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strong demand for rapid, sensitive, and reliable detection technologies. This review
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comprehensively discusses recent advances in functional materials employed for Cu?*
detection in water, focusing on chitosan-based materials, carbon nanotubes (CNTSs),
cellulose-derived materials and salt-based sensing systems. The structural
characteristics, sensing mechanisms, and performance of these materials are critically
compared in terms of detection limits, sensitivity, adsorption capacity, and operational
concentration ranges. Biopolymer-based materials such as chitosan and cellulose offer
excellent biocompatibility and abundant functional groups for metal ion chelation,
while CNTs provide superior electrical conductivity and large surface areas that enhance
sensing efficiency. Salt-based chelators and optical sensing configurations further
improve selectivity and detection sensitivity to the nanomolar level. Chemical
Keywords: modifications and composite formations are shown to significantly enhance material
stability and sensing performance. Overall, this review highlights the potential of
advanced functional materials for effective Cu?** monitoring and provides insights into
future developments for sustainable water quality assessment and environmental
protection.

Copper ions detection, Chitosan based,
Carbon nanotubes based, Cellulose
based, Salt based, Surface plasmonic
resonance based

1. Introduction

Copper (Cu) is an essential trace element that plays a vital role in both environmental and
biological systems. It is naturally present in freshwater ecosystems and is also commonly found in
various foods and dietary supplements. In living organisms, copper is required in trace amounts for
several physiological processes, including enzyme synthesis, tissue formation, iron metabolism, and
bone development. Despite its biological importance, copper becomes toxic when present in
excessive concentrations, particularly in aquatic environments. From an environmental perspective,
copper is widely distributed in nature as a transition metal and is frequently classified among the
priority heavy metals due to its potential ecological and health impacts. Among its oxidation states,
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Cu(ll) ions (Cu?*) are the most stable and commonly encountered form in aqueous systems, and they
are considered the most biologically reactive and toxic species at elevated concentrations. Liu et al.
[1] reported that copper exists in multiple forms, including elemental copper (Cu®), cuprous ions
(Cu*), and cupric ions (Cu?*), with Cu?* being the dominant species in environmental contamination.

Excessive exposure to Cu?* can lead to serious health and environmental consequences. In
humans, copper deficiency may result in anemia and connective tissue disorders, whereas
overexposure can cause gastrointestinal disturbances, liver enzyme dysfunction, and neurological
impairments. For aquatic organisms, elevated Cu?* concentrations can disrupt metabolic processes
and affect overall ecosystem stability. According to the World Health Organization (WHO), the
maximum permissible limit of copper in drinking water is 2.0 mg/L [3-4], highlighting the need for
effective monitoring of copper contamination in water sources. The speciation and behavior of Cu?*
in aqueous environments are strongly influenced by pH and ligand interactions. Fathy et al. [5]
reported that copper ions may exist as free hydrated ions, soluble salts, or complexes with organic
and inorganic ligands. At lower pH values (below pH 6), Cu?* remains soluble and more bioavailable;
however, at higher pH levels, the formation of copper hydroxide species such as Cu(OH)* and Cu(OH),
may occur, leading to precipitation and reduced solubility. Shuhaimen et al. [6] further demonstrated
that optimal adsorption of Cu?* occurs in mildly acidic conditions (pH 4-5), where surface interactions
between Cu?* and adsorbent functional groups are enhanced.

In response to the increasing concern over copper contamination, various functional materials
have been developed for the detection and removal of Cu?* ions in aqueous systems. These include
chitosan-based materials, carbon nanotubes, cellulose derivatives, metal oxides, salt-based
materials, and surface plasmon resonance—based sensing platforms. These materials have been
widely explored due to their high sensitivity, selectivity, and potential for low detection limits (LOD)
in water quality monitoring applications. However, despite significant progress in material
development, a comprehensive understanding of their comparative performance, sensing
mechanisms, and practical limitations remains limited. Therefore, this review aims to systematically
discuss and compare recent advances in functional materials for Cu?* detection in water, with
emphasis on sensing mechanisms, analytical performance, and future development prospects for
environmental monitoring applications.

2. Materials of Cu?* Detection
2.1 Chitosan Based Material

Chitosan (CS) has emerged as a premier biopolymer for environmental remediation and heavy
metal detection, particularly for the monitoring of copper ions Cu?* in aquatic environments [7].
Synthesized via the chemical deacetylation of naturally occurring chitin, CS possesses a highly
desirable suite of intrinsic properties, including non-toxicity, inherent antibacterial activity, economic
viability, biocompatibility, and biodegradability, which collectively underpin its widespread adoption
as an adsorbent in wastewater treatment [7, 8]. Structurally, CS is a polysaccharide characterized by
an abundance of reactive primary amino (-NHz) and hydroxyl (-OH) groups along its macromolecular
backbone [7]. Despite these advantages, raw CS suffers from poor structural stability and a high
propensity for dissolution in acidic media, which significantly restricts its practical utility [8]. To
mitigate this limitation, Yang et al. [9] successfully cross-linked CS using glyoxal to reinforce its
polymeric framework. The resulting modified matrix demonstrated remarkable stability in acidic
solutions without undergoing significant structural degradation, an upgrade directly attributed to the
formation of robust C-N covalent linkages that secure the polymer chain networks.
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Fig. 1. The Structure of CS [9]

The high adsorption capacity of CS toward transition metal ions is fundamentally governed by the
localized chemical reactivity of its backbone functional groups [10]. As elucidated by Osman et al.
[10], the chelation mechanism proceeds via the displacement of hydrogen ions, allowing the lone
electron pairs residing on the nitrogen atoms of the successive amine linkages to form strong
coordinate covalent bonds with incoming metal ions. This dense arrangement of nitrogen-bearing
active sites promotes the formation of stable, high-affinity chelation complexes. However, the net
chelation efficiency remains a dynamic process that is heavily dependent on critical operational
parameters, such as solution pH, contact time, initial metal concentration, and the thermodynamic
tendency of the polymer to bind specific target ions [10].

To leverage these native coordination chemistry properties for real-time monitoring, CS has been
successfully deployed as an active interfacial coating material in Surface Plasmon Resonance (SPR)
fiber optic sensors optimized for Cu?* detection [11]. Depositing a functional CS thin film onto the
optical waveguide concurrently enhances chemical sensitivity and improves the structural
boundaries of the sensor interface. To prevent acidic degradation while maximizing its binding
kinetics, the pristine CS matrix is typically modified via chemical cross-linking with glutaraldehyde.
When target Cu?* ions undergo chelation within this cross-linked layer, the resulting complexation
triggers a distinct variation in the local refractive index at the fiber core-cladding boundary, thereby
inducing a prominent wavelength shift within the sensor's interference spectra [11]. This engineered
sensor configuration achieved a commendable sensitivity profile of 24.6 pm/10 ppm across a wide
working concentration range of 0 to 330 ppm [11].

Further breakthroughs in trace-level detection limits have been achieved by blending CS with
conducting polymers to synthesize synergistic organic composites. Li et al. [12] demonstrated that
pairing CS with polypyrrole (PPy) yields an advanced composite matrix with exceptional adsorption
kinetics toward dilute Cu?* concentrations. The integration of PPy successfully addresses the classic
mechanical limitations and brittleness of pure polysaccharide films, drastically improving both the
mechanical integrity and thin-film uniformity of the cast sensor layer. Fabricated via a highly
reproducible and straightforward chemical oxidation technique, this CS/PPy composite layer
significantly maximizes the optical interaction cross-section. Consequently, this composite
architecture delivered a remarkable sensitivity of 9.12 nm/ppm within an ultra-trace concentration
regime of 0.1 to 0.5 ppm, while sustaining a robust resolution of 2.14 nm/ppm as the concentration
scaled from 0.5 to 2 ppm [12].

Alternative chemical pathways focus on the hydrophobic modification of the primary amine
active sites via condensation reactions to form aromatic Schiff base networks. According to Matias
et al. [13], CS can undergo a structural modification by reacting with salicylaldehyde, wherein the
primary amine groups on the polymer backbone condense with the aldehyde functionalities of the
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reagent to anchor an aromatic ring system. This structural reconfiguration introduces supplementary
phenolic hydroxyl pathways that actively participate in multi-dentate metal coordination, thereby
reinforcing the complexation stability [13]. Although the newly formed imine (-C=N-) bonds are
naturally prone to aqueous hydrolysis, a subsequent controlled chemical reduction step effectively
stabilizes the modified polymer matrix against watery degradation. This reduction phase prevents
film breakdown while ensuring the restored amine pathways remain fully accessible for targeted ion
coordination. Ultimately, this structurally reduced CS framework demonstrated a substantial Cu?*
adsorption density of 2.5 mg/mL, alongside an exceptionally high competitive selectivity for copper
ions when evaluated against co-existing heavy metal interferences in complex aquatic matrices [13].

2.2 Carbon Nanotube Based Material

Carbon nanotubes (CNTs) have established themselves as an exceptionally reliable material for
identifying and trapping heavy metal ions like copper (Cu?*) due to their unique physical and chemical
traits. Structurally, CNTs are one-dimensional, cylindrical nanomaterials featuring diameters on the
nanometer scale and lengths extending into micrometers. Essentially, a CNT can be envisioned as a
flat sheet of graphene rolled into a seamless cylinder, which is generally categorized into two primary
types: single-walled carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTSs)
[14]. SWCNTSs consist of a single layer of graphene rolled up where the hexagon rings in the lattice
sheet overlap typically yielding a diameter of less than 2 nm. In contrast, MWCNTSs feature larger
diameters ranging from 2 to 200 nm, depending entirely on the number of nested, concentric
nanotubes that make up the structure. To describe how MWCNTs are physically configured,
researchers generally point to two structural variations: the Russian Doll model and the alternative
Parchment model [14]. In the Russian Doll framework, the MWCNT is constructed from separate,
individual graphene cylinders neatly nested one inside the other. On the other hand, the Parchment
model describes a single, continuous sheet of graphene rolled tightly around itself, closely mimicking
a scroll. The distinct geometries of both SWCNTs and MWCNTSs serve as the physical foundation for
their broad sensing capabilities (as illustrated in Fig. 2).
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Fig. 2. The Structure of (a) SWCNT and (b) MWCNT [14]
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Beyond heavy metal tracking, CNTs have earned a reputation as highly versatile, multitasking
materials capable of capturing an impressive variety of organic and chemical pollutants from aquatic
systems [15]. Studies have proven their efficacy in trapping trace levels of agricultural and industrial
contaminants—such as dichlorodiphenyl-trichloroethane, nicosulfuron, thifensulfuron-methyl, and
metsulfuron-methyl—alongside polyhalogenated organics, polycyclic aromatic hydrocarbons, and
various pharmaceuticals in contaminated water samples [15]. When engineered specifically for Cu?*
detection, CNTs can be successfully prepared in sheet form via Chemical Vapor Deposition (CVD) [15].
To optimize their binding affinity, these sheets undergo an acid activation treatment using
concentrated nitric acid combined with a chitosan functionalization layer. This dual-action
acid/chitosan modification drastically improves adsorption performance, achieving a Cu?* binding
capacity of 18.2670 mg/g at a starting concentration of 200 mg/L, which scales up to a remarkable
57.3412 mg/g when exposed to a higher initial concentration of 800 mg/L [15].

Alternatively, researchers have turned to graphitised multi-walled carbon nanotubes
(GMWCNTSs) to push the performance limits of electrochemical Cu?* sensors even further. According
to Zhang et al. [16], GMWCNTs serve as an ideal surface modifier for sensor electrodes because they
offer a drastically enlarged specific surface area, superior electrical conductivity, and excellent long-
term chemical stability. In a practical sensing application, GMWCNTs were blended with copper ()
ion carrier IV and deposited onto a glassy carbon electrode (GCE) using a straightforward drop-
coating technique. This modification created a highly responsive, ultra-rapid platform specifically
optimized for mapping trace Cu?* levels in complex seawater environments. By utilizing this
GMWCNT/ Cu?* carrier IV/GCE testing architecture, the sensor successfully registered an
exceptionally low detection limit of 0.74 pg/L within a linear working concentration range of 50 to
500 pg/L [16].

2.3 Cellulose Based Material

In the search for sustainable and highly efficient sensing platforms, cellulose nanomaterials
(CNMs) have attracted significant interest as green alternatives for monitoring heavy metals like
copper ions Cu?*. CNMs are isolated through the structural deconstruction of native crystalline
cellulose, a biopolymer widely utilized for aqueous filtration and environmental remediation.
Consequently, these resulting nanomaterials exhibit an exceptionally high specific surface area [17].
This nanoscale morphology exposes a dense spatial distribution of reactive, amphiphilic hydroxyl (-
OH) functionalities across the matrix interface. This abundance of solvent-accessible coordination
sites significantly amplifies interfacial binding kinetics and mass transport, directly enhancing the
transducer’s analytical sensitivity. Consequently, CNMs have been successfully integrated as
functional structural matrices within plasmonic copper nano-antenna (CNA) sensing configurations.
Exploiting the intrinsic mechanical stability and low thermal expansion coefficient of the crystalline
cellulose network, these CNA-based sensors effectively mitigate baseline drift to deliver rapid,
reproducible, and highly stable optoelectronic responses, enabling the high-fidelity quantification of
trace divalent copper Cu?* ions down to a lower detection limit 2.5x107 [17].

To tailor its chemical performance further, the cellulose backbone can be chemically modified
with specific functional groups. Introducing carboxymethyl groups, for example, adds an abundance
of oxygen-rich carboxyl and hydroxyl active sites, yielding carboxymethyl cellulose (CMC) [18]. As
shown in Fig. 3, CMC is a highly versatile, water-soluble natural polymer typically processed as a
sodium salt. It is favored in sensor design because it is non-toxic, biocompatible, biodegradable, and
exceptionally easy to chemically modify. Because of these traits, CMC serves as an ideal structural
carrier for developing advanced fluorescent materials. By blending the CMC matrix with reactive



Journal of Advanced Research in Applied Sciences and Engineering Technology
Volume 61, Issue 5 (2026) 1-10

compounds like glycidyl ether (GE) and 8-aminoquinoline (AQ), researchers have synthesized a novel
fluorescent sensing film that exhibits excellent coordinating affinity for heavy metals. When exposed
to contaminated water, this CMC-based material can successfully detect Cu?* concentrations as low
as 6.4x10® mol/I [18].
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Fig. 3. The Structure of CMC [18]

Beyond basic modifications, cellulose is also widely used to build three-dimensional porous
networks for heavy metal capture. Accounting for more than 50% of the carbon content in plants,
cellulose is the most abundant natural polysaccharide on Earth, making it a prime candidate for
engineering biodegradable, eco-friendly hydrogels [19]. While basic cellulose-based hydrogels show
a modest baseline adsorption capacity of 28.4 mg/g for Cu?*, advanced structural formats offer vastly
superior performance. Fu et al. [19] demonstrated this by utilizing cellulose nanocrystals (CNCs) to
synthesize a high-performance green-fluorescent carbon dot-integrated aerogel (GCDiA). By simply
cross-linking carbon dots (C-dots) within the CNC matrix using epichlorohydrin (ECH) as a bridging
agent, they created a highly porous, functionalized network. This aerogel architecture drastically
enhances ion capture, achieving a remarkable maximum Cu?* adsorption capacity of 149.62 mg/g
when treated with an initial concentration of 1000 mg/I [19]. Another highly effective variant used in
optical and electrochemical sensing is bacterial cellulose (BC). Unlike plant-derived options, bacterial
cellulose possesses an exceptionally high degree of crystallinity, which provides excellent mechanical
tensile strength and a highly stable, interconnected 3D nanofibrous network [20]. Because it is highly
sustainable, hydrophilic, affordable, and biocompatible, BC is an outstanding eco-friendly substitute
for non-degradable synthetic polymers. The material features a dense concentration of surface
hydroxyl groups that readily form robust, tight hydrogen bonds with C-dots. This strong interaction
ensures that the immobilisation is stable and under control, preventing them from leaching out when
submerged in aquatic environments. Consequently, this stable matrix offers user-friendly handling
and highly reliable performance, successfully mapping trace Cu?* contamination down to an ultra-
sensitive detection limit of 7.758 nM [20].

2.4 Salt Based Material

Salt-based chemical derivatives and organic salts represent another highly effective class of
materials for monitoring copper Cu?* ions. Among these, bathocuproinedisulfonic acid disodium salt
(BCS) is widely used as a targeted copper chelator, frequently working in tandem with noble metal
nanostructures like silver nanoparticles (AgNPs) [21]. Wang et al. [21] demonstrated that combining
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BCS with AgNPs yields a highly responsive colorimetric platform, significantly intensifying the visible
color transition and lowering the overall detection limit for single-use paper test strips. This
performance boost is driven by the sulfonic acid groups present in the BCS structure, which readily
bind to the surface of the AgNPs to establish excellent colloidal stability and rapid reaction times.
Operating at an optimal 1:2 binding ratio between BCS and AgNPs, this nanoparticle-based
colorimetric essay achieved a reliable Cu?* detection limit of 0.06 mg/I [21].

Beyond simple colorimetric test strips, the analytical performance of BCS has also been
extensively explored via fluorescence spectroscopy [22]. Fluorescence methods offer superior
sensitivity, making them highly suited for mapping trace metal contamination at ultra-low
concentrations. However, measuring these optical signals can become complicated in the infrared
region due to background interference and scattering. To avoid these measurement difficulties,
researchers typically capture the fluorescence emission within the visible blue region of the
spectrum. When exposed to contaminated water samples, the baseline fluorescence of the BCS
molecule undergoes a distinct quenching process upon binding with Cu?*. This fluorescent
attenuation approach allows for highly precise tracking, reaching an ultra-trace detection sensitivity
on the order of 10 mol/I [22].

In parallel with molecular probes, optical fiber interferometers particularly Fabry-Perot
sensors have gained prominence as exceptionally precise instruments for detecting heavy metal ions.
To make these sensors responsive to chemical changes, their optical cavities are often functionalized
with hybrid composite materials. A notable example is the pairing of sodium alginate (SA), a natural
salt-based polymer, with graphene oxide (GO) to synthesize a hybrid SA/GO hydrogel matrix [23].
When coated onto a Fabry-Perot sensor tip, this cross-linked hydrogel serves as a functional, porous
target layer. As Cu?* ions diffuse into the hydrogel network, they trigger a localized volume or
refractive index shift within the cavity, altering the light's optical path length and shifting the
interference signal. In experimental trials, this SA/GO hydrogel-coated Fabry-Perot sensing platform
demonstrated an outstanding sensitivity within a narrow, trace-level working concentration range of
0 to 1.4 mg/I [23]. To provide a clear, high-level overview of the performance benchmarks across all
the distinct material technologies discussed so far, Table 1 compiles a comparative summary of their
target mechanisms, linear ranges, and specific detection limits for Cu?* ions.

Table 1
The Comparison of Cu?* lons Detection Materials
Material Composition / Detection or Concentration Method / Advantages / Key Ref.
Modification Adsorption Range Application  Properties
Capacity
Chitosan Pure chitosan 75.40 mg/g 100 mg/I Adsorption  Biopolymer; reactive [9]
(from chitin) amino & hydroxyl
groups; good for
wastewater treatment
Chitosan Unmodified 0.3339 mg/L 1 mg/l Adsorption  High nitrogen content; [10]
(film form) (=33% of film test forms chelates;
initial Cu®*) affected by pH, contact
time
Chitosan Chitosan + glyoxal  75.40 mg/g 100 mg/I Enhanced Increased acid stability [9]
(with crosslinking stability in ~ via C—N covalent bond
glyoxal) acid
Chitosan Chitosan + Sensitivity: 0-320 ppm Surface Enhanced structure [11]
(with glutaraldehyde 24.6 pm/10 Plasmon strength; higher
glutaraldehy (fiber sensor ppm Resonance  refractive index
de) coating) sensitivity
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fiber
sensor

Chitosan— Chitosan + 9.12 nm/ppm  0.1-2 ppm Conductive  Better mechanical [12]
Polypyrrole conductive (0.1-0.5 ppm); polymer strength; uniform film;
Composite polymer 2.14 nm/ppm composite  simple synthesis

(polypyrrole) (0.5-2 ppm)
Reduced Chitosan + 2.5 mg/mL - Adsorption  Enhanced [13]
Chitosan salicylaldehyde (chelation)  complexation;

selective for Cu®* over
Ni2+, Cd2+, Pb2+
CNTs Acid-treated, 18.2670 mg/g  200-800 mg/l  Adsorption High surface area; [15]
(SWCNTs & chitosan- (200 mg/L); / Detection electrical conductivity;
MWCNTs) functionalized 57.3412 mg/g sheets multifunctional
(800 mg/L)

Graphitized ~ Combined with 0.74 pg/L 50-500 pg/l Electroche  High conductivity; [16]
MWCNTSs Cu(ll) ion carrier mical chemically stable; high
(GMWCNTs) IV & CGE (drop- surface area

electrode coating)
Cellulose Cellulose-based, 2.5x107M - CNA sensor High hydroxyl group [4]
Nanomateri  with copper content; rapid & stable
als (CNMs) nano-antenna response

(CNA)
Carboxymet  CMC + glycidyl 6.4x 1078 - Fluorescen  Biocompatible, [18]
hyl Cellulose  ether (GE) + 8- mol/L t detection biodegradable, water-
(cmcq) aminoquinoline soluble polymer

(AQ)
Cellulose CNC + carbon 149.62 mg/g 1000 mg/L Adsorption  High adsorption [19]
Hydrogel dots crosslinked hydrogel capacity;
(CNC- with ECH biodegradable
GCDiA)
Bacterial BC + carbon dots 7.758 nM - Fluorescen  High mechanical [20]
Cellulose t sensing strength; 3D network;
(BC) biodegradable
BCS + AgNPs  Bathocuproinedis  0.06 mg/L - Colorimetri  Strong chelating agent;  [21]

ulfonic acid ¢ (paper color change

disodium salt + strip) detection; stable

silver nanoparticles

nanoparticles
BCS Same as above, ~107% mol/L - Fluorescen Sensitive in visible blue  [22]
(fluorescent) using ce region; not suitable in

fluorescence quenching IR

4. Conclusions

The development of efficient and reliable technologies for Cu?* detection remains essential for
environmental monitoring, water quality management, and public health protection. This review has
comprehensively summarized recent advances in functional materials employed for Cu?* sensing,
including chitosan-based materials, carbon nanotubes (CNTs), cellulose-derived materials, salt-based
systems, and optical sensing platforms. Each material class exhibits distinct advantages in terms of
sensitivity, selectivity, biocompatibility, adsorption capacity, and structural stability, demonstrating
their potential for practical water monitoring applications. The findings reveal that material
modification and composite engineering play crucial roles in enhancing sensing performance.
Chemical cross-linking, surface functionalization, and the incorporation of conductive or
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nanostructured components significantly improve mechanical stability, active binding sites, and
signal transduction efficiency. Furthermore, the integration of these functional materials with optical
fiber sensors, surface plasmon resonance (SPR) devices, and fluorescence-based systems has enabled
the detection of Cu?* at remarkably low concentrations, reaching nanomolar and even sub-
micromolar levels. Such advancements highlight the synergistic relationship between material
science and sensing technology in developing high-performance environmental monitoring systems.

Despite these achievements, several challenges remain, including long-term material stability,
selectivity in complex water matrices, large-scale fabrication, and the transition from laboratory
demonstrations to portable, real-time sensing devices. Future research should therefore focus on the
development of sustainable, low-cost, and multifunctional sensing materials with enhanced
durability and regeneration capabilities. In addition, emerging technologies such as smart sensors,
Internet of Things (loT)-enabled monitoring systems, and machine learning-assisted data analysis
may further improve the efficiency and applicability of Cu?* detection platforms. Overall, continued
innovation in functional materials and sensor integration will contribute significantly to the
realization of robust, environmentally friendly, and highly sensitive water quality monitoring
technologies for sustainable environmental management.
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