synergistic effects for a diverse range of
applications. However, this functional membrane material faces
the difficulties of complicated preparation and does not readily
biodegrade. In general, using natural substances (e.g. cellulose,
chitosan and lignin etc.) to synthesize polymers can fully reduce
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the secondary pollution caused by the polymer adsorbents to
the environment. Li and co-workers devised a biodegradable
fluorescent cellulose membrane by direct dip-coating of gra-
phene oxide (GO) with a naphthalimide fluorescence probe
(Fig. 12¢)."° GO can be immobilized directly onto a cellulose
surface via hydrogen bonding. The resulting composite material
exhibits a significantly enhanced surface area, as confirmed by
the Brunauer-Emmett-Teller (BET) measurement, which reveals
an increase from 4.813 m* g~' to 12.660 m* g~ '. This marked
increase in surface area provides a larger reaction interface,
thereby facilitating a 300% increase in available binding sites
for efficient removal of Cu**. Meanwhile, when Cu** coordinates
with the nitrogen on the naphthalimide the fluorescence of the
probe molecule changes (Fig. 12d). The detection limit and
removal limit for Cu®* were 7.3 x 10”7 M and 100 ppm. Notably,
immersion of a cellulose film in the GO suspension engenders
not only enhanced binding between the cellulose film and
fluorescent molecules through augmented stacking, but also
modulates the surface wettability. Following GO modification
of the cellulose membrane, the contact angle between water
drops and the film was observed to decrease from 81.0 £ 0.31° to
54.2 + 0.21°, reflecting a heightened hydrophilicity. EDS-
mapping revealed that Cu®" ions were uniformly distributed
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within the cellulose layer subsequent to filtration, indicating
that Cu®" removal was achieved via absorption. Furthermore, the
even dispersion of Cu®>" throughout the membrane further sug-
gests an effective adsorption process. In addition, the recyclability
of the membrane materials indicates that the GO membranes
exhibit good Cu®" removal capacity even after several recycling
cycles. This study presents a rapid and cost-effective methodology
for fabricating fluorescent cellulose materials through doping
with fluorophores. The resulting materials can be utilized for
both heavy metal ion removal and sensing applications, which
represents a convenient and versatile solution.

Dong and co-workers have successfully fabricated self-
supporting flexible nanofiber membranes (NMs) composed of
amidated polyacrylonitrile (aPAN) and branched polyethylene-
imine (BPEI) via a facile electrospinning technique combined
with a subsequent hydrothermal process (Fig. 13a),'°” in which
NMs not only serve as strips for visual detection of Cu®", but also
demonstrate excellent performance as adsorbents for the effi-
cient removal of Cu*>" from water. The Cu®" ions are captured by
the aPAN/BPEI NMs, where they interact with the abundant
amino groups in polyethyleneimine, resulting in a noticeable
colour change in the NMs. This unique property allows for
simultaneous detection and removal of Cu®" with an impressive
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Fig. 13 The sensing and removal mechanism of functional polymer membranes for heavy metal ions in. (a) The preparation of aPAN/BPEI NMs and
detection/removal of Cu®*. Reproduced from ref. 107 with permission from American Chemical Society. Copyright 2021. (b) The preparation of anti-ACQ
materials. (c) The optical image of CAM under natural light and ultraviolet light and the optical image of anti-ACQ material under natural light and

ultraviolet light.
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filtration capacity of 209.53 mg g~ . The filtration process also
facilitates preconcentration of Cu®’, thereby further enhancing
the sensitivity and adsorption capacity of the aPAN/BPEI NMs.
Notably, the aPAN/BPEI NMs exhibit exceptional selectivity
and recovery, accompanied by a simple treatment process.
Furthermore, in contrast to powdered materials, the flexible
and bulk self-supporting membranous structure of aPAN/BPEI
NMs offers a significantly enlarged specific surface area, which
facilitates the detection and absorption of Cu**, and allows for
easy separation from aqueous solution, thereby greatly enhan-
cing the operability of the materials and minimizing the risk of
secondary environmental pollution. Nevertheless, further
improvement in the sensitivity of aPAN/BPEI NMs is required.
In 2019, Li and co-workers developed a new “cellulose spacer”
strategy.'®® Specifically, when modifying the membrane with
fluorescent dyes, conventional fluorophores are prone to experi-
encing aggregation-caused quenching (ACQ), which can poten-
tially undermine their effectiveness in sensing applications.
However, fluorescent solid nanomaterials can be prepared by
assembling nanocellulose with coumarin based probe molecules
(Fig. 13b and c). Nanocellulose exhibits hydrogen bonding
interactions with hydroxyl-containing coumarin, which serves
as a spacer that prevents the m-n stacking of coumarin. The
membrane exhibits excellent sensing and filtration performance
for Hg”*, along with excellent recovery and biocompatibility.
Therefore, the utilization of the “cellulose spacer” strategy for the
assembly of fluorescent materials with sensing and removal cap-
abilities holds great promise in various applications, particularly in
the field of heavy metal ion sensing and removal. This approach
offers a versatile and effective means to create fluorescent materials
that possess desired properties, allowing for precise control over
their performance. Such an approach spans a wide range of
applications, making it a compelling method for addressing chal-
lenges in water treatment and heavy metal ion sensing.

The above composite membrane materials used for the effec-
tive detection and removal of heavy metal ions can be obtained by
modifying simple membrane materials with fluorescent dyes and
other small molecules. However, the ability of the membrane for
the removal of heavy metal ions needs to be improved when
compared with other polymeric materials.

3.2. Hydrogel-based materials

The distinct physical and chemical properties of hydrogels,
including their intricate three-dimensional porous structure,
abundant functional groups, binding sites, inherent hydrophili-
city, exceptional swelling capacity, and facile modification, have
sparked significant attention towards the advancement and
utilization of novel hydrogel materials for the treatment of
wastewater. Hydrogels have demonstrated remarkable efficacy
in the adsorptive elimination of diverse inorganic pollutants,
including heavy metal ions, as well as organic pollutants, such as
toxic dyes.'’ Nevertheless, hydrogels crosslinked through phy-
sical means using natural polysaccharides such as chitosan or
cellulose suffer from insufficient mechanical strength, instability
in acidic environments, and limited active site diversity, thereby
constraining their potential as versatile adsorbents.""

This journal is © The Royal Society of Chemistry 2023
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Significantly, the mechanical strength of a hydrogel can be
improved by doping with nanomaterials (CDs, Fe;0,), and in
addition additional functional groups from the CDs nanoma-
terials can provide additional binding sites for the adsorption
of heavy metal ions. Notably, the three-dimensional mesh
structure of the hydrogel can immobilize CDs, which makes
them recoverable and as such they will not cause secondary
contamination to the system during the detection and removal
of heavy metal ions. Therefore, making the system cost-effective
for the simultaneous detection and adsorption of heavy metal
L2 Ag such, the application of functionalized-hydrogels
in the detection and removal of heavy metal ions has attracted
much recent attention. For example, Wei and co-workers
reported a novel carbon dot (CD-Fla) based system for the
detection of toxic Pb>" metal ions using a one-pot hydrothermal
method using Ginkgo biloba flavonoid extracts as the raw
material (Fig. 14a).""* CD-Fla could be doped into an agarose
hydrogel using H-bonding and dipole-dipole interactions. The
as-prepared CD-Fla-doped hydrogel facilitated the simulta-
neous visual fluorescence detection and removal of Pb>" from
water. The prepared CD-Fla exhibited excellent biocompatibil-
ity and strong blue light emission and was selectively quenched
by Pb>" (Fig. 14b) enabling the quantitative detection of Pb>"
over a range from 0.1-20.0 nM. Meanwhile, the XPS and FTIR
spectra indicted that the surface of the CD-Fla was rich in
hydroxyl groups, which provided more adsorption sites for
the removal of Pb**. The maximum adsorption capacity was
determined to be 0.35 mg Pb>" per milligram of CD-Fla.
Notably, the fluorescent hydrogel could be regenerated using
HCI solution after treatment the hydrogel could be re-used
multiple times. Similarly, Wu and co-workers have developed a
novel fluorescent nanocellulose hydrogel using the high ratio of
cellulose nanofilaments (CNF) and high-performance lumines-
cence of CDs, which serves as an effective adsorbent for heavy
metal ion removal and an optical sensor for heavy metal ion
detection (Fig. 14c)."** The modification of CNF with CDs not
only facilitates the hydroxyl-induced aggregation of heavy metal
ions, enhancing the adsorption capacity, but also enables rapid
visual response to heavy metal ions improving the stability of
the fluorescence signal and sensitivity for determining heavy
metal ions concentrations.’*>''® The CDs that are enveloped
within intricate three-dimensional network structures have
been employed as the fluorescent source for facilitating prompt
visual detection of heavy metal ions. Subsequent to the adsorption
and entrapment of heavy metal ions within the distinct structure
of the synthesized fluorescent hydrogel, the fluorescence
quenching effect of the heavy metal ions is enabled. Moreover,
the three-dimensional network structure of the hydrogel pro-
motes accelerated diffusion and aggregation of the heavy metal
ions, facilitated by the high density of amide, hydroxyl, and
carboxyl groups, thereby allowing efficient accumulation and
adsorption of heavy metal ions. These properties highlight the
potential of the developed fluorescent nanocellulose hydrogels
as a promising platform for the sensitive and rapid detection of
heavy metal ions in environmental and analytical applications.
Remarkably, the maximum adsorption -capacities of the

ions.
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Reproduced from ref. 117 with permission from Elsevier B.V. Copyright 2021.

fluorescent hydrogels for Fe**, Ba>*, Pb>*, and Cu®>* were deter-
mined to be 769, 212, 2056, and 1246 mg g ', respectively
(Fig. 14d). This innovative approach, combining the unique
properties of CNF and CDs, results in a multifunctional nano-
cellulose hydrogel with enhanced performance for heavy metal
ion removal and detection, offering novel insights into the
design and fabrication of advanced materials for addressing
pressing environmental challenges. Meanwhile, in 2020, a novel
fluorescent chitosan-based hydrogel incorporating titanate and
cellulose nanofibers modified with carbon dots was successfully
synthesized for the efficient detection and removal of Cr(vi)
(Fig. 14e).'” Compared with the normal chitosan hydrogel
without carbon dots, the fluorescent chitosan-based hydrogel
exhibited sensitive detection and enhanced adsorption capacity
for Cr(vi) (detection limit of 8.5 mg L~ " and maximum adsorption

5842 | Chem. Soc. Rev., 2023, 52, 5827-5860

capacity of 228.2 mg g~ '), owing to the abundant amino and
hydroxyl groups of the CDs and the high surface area of titanate
providing additional binding sites for the removal of heavy metal
ions. Moreover, the mechanical properties of the fluorescent
chitosan-based hydrogels were enhanced after doping with tita-
nate and CDs. The crosslinking reaction of chitosan and glutaric
dialdehyde occurs to form a novel chitosan-based hydrogel in the
presence of CDs and titanate nanofibers which were connected to
the chitosan network by hydrogen bonding. The resulting hydro-
gel exhibited an interconnected network structure, facilitated
by hydrogen bonding between the chitosan chains and the nano-
fibers. Notably, the amino groups on the chitosan chains facili-
tated the adsorption of Cr(vi) ions onto the surface of the hydrogel
through electrostatic interactions. Moreover, the hydrogel exhib-
ited a porous structure that served as an efficient mass transfer

This journal is © The Royal Society of Chemistry 2023
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channel, enabling rapid movement of Cr(vi) ions from the surface
to the interior of the hydrogel. This unique characteristic was
attributed to the porous nature of the fluorescent chitosan-based
hydrogel, which enabled efficient internalization of the adsorbed
Cr(vi) ions. Additionally, the CDs contained within the porous
structures of the fluorescent chitosan-based hydrogel served as
optical sensors for Cr(vi). Cr(vi) ions that were rapidly adsorbed on
to the CDs due to electrostatic interactions, which resulted in
fluorescence quenching. The fluorescent chitosan-based hydrogel
exhibited a visual response for the highly efficient detection of
Cr(v1) (Fig. 14f). The synthesis of this chitosan-based hydrogel with
its unique structure, including the presence of CDs, titanate
nanofibers, and a porous structure, represents a promising ave-
nue for potential applications in areas such as environmental
remediation and controlled release systems, owing to its efficient
adsorption and mass transfer properties. These findings highlight
the potential of these fluorescent chitosan-based hydrogels as
promising materials for various practical applications and gen-
erating a significant contribution to the field of materials science
and environmental chemistry.

Compared to single-signal fluorescence sensing, ratiometric
sensing is more accurate and sensitive. In 2021, Li and co-
workers designed a novel cellulose-based ratiometric fluores-
cent hydrogel (CDs-Rho). The ratiometric fluorescent probe was
prepared using an amidation reaction between CDs as energy
donor and rhodamine (Rho) as energy acceptor, and then
the probe was loaded into a hydrogel to prepare a ratiometric
fluorescent hydrogel."'" CDs-Rho acts as a fluorescent unit, and
the amino groups on the surface chelate with Hg**, leading to
fluorescence quenching. Meanwhile, the carboxyl-rich CDs-Rho
provides sites for Hg*" chelation. In addition, the incorporation
of CDs-Rho can effectively enhance the mechanical strength
and improve the elasticity of the hydrogel. This fluorescent
hydrogel was able to efficiently detect and remove Hg*" from
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contaminated water. The probe exhibited a sensitive linear
response to Hg”" over a range from 0-100 pM, with a lower
limit of detection of 2.19 x 10™° M and exhibited higher
selectivity towards Hg?" than other cations. In addition, the
fluorescent hydrogel displayed a removal efficiency of ~95% for
Hg>*, which was higher than for traditional hydrogel materials.
Importantly, the fluorescent hydrogel maintained a high adsorp-
tion efficiency after five consecutive cycles of use and does not
cause secondary contamination. Therefore, this system provides
a promising strategy for the effective identification and removal
of heavy metal ions. Most fluorescent hydrogels are formed by
first preparing the CDs and then integrating them into the
hydrogel to form a fluorescent hydrogel that can simultaneously
detect and adsorb heavy metal ions (Fig. 15a). However, fluor-
escent hydrogels obtained through non-covalent binding face
problems such as low loading efficiency and poor stability in
complex environments. To overcome the challenge of low loading
efficiency in functional materials prepared by immersion, which
leads to reduced sensitivity and stability. Wu and co-workers
employed cellulose nanofibers as the raw material and employed
a one-pot hydrothermal method for the single-step fabrication
of fluorescent hydrogels with in situ formation of carbon dots
(Fig. 15b)."'® The resultant functional material exhibited
remarkable capability for the detection and removal of Hg*".
The fluorescent hydrogel synthesized via this approach not
only exhibited good mechanical strength, but also exhibited
outstanding fluorescence properties and adsorption capacity.
By integrating the synthesis of probes and substrates within
a unified process, the one-pot hydrothermal method both
circumvented the need for separate preparation steps and
significantly enhanced the detection sensitivity and stability
of the functional materials. This expedient and efficient syn-
thetic strategy offers significant promise for advancing the
development of sustainable sensing and detection materials
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Fig. 15 The preparation of functional hydrogels using different methods. (a) Impregnation method. (b) One-pot hydrothermal process. (c) Interaction

between fluorescent probes and heavy metal ions.
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and systems. Similarly, Zhang and co-workers directly
employed nitrogen-doped carbon dots (N-CDs) synthesized by
low-temperature sintering to form hydrogels upon coordination
with heavy metal ions (Fig. 15c).'*® Specifically, due to the
abundant -COO-, -CO-, NH-, -NH-, and -OH groups on N-
CDs, negatively charged N-CDs bind to various positively
charged heavy metal ions (Pb**, Cu®’, Ni**, Co**, Cd*") in water
through electrostatic interaction and coordination, forming
hydrogels and removing heavy metal ions from water. Fluores-
cence and UV spectroscopy analyses show that N-CDs can
sensitively detect Pb>" in water, with a detection limit of
3 ppb. The rapidly formed hydrogel can effectively remove a
variety of heavy metal ions and can be easily separated from
treated wastewater over multiple cycles. The simple and crea-
tive method of using a hydrogel formation process to remove
heavy metal ions directly is particularly attractive and worthy of
additional investigation.

Although fluorescent hydrogels exhibit excellent capabilities
in the detection and removal of heavy metal ions. The metal
ions take a long time to diffuse to the adsorption sites,
which limits further application of this type of fluorescent
hydrogels.
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3.3. Aerogel-based materials

Aerogels represent a class of nanostructured, low-density bulk
materials with rigid skeletal frameworks, porous structures and
open pores, which can be meticulously tuned at the nanoscale.
These unique characteristics provide aerogels exceptional physical
properties, including ultra-high specific surface areas and unpre-
cedented adsorption capacities. As a result, aerogels have emerged
as highly promising materials for a wide spectrum of applications,
including sensors,'*° chemical adsorption,'*" catalyst supports,'**
biomedical devices,"* thereby propelling advancements in the field
of environmental protection. In addition, by modifying aerogels
with nanomaterials (CDs, AuNPs and Fe;O,), aerogels can attain
even more properties, for example, aerogels doped with CDs can
gain the ability to detect and adsorb heavy metal ions simulta-
neously, and can exhibit enhanced mechanical stability compared
with pure aerogels, as well as displaying greater efficiency for heavy
metal ion removal. Meanwhile, the three-dimensional skeleton of
an aerogel can immobilize CDs, which improves their fluorescence
stability and reusability, which enhances the efficiency and envir-
onmental friendliness of CDs for heavy metal ion detection.
Wang and co-workers reported a novel porous MoS,-based
composite aerogel (Fig. 16a)."** Specifically, the composite
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Fig. 16 Synthesis of functional fluorescent aerogels and their mechanism of sensing and removing heavy metal ions. (a) The detection mechanism of
Au/Fes04/MoS,CAs for Hg?*. (b) The fluorescence spectra and adsorption properties of Au/Fes04/MoS,C for Hg?*. Reproduced from ref. 124 with
permission from American Chemical Society. Copyright 2016. (c) The mechanism of the adsorption and fluorescence sensing of Cr(v). (d) The
fluorescence quenching image in presence of different heavy metal ions. Reproduced from ref. 125 with permission from Royal Society of Chemistry.
Copyright 2020. (e) The mechanism of detection and removal of heavy metal ions by CQDs/NFC composite aerogel. (f) The optical image of fluorescent
aerogel under ultraviolet light before and after adsorption. Reproduced from ref. 126 with permission from Elsevier B.V. Copyright 2020.
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aerogel was prepared from graphene oxide (GO) and molybde-
num disulfide flakes, and then gold and iron tetroxide nano-
particles (NPs) were embedded within the GO-doped
molybdenum disulfide flakes, respectively, thereby obtaining
porous Au/Fe;0,/MoS,CAs aerogels. In this system, the AuNPs
as a fluorescence source can specifically bind to Hg>* to form a
gold amalgam, thus detecting and removing Hg>" (Fig. 16b).
Meanwhile, the aerogel has a porous structure and thus
enhanced binding sites, which can provide sufficient binding
sites for Hg>". Moreover, the morphology and pore size of the
aerogel can be adjusted by changing the doping amount of GO,
which can effectively improve the mechanical properties of the
aerogel. The detection limit of the functional aerogel for Hg>"
was 3.279 nM, and the adsorption capacity is about 1527 mg g~ *.
Such a low detection limit and high adsorption capacity make
the functional aerogel outstanding amongst similar materials. In
addition, because of the magnetic properties of the Fe;O,
nanoparticles, the composite aerogels were easily magnetically
separated after doping with Fe;O,, which is beneficial for the
recovery and multiple repeated uses of the aerogels. Signifi-
cantly, the Au/Fe;0,/Mo0S,CAs aerogels still exhibited high
removal efficiency (>95%) after 10 times of continuous recy-
cling. However, although the composite aerogel has excellent
heavy metal ions detection and removal capabilities, the pre-
paration process is costly and requires the introduction of
additional metal ions (from the aerogel), which may cause
secondary contamination. Therefore, the development of aerogels
that are cheap and easily available and environmentally friendly
are in demand. In 2020, Wu and co-workers developed and
prepared a novel fluorescent aerogel with a three-dimensional
meshwork structure (Fig. 16c) using highly photoluminescent
CDs and renewable natural carboxymethylated cellulose nanofila-
ments (CM-CNF)."®> Fluorescent carbon dots were obtained by
hydrothermal reaction, and then the fluorescent carbon dots were
soaked and integrated into the CM-CNF aerogel by hydrogen
bonding to obtain a composite aerogel for the simultaneous
detection and removal of Cr(vi) (CDs-CM-CNF). The fluorescent
CDs encapsulated within the novel aerogel network structures
exhibit abundant amino, carboxyl, and hydroxyl groups. This
unique composition enables these CDs to serve as a highly
sensitive and rapid visual source for the detection of Cr(vi) ions,
as demonstrated in Fig. 16d. Furthermore, the abundance of
adsorption sites on the aerogel surface facilitates the rapid
aggregation of Cr(vi) ions, driven by electrostatic interactions with
the positively charged amino groups. This phenomenon promotes
the diffusion of anionic Cr,0,>~ ions to the surface of the
synthesized aerogel, effectively enhancing the efficiency for
Cr(vi) adsorption. The maximum adsorption amount reached
was 433.5 mg g '. This architecture and composition of the
aerogel-encapsulated CDs offer a promising approach for the
efficient detection and removal of Cr(vi) ions, with potential
implications in environmental and analytical applications. Simi-
larly, Guo and co-workers developed a novel carbon quantum dot
(CQDs)/nanocellulose (NFC) composite aerogel prepared using a
green chemical synthetic method and applied it for the adsorp-
tion and detection of heavy metal ions (Cr**) in water (Fig. 16e)."*°
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CQDs and NFCs are directly bonded to each other by intermole-
cular forces or hydrogen bonds, without the addition of additional
cross-linking agents which is adventitious since those reagents
could result in contamination. The composite aerogel formed this
way does not change the original structure of CQDs and NFCs.
However, in the presence of Cr**, CQD exhibits excellent fluores-
cence response (Fig. 16f). In addition, the presence of abundant
amino and hydroxyl groups on the surface of the CQDs provides
additional adsorption sites for the removal of Cr’*, which
enhances the removal efficiency of the composite aerogel. The
three-dimensional structure of the NFC aerogel provided a good
carrier for CQDs, which made it possible to repeat the detection
and removal of Cr** repeatedly. The synergistic effect of the CQDs
and aerogel enhanced the detection and removal efficiency
for heavy metal ions, and in addition the composite aerogel does
not undergo toxic chemical reactions or produce toxic substances
during the whole process of adsorption of Cr*" pollutants in
water, which enhances the environmental friendliness of this
composite material. This study provides a new method for the
preparation of green adsorbents with the synergistic effect of
adsorption and fluorescence. In 2022, Han and co-workers suc-
cessfully fabricated multifunctional aerogels by employing waste
collagen, polyethyleneimine (PEI), and carbon dots, which are
cross-linked with aldehyde cellulose nanofibers, for the purpose
of detecting and adsorbing Cr(vi) ions. This approach demon-
strates the utilization of sustainable materials and advanced
nanotechnology for environmental applications (Fig. 17a)."”” With
this system, CDs are attached to the aerogel network by hydrogen
bonding. Upon immersion of the aerogel in a solution containing
Cr(v1) ions, rapid adsorption of the ions onto the surface of the
aerogel, enriched with numerous amino groups, occurs due to
strong electrostatic interactions with the positively charged amino
groups on surface of CDs (Fig. 17b). The resulting aerogel
skeleton, featuring a three-dimensional network structure, serves
as an efficacious adsorbent and trapping agent for heavy metal
ions."®® Notably, fixing the CDs with high quantum yield within
the 3D framework enhances the stability of the fluorescence
signal.">> While the synergistic effects of the CDs and aerogel
enhances the removal efficiency for Cr(vi). Stress-strain curves
indicated that the aerogel containing CDs exhibited good
mechanical strength compared with the aerogel without CDs.
In addition, the aerogel loaded with CDs could be recycled several
times and maintained good removal efficiency. The resulting
aerogels exhibit exceptional performance in terms of both detec-
tion sensitivity and adsorption capacity, making them promising
candidates for efficient and sustainable remediation of Cr(vi)
contamination.

However, most composite aerogels used for detection and
removal of heavy metal ions are simply discarded after multiple
uses, which may cause damage to the environment. How to
dispose of the used composite aerogels is a problem that needs
to be solved. Towards solving this important problem, Li and
co-workers fabricated porous fluorescent aerogels, denoted as
CPC aerogels, through the immersion of amino-functionalized
carbon dots (CDs-NH,) into a three-dimensional network of PEI
and carboxymethylated cellulose (CMC) aerogels. This aerogel
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allowed for simultaneous detection and adsorption of Cr(vi)
2% The CPC aerogels exhibited a linear response to Cr(vi)
over a concentration range from 0-600 x 10~ ° M (Fig. 17c).
Moreover, the aerogel can effectively remove Cr(vi) ions by
electrostatic and chelating effects, with a maximum adsorption
capacity of 354.61 mg g ' for Cr(vi. Remarkably, following
the adsorption of Cr(vi), the CPC aerogel can be vulcanized
(MSx-CPC gel), resulting in the formation of MSx-CPC gel,
which can be utilized for solar thermoelectric power generation
to generate electricity (Fig. 17d). In addition, the MSx-CPC gel
demonstrates a remarkable evaporation rate of approximately
1.31 kg m~? h™" under one sun solar irradiation, making it an
ideal candidate for solar steam generation. This approach
provides new uses for aerogels after adsorption of heavy metal
ions. Therefore, providing a new paradigm for researchers
working towards multiple use aerogels that can be up-cycled.

ions.

3.4. Other polymer materials

In addition to, hydrogel and aerogel polymers, other polymer-
based materials have been developed to detect and remove
heavy metal ions in various environments. For example, in
2017, Liu and co-workers developed a simple one-pot method
for the synthesis of luminescent AuNPs with sponge-like net-
works (Fig. 18a)."*° The luminescent AuNPs could be prepared
using pentaerythritol tetrakis 3-mercaptopropionate (PTMP) as
both reducing and surface coating ligand. The specific and
strong D'°-D'® interactions between AuNPs and Hg*" resulted
in sensitive and selectivity sensing of Hg>" (Fig. 18b). The use of
PTMP as a cross-linker in the formation of the three-
dimensional sponge-like network of AuNPs not only promotes

5846 | Chem. Soc. Rev, 2023, 52, 5827-5860

the structural integrity of the network, but also enhances the
luminescent properties of the AuNPs. This innovative one-pot
synthesis strategy circumvents the challenges associated with
the incompatibility between the formation of sponge-like struc-
tures and the stability of AuNPs luminescence, which are
commonly encountered in conventional methods. Furthermore,
the unique combination of the highly porous sponge-like
structure and the strong metallophilic Hg>~Au" interactions
result in a remarkable saturation capacity of 2.48 g Hg>" per
gram of sorbent for the novel AuNPs-based sponge-like net-
work, surpassing the capacities reported for typical mercury
absorbents. This approach represents a significant advance-
ment in the fabrication of highly efficient and stable mercury
sorbents with potential implications in environmental reme-
diation and pollution control. Yan and co-workers devised and
fabricated a novel chitosan-gold nanocomposite, which has
been integrated into functionalized paper strips for the purpose
of visual sensing and removal of trace amounts of Hg>" ions
(Fig. 18¢)."*" Notably, this nanocomposite exhibits exceptional
response towards Hg>" ions in solution, as evidenced by the
impressive detection limit of 3.2 x 10° M (Fig. 18d). This
remarkable sensitivity is attributed to the reversible formation
of gold amalgam between the gold nanoparticles and Hg>" ions.
Moreover, the gold nanochromophores were dispersed with
minimal aggregation due to the chitosan and the filter paper,
which effectively prevents the ACQ effect. Meanwhile, due to
the multiple hydroxyl groups and free amino groups of the
chitosan-gold nanocomplex, it was able to remove Hg”" from
solution. Furthermore, the fabrication process of chitosan-gold
nanocomplexes is straightforward, making them suitable for

This journal is © The Royal Society of Chemistry 2023
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repeated utilization in detecting trace amounts of Hg>" in
various environmental aqueous solutions as well as fruit or
vegetable juice samples (Fig. 18e).

However, a crucial consideration in the utilization of metal
nanoparticles for detecting heavy metal ions is the inevitable
co-introduction of other metal ions. Additionally, the inherent
limitations of high costs and low adsorption capacity pose
significant challenges to the advancement of such metal nano-
materials. Addressing these issues is imperative for researchers
working towards the treatment and recovery of heavy metal
ions, and represents a crucial aspect that requires further
improvement in order to enhance the efficacy of these
materials.*>"** Xu and co-workers designed an environment-
friendly fluorescent sensing platform towards Au®" detection
and removal (Fig. 19a)."** Versatile fluorescent microspheres,
specifically melamine formaldehyde microspheres (MF), incor-
porating nitrogen and sulfur co-doped carbon dots (N,S-CDs),
were synthesized via the MF pre-polymer incorporation process.
The highly branched MF pre-polymer exhibited remarkable
efficacy in efficiently integrating fluorophores under acidic
catalysis and elevated heating conditions. Stable fluorescent
microspheres (MF-CDs) can be obtained by doping the MF
prepolymer with CDs. Fluorescence quenching of the N,S-CDs
by Au®** was observed (Fig. 19b), attributed to the non-radiative
electron-transfer process from N,S-CDs to Au®" ions, facilitated
by the strong affinity between Au and the N/S species.'*?
This remarkable fluorescence sensing ability of the MF-CDs
stemmed from the synergistic effect of the amplification of the
MF substrate and the collective contribution of N, and S-CDs
towards the fluorescence response of the MF-CDs."*% 38

This journal is © The Royal Society of Chemistry 2023

Specifically, in an acidic environment, Au** primarily exist
as AuCl,OH(_,)~ in solution while the MF was protonated,
promoting electrostatic interactions between Au*" and the MF
matrix,"*® in addition to the inherent affinity of gold for
nitrogen."* As a result, Au*" is captured and enriched on the
surface of the MF via enhanced local concentration around the
nitrogen and N,S-CDs immobilized on the MF-CDs. Furthermore,
the high density of N,S-CDs on the MF-CDs provides abundant
binding sites for Au®", facilitating the interaction of a single Au®*
ion with multiple N,S-CDs and promoting cooperative processes
that strengthen fluorescence quenching. Additionally, the MF-
CDs exhibit remarkable adsorption capacity for Au’®*, with an
adsorption capacity of up to 1 mmol g~ when used as an
adsorbent. Notably, the adsorption of Au®* onto the MF-CDs
results in an in situ conversion to AuNPs, leading to the formation
of an immobilized nanocatalyst, denoted as MF-CDs-AuNP. This
nanocatalyst exhibits remarkable recyclability and efficiently
reduces 4-nitrophenol, showcasing its potential for sustainable
catalytic applications. In addition, the selectivity of the fluores-
cence response towards Au’" indicates superior performance
compared to other assessed metal ions. The fluorescent CDs
exhibit exceptional sensitivity and rapid response for the detection
in real samples, without the use of organic solvents or harmful
dyes, which is highly advantageous for wastewater purification,
and holds great promise for environmentally sustainable applica-
tions in water treatment. Similarly, in 2021, Chai and co-workers
developed a novel dual-function Fe;O,-Carbon dots nano-
composite (Fe;0,/CDs) based magnetic fluorescent probe for
the detection and recovery of Hg”>* through a hydrothermal
method (Fig. 19¢)."*' The Fe;0,/CDs exhibited numerous

Chem. Soc. Rev,, 2023, 52, 5827-5860 | 5847
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from ref. 141 with permission from Elsevier Ltd. Copyright 2021.

advantageous features compared to existing single-function
probes, including remarkable Hg** removal capability, reusability,
excellent environmental tolerance, and cost-effectiveness. With
this sensing system, Hg>" can efficiently coordinate onto the
surface of Fe;0,/CDs by means of electrostatic interactions and
quench the fluorescence signal of Fe;O,/CDs as a result of
fluorescence charge transfer (turn-off) (Fig. 19d), with a limit of
detection of 0.3 nM. Notably, the inherent magnetic properties of
Fe;0,/CDs enabled the removal of Hg>* from contaminated water,
thus conferring significant advantages for environmental reme-
diation applications. Moreover, the Fe;0,/CDs could be recycled
by the addition of EDTA solution, highlighting their potential for
real sample analysis, thus underscoring the practical utility of this
composite material in addressing the pressing issue of Hg>*
contamination in natural bodies of water.

Moreover, supramolecular polymers containing DNA have
been regarded as promising candidates for the selective sensing
and efficient removal of heavy metal ions, thereby complementing
the use of nanomaterial-based polymers. For example, in 2017,
Wu and co-workers reported the construction of a supramolecular
system generated by the self-assembly of thymine substituted
copolymer aromatics and tetraphenylene (TPE) derivatives in the
presence of Hg>".**? The thymidine group of the copolymer tightly
coordinates with Hg** via the T-Hg>'-T pair. The interaction
between the aromatics and the butyronitrile groups of the TPE
derivatives forms a crisscrossed fluorescent network structure.
In addition, AIE of the supramolecular polymers results in high
fluorescence, facilitating the detection and removal of Hg>"

5848 | Chem. Soc. Rev, 2023, 52, 5827-5860

. (d) Fluorescence spectra of probe in presence of different heavy metal ions. Reproduced

(Fig. 20a) with a limit of detection 2.3 pM, and stable fluorescence
from Hg”* in the presence of competing ions. Which is a testa-
ment to the exceptional selectivity of this supramolecular system
towards Hg>". The fluorescence due to Hg>" was still evident in
the presence of other competing ions, confirming remarkable
selectivity of this supramolecular system for Hg>". While the
addition of Na,S to the supramolecular polymer allows for
recovery of the polymer for re-use. The removal efficiency for
Hg”>" can reach more than 96%. Significantly, the system exhibits
almost no loss of activity when recycled for the sensing and
trapping of Hg>". In 2019, Yang and co-workers enhanced the
properties of the supramolecular polymer, endowing it with rapid
reaction rate and superior selectivity, whilst also achieving fast
adsorption kinetics and high adsorption capacity towards the
efficient removal of Hg>". A fluorescent supramolecular polymer
featuring AIE was fabricated using supramolecular host-guest
interactions, which involved a biphenyl-extended pillar arene
decorated with two thymine sites as arms (H) and a tetrapheny-
lethylene (TPE)-bridged bis (quaternary ammonium) guests (G)."**
Most notably, the method of combining AIE with a supramolecular
strategy provides a suitable method for the selective detection
(Fig. 20b) and rapid removal of Hg>" and provides scope for the
design of new adsorbent materials. Moreover, the strong bonding
of the T-Hg?*-T pair between the thymine group and Hg>* makes
the supramolecular polymer easily generate a supercross-linked
network, which results in a multifunctional Hg”" absorbent. The
material can reach more than 90% Hg”" removal efficiency, and the
emission increases linearly with Hg®* concentration over a range

This journal is © The Royal Society of Chemistry 2023
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from 0-15 pM. When the concentration of Hg”* was added
gradually, the emission intensity of the supramolecular polymer
dramatically increased and the fluorescence was significantly
enhanced under UV light irradiation (Fig. 20c) with a detection
limit of 3 x 107" M

4. Luminescent porous materials

Porous materials are polymer materials with high specific
surface area containing networks of interconnected pores.
Based on the size of the pores, porous materials can be divided
into three categories, which includes micropore materials
(less than 2 nm), mesoporous materials (around 2-50 nm),
and macropore materials (more than 50 nm),"** which includes
zeolites, metal organic frameworks (MOFs), covalent organic
frameworks (COFs) and organic polymers.'*> Since polymers
have been introduced above, they will not be covered in this
section. Porous materials exhibit good scalability, long-term
stability, selectivity and high adsorption capacity, but also exhi-
146,147 The advantages of
porous materials make them suitable for the detection and
adsorption of heavy metal ions in water. In the detection and

bit excellent processability and low cost.

This journal is © The Royal Society of Chemistry 2023

adsorption process, the most significant advantage of COFs
and MOFs as luminescent porous materials is that they provide
the same interaction site with heavy metal ions, making their
interaction with heavy metal ions more effective (Fig. 21).

4.1. COF-based materials

Covalent organic frameworks (COFs) are a type of crystalline porous
material constructed using organic building blocks."**'*° Because
of their excellent chemical/thermal stability, porosity, and
flexible topological connectivity, COFs are ideal materials with
intrinsic “all-in-one” sensing functionalities for the detection
and adsorption of heavy metal ions."*® The controllable pores
of COF materials can act as active sites, which are capable of
accommodating guest molecules, including heavy metal
ions.’® Furthermore, the internal surface of the COF feature
diverse functional groups, including amino, carboxyl, or hydro-
xyl groups,'®>'** enabling synergistic interaction with heavy
metal ions to form strong coordination bonds. This facilitates
the specific and selective binding of heavy metal ions, endow-
ing COF materials with the capability to detect and adsorb
heavy metal ions.

The synergistic effects of chelating groups in porous COFs
helps with efficient detection and removal of heavy metal ions.

Chem. Soc. Rev., 2023, 52, 5827-5860 | 5849
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The properties of COFs are improved by the rational placement of
various functional groups in the COF framework. For example,
Wang and co-workers designed a thioether-functionalized COF,
COF-LZUS8, for the selective detection and easy removal of Hg>*.">*
Due to the porous structure of COFs, the thioether groups can be
uniformly distributed in the pores and can interact with Hg>"
(Fig. 22a). The detection limit for Hg®" was determined to be
25.0 ppb. The fluorescence spectra of COF-LZUS in the solid state
exhibits a maximum emission band at 460 nm and a quantum
yield of 3.5% upon excitation at 390 nm. Since the structure of
COFs can avoid the ACQ effect, COF-LZUS exhibits high fluores-
cence (Fig. 22b). Moreover, the straight-through channel in the
topology of COFs facilitates direct contact between S atoms and
Hg™, thus facilitating efficient heavy metal ion removal. For
solutions containing very low concentrations of mercury, COFs
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can achieve removal rates of over 98%. The stable hydrazone bond
in the structure of COF-LZU8 makes it very stable in standard
organic solvents and water, which also ensures the effective
recovery of COF-LZU8. Yuan and co-workers designed an allyl
and hydroxyl functionalized hydrazone-linked AH-COF, for the
exclusive detection and effective removal of Hg*".">> The ordered
pore structure of COFs allows the allyl and hydroxyl groups to be
uniformly distributed in the COFs framework. In addition, allyl
and hydroxyl groups as the exclusive reaction receptor sites for
Hg”" also ensure the detection and removal of Hg>*. Due to the
extension of the t-conjugated structure in the AH-COF framework,
AH-COF exhibits fluorescence (Fig. 22c) and the fluorescence
spectra of AH-COF in acetonitrile solution can reach a fluores-
cence quantum yield of 3.8% at an excitation wavelength of
420 nm, compared with just 0.9% for the monomers and the
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Fig. 22 Synergistic effect of chelating groups in porous COFs for the detection and removal of heavy metal ions. (a) The sensing and removing
mechanism of COF-LZU8 for Hg?". (b) Fluorescence intensity of COF-LZU8 with the addition of Hg?". Reproduced from ref. 154 with permission from
American Chemical Society. Copyright 2016. (c) Fluorescence spectra of AH-COF (black) and Hg/AH-COF (red). (d) Fluorescence intensity of AH-COF
dispersed in acetonitrile with Hg?*. Reproduced from ref. 155 with permission from Elsevier B.V. Copyright 2020.
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corresponding model small-molecule compound. AH-COF was
also selective and sensitive to Hg>" in the presence of competing
ions (Fig. 22d). Significantly, AH-COF can be easily recovered and
recycled by adding NaBH,.

Disappointingly, the sensitivity and fluorescence efficiency of
COFs in the above examples are relatively low, which can hinder
the exploration of COFs for fluorescence sensing. To address this
issue, more flexible linkers can be incorporated. In 2019, Qiu and
co-workers developed a COF named TFPPy-CHYD by combining
1,3,6,8-tetrakis(4-formylphenyl)-pyrene (TFPPy) with a carbohydra-
zide (CHYD) linker with highly luminescent properties and a
quantum yield of 13.6%.'*° The detection limit for Hg>* was
17 nM and the adsorption capacity for Hg** was 758 mg g '
(Fig. 23a). The n-r stacking between COFs frameworks is affected
by the CHYD-linked unit, which enhances the luminescence of
TFPPy-CHYD. In addition, the homogeneous porous structure of
the COFs allows the secondary amine groups to be abundantly
present in the porous structure and to act as mercury receptors.
Importantly, the response of TFPPy-CHYD towards Hg”" is very
fast and equilibrium is achieved within 2 s. The uniform channel
structure of the COFs, results in rapid diffusion of Hg>" and
facilitates detection and removal of Hg?*. Thermogravimetric
analysis and FT-IR spectra of the COFs indicated excellent thermal
and chemical stability.

These unique COFs can also detect and remove other metal
ions, such as Pb*", Cr**, Cu®", etc. In 2021, Yuan and co-workers
reported a new class of 2D COFs (XB-COFs) featuring allyl
functionalized hydrazones for the selective and sensitive detection
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of Pd*" ions through fluorescence signaling (Fig. 23b).">” The
inherent stability of the hydrazone bond and the exceptional
complexation ability of allyl towards Pd** are instrumental in
the high-performance fluorescence sensing exhibited by XB-COFs.
Notably, XB-COFs exhibit excellent sensing ability across a broad
range of pH values, with Pd*" adsorption capacity reaching an
impressive 120 mg g~ ' (Fig. 23c). An increase in fluorescence
intensity for XB-COF in solution due to interaction of the Pd*" ions
with the allyl of XB-COF, results in high sensitivity with a limit of
detection of 0.29 pM. In addition, due to the widespread use of
nuclear power and the improper treatment of nuclear waste and
accidents, large amounts of radioactive ions have escaped into the
environment.'*® Making the exploration of the detection and
removal of radioactive ions by COFs an important area of research.
In 2020, Qiu and co-workers first developed a cyano-based
COF (TFPT-BTAN) by using 2,4,6-tris(4-formylphenyl)-1,3,5-triazine
(TFPT) and 2,2',2"(benzene-1,3,5-triyl)triacetonitrile (BTAN) and
then integrated triazine-based building blocks with amidoxime
(AO)-substituted linkers to obtain a fluorescent sp”> carbon-
conjugated COF (TFPT-BTAN-AO) for detecting and removing
UO,>*.">° TFPT-BTAN-AO exhibited a UO,>" adsorption capacity
of 427 mg g~ " and a fast response time with a UO,>" detection
limit of 6.7 nM (Fig. 23d). This COF exhibited good lumines-
cence and chemical and thermal stability. Furthermore, the COF
exhibited a high selectivity for UO,** because of the introduction
of the amidoxime functional group in the open one-dimensional
channel of the COF. More importantly, unlike previous COF
adsorbents TFPT-BTAN-AO used a very stable carbon-carbon
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Fig. 23 COFs linkers with high sensitivity and fluorescence efficiency. (a) Adsorption kinetics of Hg?* with TFPPy-CHYD. Reproduced from ref. 156 with
permission from American Chemical Society. Copyright 2020. (b) Fluorescence response of XB-COF in presence of different metal ions. (c) Adsorption
curves of XB-COF for Pd®*. Reproduced from ref. 157 with permission from American Chemical Society. Copyright 2021. (d) Fluorescence spectra of
TFPT-BTAN-AO under different concentrations of UO,%*. Reproduced from ref. 159 with permission from Springer Nature. Copyright 2020.
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double bond, which ensures excellent stability of the COFs and
the high adsorption capacity of TFPT-BTAN-AO for UO,>".

In conclusion, COFs materials are porous, stable, and have a
large adsorption capacity since it is possible to easily introduce
specific functional groups to interact with heavy metal ions.
The aforementioned benefits render COFs a highly attractive candi-
date for heavy metal ions sensing and removal applications.'*®
In addition, COFs with ligand sites can serve as supramolecular
ligands and carriers to further enhance the functions of COFs-
based materials. However, the structure of 3D COFs is complex
and the synthetic conditions of COFs are limited. Therefore,
these characteristics need to be improved to further enhance
the functionality of COF-based materials.

4.2. MOF-based materials

Metal organic frameworks (MOFs), a type of porous crystalline
material that can be self-assembled through the coordination of
metal ions or clusters with organic ligands, have attracted sig-
nificant attention in recent years.'**"**> MOFs have the advantages
of abundant internal surface area, chemical tunability and selec-
tive adsorption of a large number of guests,'**'** allowing MOFs
to simultaneously detect and adsorb heavy metal ions in water. For
the adsorption of heavy metal ions, MOFs can be regulated by
channel functionalization, using a variety of ligands to derive
abundant adsorption sites, giving MOFs the capacity to selectively
adsorb heavy metal ions in significant amounts. Similar to COFs,
MOFs share the same interaction sites for heavy metal ions during
the processes of detection and removal. Furthermore, by function-
alizing their channels and tuning the pore sizes as well as utilizing
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diverse ligands, MOFs can acquire abundant adsorption sites and
exhibit selective adsorption capabilities towards various heavy
metal ions."®

Effective fluorescence detection and adsorption of heavy
metals ions depends on the selectivity and sensitivity of MOFs.
The chelating sites are provided by the MOFs surface groups to
facilitate the adsorption of heavy metal ions. For example, Li
and co-workers designed and prepared a series of isoreticular
luminescent metal-organic frameworks (LMOFs) with Zn-based
architectures that incorporate a variety of co-linkers exhibiting
diverse functionalities (Fig. 24a)."®® Among them, LMOF-263
exhibits good water stability, high porosity and strong lumines-
cence, with an impressive adsorption capacity for Hg>* of
380 mg g ', the detection limit for Hg>" was determined to
be 3.3 ppb and 19.7 ppb for Pb>*. LMOF-263 has a high quantum
yield (89.2%) and a BET surface area of 1004 m” g~*, indicating
that it can be used as a highly sensitive and selective sensor
capable of detecting heavy metal ions in water. Due to the
selective interaction of sulfur and oxygen atoms with Hg>* in
LMOF-263, the removal rate of Hg”" can reach 99.6% (Fig. 24b).
However, when LMOF-263 is recycled, its structure shows signs
of degradation, indicating the limited water stability of MOFs.
Previously, only few MOFs have shown such high performance in
detecting and capturing Hg** from aqueous solution. Wang and
co-workers synthesized a scalable and cost-effective fluorescent
MIL-101-NH, using a simple one-step method (Fig. 24c)."®” MIL-
101-NH, exhibited fluorescence detection limits of 0.0018 mM
for Fe**, 0.0016 mM for Cu** and 0.0052 mM for Pb>" (Fig. 24d).
The amino group of the MOFs chelates with metal ions to induce
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Fig. 24 The structure and chelating sites of MOFs interact with heavy metal ions for the detection and adsorption of heavy metal ions. (a) Isoreticular

luminescent metal—organic frameworks with Zn-based architectures. (b) The variation of Hg?*

concentrations for various amounts of LMOF-263 in

mixed metal solutions. Reproduced from ref. 166 with permission from American Chemical Society. Copyright 2016. (c) The detection and removal of
heavy metal ions by MIL-101-NH,. (d) Fluorescence response of MIL-101-NH, towards various metal ions. Reproduced from ref. 167 with permission

from Elsevier B.V. Copyright 2019.
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host-guest electron transfer, leading to fluorescence quenching,
providing the high selectivity and sensitivity of MIL-101-NH,, for
metal ion detection. MIL-101-NH, possesses abundant amino
groups on its surface, which serve as multiple chelating sites to
interact with heavy metal ions, thereby facilitating the efficient
adsorption of Fe**, Cu>* and Pb*", the adsorption capacities for
Fe**, Cu®* and Pb** were 3.5, 0.9 and 1.1 mM g ' respectively.
Moreover, Wang and co-workers developed an integrated elec-
trode approach using sulfur-functionalized Zr-2,5-dimercapto-
benzoic acid metal-organic frameworks (Zr-DMBD-MOFs) and
coupled them with a three-dimensional microporous carbon
(3D-KSC)."*® This innovative architecture not only facilitated
the efficient removal and detection of Hg>" but also enhanced
the detection sensitivity. The uniform dispersion of abundant
Zr-DMBD-MOFs onto the interconnected framework of 3D-KSC,
coupled with the presence of numerous thiol functional groups
within the porous Zr-DMBD-MOFs, facilitated the selective
enrichment of Hg”>* ions on the electrode surface. Significantly,
this strategy eliminated potential interference from coexisting
heavy metal ions, enabling accurate and precise detection of
Hg®" with a detection limit of 0.05 puM. This pioneering work
highlights the potential of the Zr-DMBD-MOFs/3D-KSC inte-
grated electrode as a promising platform for the sensitive and
selective detection of Hg®" ions, thus addressing a crucial need
in environmental monitoring and remediation.

Core-shell MOF@MOF materials, synthesized by combining
two MOFs, can integrate different characteristics and function-
alities of individual MOFs, providing new functionalities to
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MOF@MOF structures. Wang and co-workers developed a novel
NH,-MIL-101(Al)@ZIF-8 material with a unique core-shell
nanoflower architecture by controlling the intramolecular
nucleation and crystal growth processes through the regulation of
polyvinylpyrrolidone (PVP) (Fig. 25a)."®® The large specific surface
area (1736.257 m> g~ '), substantial porosity (0.584 cm® g™ '), and
uniformity in pore size (1.5 nm) of NH,-MIL-101(Al)@ZIF-8 con-
tribute to its physical adsorption ability and enhance the adsorp-
tion performance. Significantly, the adsorption of Cu® on the
material takes place via monolayer chemisorption between Cu**
and the evenly distributed active sites on the material surface,
while the adsorption capacity for Hg>" can reach 459.52 mg g .
Furthermore, the adsorption and detection abilities are both
improved by the synergistic effect of NH,-MIL-101(Al)@ZIF-8,
where the detection ability for Cu** was as low as 0.17 nM
(Fig. 25Db).

To further improve the sensitivity and adsorption capacity of
MOFs for heavy metal ions. In 2020, Sewify and co-workers
developed thioketone Al-MOFs monitors (TAM) via the direct
immobilization of the chromophore on to the microporous
surface of AI-MOFs."”® With the addition of Hg>", a new absor-
ption peak (1 = 600 nm) appeared (Fig. 25d) and the sensor
exhibits a detection limit of 0.8 x 10~* ppm for Hg”>* ions and
can reach an adsorption capacity of 1110 mg g~ ' for Hg>"
(Fig. 25c¢). Since organic receptors can be directly immobilized
on to the microporous MOF backbone, real-time monitoring
efficiency and sensitivity can be improved. Moreover, in
the presence of Hg>", the measured absorption spectra were
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Fig. 25 Fluorescence response and removal of heavy metal ions by MOFs with different structures. (a) The synthesis of core-shell NH,-MIL-
101(A)@ZIF-8 nanoflowers for the simultaneous detection and removal of Cu?* ions. (b) Fluorescence spectra of the NH,-MIL-101(Al)@ZIF-8 suspension
with the addition of various concentrations of Cu®*. Reproduced from ref. 169 with permission from Royal Society of Chemistry. Copyright 2018.
(c) Langmuir isotherm and the linear relation inset for removal of Hg?*. (d) Effect of Hg?" on absorbance spectra of TAM chemosensors. Reproduced
from ref. 170 with permission from American Chemical Society. Copyright 2020.
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significantly enhanced compared to other metal ions, confirm-
ing the superior selectivity of the AI-MOFs for Hg>*. In 2021,
Safaei and co-workers developed a fluorescent MOF,
[Zn,(DpTzTz), (BDC),]-2DMF, which was composed of Zn>*
2,5-di(4-pyridyl)thiazolo[4,5-p]thiazole (DpTzTz), and terephtha-
lic acid. Due to the strong chelating sites of DpTzTz for mercury
ions, the [Zn,(DpTZzTz), (BDC),]-2DMF exhibits exceptional removal
capability with an adsorption capacity of up to 1428 mg g ~.'"*
Furthermore, coordination of Hg*" with the sulfur and nitrogen
atoms indicates that the incorporation of the rigid conjugated
thiazolothiazole (TzTz) functional group, containing Lewis basic
nitrogen and sulfur atoms, into the MOF is able to enhance host-
guest interactions with Hg?*, enabling the MOF to detect and
remove Hg>".

In conclusion, due to their remarkable properties, including
high surface area, large pore size, and abundant adsorption
sites, MOFs exhibit great potential for both detecting and
removing heavy metal ions with high efficiency. However, future
research should be directed towards improving the rate that MOFs
can adsorb heavy metal ions from water. Additionally, previous
research has shown that the introduction of carbon dots into COF
and MOF matrices can enhance their luminescent properties.”>"”
The introduction of carbon dots into MOF or COF matrices not
only facilitates structural modifications but also serves as a surface
modifier, reducing surface defects in the materials, thereby enhan-
cing the optical stability of the composite.’”*”® However, although
the introduction of carbon dots can improve the luminescent
properties, there is still scope for improvement in terms of detec-
tion sensitivity and adsorption capacity.

4.3. Porous silica materials

Porous silica is a silica material consisting of interconnected
channels and pores with unique properties."”” The shape, size,
and distribution of these channels and pores can be precisely
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controlled through various fabrication methods and processing
conditions. Previous research has demonstrated that by immo-
bilizing organic ligands onto mesoporous silica, composite
materials can be formed, exhibiting unique properties.'”®*7°
These organic ligands possess selective adsorption and high
dispersion capabilities, which combined with the high specific
surface area and excellent chemical stability of mesoporous
silica,'®® enable the composite material to interact with heavy
metal ions and other metal ions (Fig. 26)."** "% Therefore,
these composite materials exhibit tremendous potential for
the detection and adsorption of heavy metal ions.
Mesoporous silica is a porous silicon dioxide material with a
highly ordered pore structure.'®® The hydroxyl groups on its
surface can be used to anchor functional organic ligands onto
mesoporous silica through reversible covalent bonds and non-
covalent interactions such as hydrogen bonding, enabling the
detection and adsorption of target ions (Fig. 27a). For example,
Awual synthesized a functional ligand, N,N-disalicylidene-4,5-
dimethyl-phenylenedene (DDPD), and anchored it onto
mesoporous silica for the detection and removal of Cu®>" from
wastewater.'®® Complexation of Cu®" ions with functional
groups from the organic ligand, facilitated the detection of
Cu”" ions through naked-eye observation or UV-vis absorption
measurements (Fig. 27b), with a detection limit of 0.37 ug L™ .
Moreover, the immobilization of the organic ligand within
highly ordered mesoporous silica provides additional active
sites for the interaction between the DDPD material and Cu**
ions. The structure of mesoporous silica also enhances the
adsorption capacity of the composite material for Cu**, with a
maximum adsorption capacity of 183.81 mg g . Similarly, in
2023, Awual and co-workers impregnated mesoporous silica
with N,N-bis(salicylidene)1,2-bis(2-aminophenylthio) ethane
(BSBAE), resulting in an optical composite material (OCM) for
the detection and removal of Cd*"."®® Due to the non-covalent
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e
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Fig. 26 Mechanism of interactions between mesoporous silica and metal ions.
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Fig. 27 Mechanism of mesoporous silica materials for the detection and removal of heavy metal ions. (a) The mechanism of action of the organic ligand
in mesoporous silica. Reproduced from ref. 187 with permission from Elsevier B.V. Copyright 2021. (b) The sensitivity of the composite material at
different concentrations of Cu?*. Reproduced from ref. 185 with permission from Elsevier B.V. Copyright 2016. (c) Recycling efficiency of optical
composite material. Reproduced from ref. 186 with permission from Elsevier B.V. Copyright 2022. (d) Langmuir isotherm and the linear relation inset for
removal of Cu?*. Reproduced from ref. 188 with permission from Elsevier B.V. Copyright 2023.

interaction between the hydroxyl groups of the mesoporous
silica and the BSBAE ligand, as well as the presence of van der
Waals forces and reversible covalent bonds, the OCM can
interact with Cd*" ions without disrupting the original struc-
ture of mesoporous silica. Furthermore, effective desorption of
Cd** from the OCM was achieved using HCI, with a desorption
efficiency of up to 99%. The OCM exhibited a high recyclability
after being rinsed with water (Fig. 27c), highlighting one of the
main advantages of mesoporous silica composite materials.

In addition to enabling effective detection and adsorption of
heavy metal ions through the incorporation of specific func-
tional groups, further enhancement of detection sensitivity and
adsorption capacity of mesoporous silica materials can be
achieved through the optimization of the fabrication methods
and material processing.'®” For example, Salman and co-workers
immobilized the functional organic ligand, 4-tert-octyl-4-((phe-
nyl)diazenyl)phenol, onto mesoporous silica to prepare a com-
posite adsorbent.'®® Then by adjusting the pH, a lower detection
limit of 0.28 pg L' and an increased maximum adsorption
capacity of 184.7 mg g~ for Cu®>" by the material was achieved
(Fig. 27d). The pore size, porosity, and surface charge of meso-
porous silica may vary under different pH conditions, which can
influence the interactions between the mesoporous silica mate-
rials and Cu®". Therefore, optimizing the pH is crucial to achieve
the best detection and adsorption performance.

This journal is © The Royal Society of Chemistry 2023

In conclusion, mesoporous silica composite materials exhibit
several advantages such as selective adsorption, high adsorption
capacity, and recyclability, rendering them highly promising
for applications in environmental monitoring and wastewater
treatment. Furthermore, the stability of mesoporous silica can
be further enhanced, and its adsorption performance can be
improved by employing diverse functional group modification
strategies and optimizing the structure.

5. Conclusions and perspectives

5.1. Conclusions

In summary, this review provides an overview of recent
advancements in the field of advanced functional materials,
specifically chromophore-based functional materials, for the
detection and removal of heavy metal ions. Based on the
synergistic interplay between the chromophores and substrate
materials such as polymers and porous materials, the advanced
functional materials developed exhibit superior performance
for heavy metal ion detection and removal compared to con-
ventional materials. Various types of chromophores endow the
substrate materials with excellent heavy metal ion recognition
capabilities, outstanding mechanical properties, and enhanced
efficiency in metal removal. Meanwhile, the distinctive struc-
ture of the substrate materials contributes to the increased
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stability and environmental sustainability of the chromophores.
Through an in-depth analysis of the reviewed work, it is evident
that a wide range of sophisticated platforms have been developed
to meet the increasing demand for efficient detection and removal
of diverse heavy metal ion contaminants. The cutting-edge tech-
nologies and innovative strategies discussed in this review have
led to remarkable progress in the design of functional materials
that are not only convenient, stable, and rapid but also sensitive,
environmentally friendly, and recyclable. These materials exhibit
great potential for precise detection, even at ultra-low detection
limits, and efficient removal of heavy metal ions. The advance-
ments in selectivity and adsorption capacity have significantly
enhanced the overall efficiency and practicability of heavy
metal ion detection and removal processes. The integration of
chromophores with polymers and porous materials, utilizing
optical detection and chemisorption methods, has emerged as a
promising approach for the treatment of various heavy metal ions
pollutants. However, it is important to acknowledge that certain
challenges still need to be overcome. Most functional materials
can only detect and adsorb specific heavy metal ions. However,
wastewater often contains a mixture of heavy metal ions, and the
competitive adsorption among them can affect the removal
efficiency of functional materials towards specific heavy metal
ions. Furthermore, the concept of utilizing functional materials
for the simultaneous detection and removal of heavy metal ions is
still in its infancy. The preparation and use of these materials
involves complex steps, making them unsuitable for real-world
wastewater treatment. Although current functional materials
exhibit the capability to accomplish these dual tasks, the detection
efficiency of these bifunctional materials may not match that of
dedicated sensor materials, and their adsorption capacity may be
limited compared to conventional adsorbent materials. Moreover,
actual wastewater is in a flowing state, and continuous flow can
exert a level of “wear and tear” on the materials, leading to
damage. Meanwhile, most exhausted functional materials are
disposed of by being buried or incinerated, leading to a potential
threat to the environment. As such, significant additional research
should focus on improving the selectivity, stability of materials
towards the detection and removal of heavy metal ions as well as
maintaining their sustainability and cost-effectiveness.

5.2. Perspectives

The integration of chromophore-based sensors with polymers
and porous materials displays significant potential and while
remarkable progress has been made for the treatment of heavy
metal ion pollution, the sensing and extraction systems are still
at an early stage and critical challenges remain, which restricts
their further utility in real world applications. These novel
heavy metal ion detection and removal systems based on
functional materials still need to be improved to provide:
(i) enhanced sensing and extraction ability: the systems should
be capable of detecting heavy metal ions sensitively in a stable
and constant manner, facilitating the detection in drinking
water. In addition, among all the heavy metal ions, the coex-
istence of some cations such as Cd>*, Pb**, Cu”’, Cr®* and Hg*"
results in a decrease in the adsorption capacity of the
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functional material for the target heavy metal ions due to
competing adsorption. Therefore, the design of highly selective
materials is required which could be achieved by decorating the
materials with additional multifunctional groups; (ii) Increas-
ing the stability: although some systems based on non-covalent
bonding have been developed for the detection and removal of
heavy metal ions, the stability of systems based on non-covalent
bonding is susceptible to environmental factors such as tem-
perature and pH when compared to more stable covalent
bonding systems. Therefore, the development of more stable
systems for the detection and removal of heavy metal ions
should be further investigated; (iii) multifunctional systems:
most of the prepared systems can only detect or remove a single
heavy metal ion, and when multiple heavy metal ions coexist,
the detection and removal abilities are reduced, which limits
their development for practical applications. Therefore, the
rational design of systems capable of detecting and removing
various heavy metal ions simultaneously is required to meet the
needs of practical systems; (iv) enhanced mechanical perfor-
mance: the treatment of wastewater necessitates the implementa-
tion of continuous flow processes, demanding materials with
extraordinary mechanical properties that are well-suited for such
applications. Achieving the requisite mechanical stability under
dynamic flowing conditions is essential to withstand the high
velocities inherent in wastewater treatment. (v) Appropriate
dimensions: thicker materials excel in removal efficiency but have
reduced sensing capability, while thinner materials exhibit excep-
tional sensing performance but lower adsorption capacity. As
such, precise structural design is essential to achieve enhanced
detection and removal of heavy metal ions. (vi) Hybrid design
strategy: designs that couple a film detection layer with an
adsorbent material layer to achieve high-efficiency detection and
adsorption. (vii) Sustainability: eco-friendly materials are required
to facilitate the development of green chemistry practices. Recycl-
able and degradable materials like cellulose, chitosan and lignin
have attracted great interest due to their abundance in nature and
they are cheap and readily available. Systems constructed based
on these materials for the simultaneous detection and removal of
heavy metal ions possessing outstanding stability and reusability
are superior to other common materials; (viii) smart phone-based
on-site analysis systems: traditional laboratory-based analyses,
which involves complex sample preparation, specialized person-
nel and/or expensive instrumentation, are unsuitable for simple
and comprehensive environmental monitoring. Therefore, reli-
able, cost-effective, and easy-to-use multifunctional and portable
quantification systems need to be developed; (ix) safe reuse or
disposal of used materials: currently, most of the materials are
discarded and disposed of after the detection and removal of
heavy metal ions. Therefore, to avoid secondary pollution, more
advanced disposal or up-cycling methods need to be developed."®’

As a final thought, although the sensing platforms based on the
materials discussed in this review still face many challenges, it is
gratifying to note that current research provides hope for the
construction of practical systems in the not-too-distant future.
Systems with catalytic decontamination abilities are particularly
interesting and deserve concerted development, since they have

This journal is © The Royal Society of Chemistry 2023
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the ability to convert pollutants to harmless or low toxicity species. In
summary we anticipate that with the continuous development of
chemical materials and detection strategies, that advanced func-
tional systems will be developed for the treatment of various heavy
metal ions enabling improved environmental remediation and clean
drinking water for everyone. Such progress is expected to continue in
the coming years, enabling us to address the challenges of heavy
metal ion contamination with ever increasing efficacy and efficiency.
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