Open Access Article. Published on 02 kolovoza 2023. Downloaded on 20.4.2026. 16:29:40.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(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
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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,
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