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Abstract

Hexavalent chromium (Cr(VI)) remains one of the most persistent and toxic environmental contaminants,
driving urgent research into sustainable remediation strategies. This review critically examines the role of
surface-functionalized nanoplastics as supports for silver nanoparticles (AgNPs) in enhancing Cr(VI)
adsorption and catalytic reduction. Synthesizing evidence from 24 peer-reviewed studies published
between 2010 and 2025, we evaluate how functional groups (—COOH, —NH, —OH, sulfonation) influence
adsorption capacity, redox kinetics, recyclability, and stability. Functionalization was found to modulate
surface charge, hydrophilicity, and electron transfer dynamics, with oxygen- and nitrogen-rich groups
consistently delivering superior performance under acidic conditions. Comparative analyses reveal
adsorption capacities up to 574 mg/g and rapid reduction efficiencies exceeding 95%, supported by
pseudo-first- and second-order kinetic models. However, challenges remain in translating laboratory
successes to real wastewater systems due to co-ion competition, natural organic matter fouling, and Ag*
leaching. Furthermore, lifecycle risks posed by nanoplastic degradation and secondary microplastic
release demand safe-by-design strategies and rigorous environmental validation. By integrating
mechanistic insights with sustainability and scalability considerations, this review highlights
functionalized nanoplastic—AgNP composites as promising yet transitional materials. Future directions
include hybrid catalysts, biopolymer-derived supports, and policy frameworks to bridge the gap between
innovation and real-world deployment.

Keywords: Chromium (VI) remediation, Nanoplastics, Silver nanoparticles, Surface functionalization,
Environmental nanotechnology

Introduction

Hexavalent chromium (Cr(VI)) contamination remains one of the most intractable global environmental
challenges due to its extreme toxicity, high solubility, oxidative potential, and bioaccumulative properties.
Its widespread use in electroplating, leather tanning, pigment production, and mining has resulted in
persistent discharges to aquatic and terrestrial ecosystems, with severe implications for public health.
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Epidemiological evidence links Cr(VI) exposure to oxidative stress, DNA damage, and elevated cancer
risk, while hotspot contamination events, such as groundwater concentrations reaching 20 mg/L in Jinzhou,
China, underscore the scale and urgency of intervention (Tazhibayeva et al., 2025).

Conventional treatment methods, including chemical precipitation, ion exchange, and bioremediation,
remain widely investigated for Cr(VI) remediation but are consistently constrained by secondary pollution,
operational inefficiencies, and limited scalability. Chemical precipitation, while effective in reducing
aqueous Cr(VI) concentrations, typically produces voluminous and toxic sludge that demands costly post-
treatment and secure disposal, creating additional environmental burdens. Furthermore, precipitation
efficiency is strongly pH-dependent and often compromised in real wastewater systems containing
coexisting ions and organic matter. lon exchange resins, though highly selective under controlled
conditions, require extensive pretreatment of influent water to remove competing anions such as sulfate,
chloride, or nitrate. The regeneration of resins demands concentrated eluents, which not only increase
operational costs but also generate secondary brines rich in hazardous metals, complicating safe waste
management. Bioremediation strategies, employing bacteria, fungi, or algae capable of enzymatic Cr(VI)
reduction, are attractive due to their eco-friendly and low-energy characteristics. However, their
application is limited by slow kinetics, narrow tolerance to fluctuating pH, salinity, and temperature, and
difficulties in maintaining microbial viability in complex wastewater matrices. Moreover, large-scale
implementation is hindered by the need for controlled bioreactors, potential pathogen risks, and extended
treatment times that are incompatible with industrial-scale throughput. (V & AK, 2016) (Sharma et al.,
2022). These limitations necessitate innovative, multifunctional remediation strategies.

Nanotechnology offers a disruptive alternative to conventional methods by exploiting nanoscale
phenomena that integrate adsorption and catalytic reduction within a single multifunctional platform.
Unlike traditional treatments that rely on isolated mechanisms, nanomaterials operate through synergistic
pathways, enhancing efficiency, selectivity, and reusability. For instance, N-doped porous carbon and
surface-modified TiO2 have demonstrated rapid and highly selective detoxification of Cr(VI) under visible
light irradiation, effectively reducing it to Cr(IIl), a less mobile and significantly less toxic species
(Acharya et al., 2018; Huang et al., 2025). These hybrid photocatalytic—adsorptive systems illustrate how
engineered nanomaterials can accelerate redox kinetics while simultaneously providing stable adsorption
sites, thereby achieving higher removal efficiencies even under variable environmental conditions.
Extending this paradigm, nanoplastics have recently emerged as versatile and tunable supports for
nanoparticle immobilization. Their intrinsic properties—including large specific surface area,
customizable surface chemistry, and excellent dispersibility in aqueous environments—render them ideal
carriers for stabilizing metallic nanoparticles. Functionalization with silver nanoparticles (AgNPs) further
enhances these capabilities by introducing active redox centers that promote electron transfer to adsorbed
Cr(VI) species. The resulting AgNP—nanoplastic composites exhibit superior dispersion stability,
improved reusability across multiple treatment cycles, and enhanced catalytic turnover compared to
unsupported AgNPs. Moreover, surface modifications can be tailored to control hydrophilicity, charge
distribution, and functional group density, thereby optimizing electrostatic attraction of Cr(VI) oxyanions
and facilitating multi-electron reduction pathways.

Recently, nanoplastics have gained attention as novel carriers and supports in water treatment systems.
Their high surface area, tunable chemistry, and dispersibility make them ideal substrates for nanoparticle
immobilization. When combined with silver nanoparticles (AgNPs), nanoplastics enhance reusability,
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dispersion stability, and surface functionalization, enabling tailored interactions with Cr(VI) species
(Javed and Lujaniené., 2025) (Rashid et al., 2025) (Avola et al., 2023).

Despite these advances, the mechanistic role of surface chemistry in AgNP—nanoplastic composites
remains poorly understood. Functional groups, hydrophilicity, and charge distribution govern binding
affinity, electron mobility, and catalytic turnover, yet systematic comparative studies are lacking. This
review addresses this critical knowledge gap by evaluating how specific functionalization strategies
modulate adsorption capacity, reduction efficiency, and stability in complex aqueous environments. By
integrating insights from materials science, nanotechnology, and environmental chemistry, the review
provides a framework for the rational design of next-generation nanocomposites, advancing the pursuit of
scalable, sustainable, and safe Cr(VI) remediation technologies.

This review addresses a critical gap by systematically evaluating how surface functionalization strategies
influence the performance of AgNP—nanoplastic composites in Cr(VI) remediation. It compares different
surface chemistries to determine their effects on adsorption capacity, catalytic reduction efficiency, and
stability in aqueous environments. By integrating perspectives from materials science, environmental
chemistry, and nanotechnology, the review aims to guide the rational design of advanced nanocomposites
for effective and sustainable Cr(VI) removal.

Methodology

This systematic review followed the PRISMA 2020 guidelines (Page et al., 2021) to identify and evaluate
studies on nanoplastics (<1000 nm) functionalized with polar or non-polar groups as supports for silver
nanoparticles (AgNPs) in Cr(VI) remediation. Eligible studies reported quantitative outcomes including
adsorption capacity (mg/g), observed rate constants (k_obs), reduction efficiency (%), and recyclability.
Exclusion criteria included studies using non-AgNP catalysts, bulk plastics, or those lacking quantification
of Cr(VI) removal.

Four databases; PubMed, Scopus, Web of Science, and Embase were searched using Boolean strings such
as:

("nanoplastic functionalization" AND "silver nanoparticles" AND "chromium(VI)").

Searches were limited to peer-reviewed journal articles published between 2010 and 2025.

Data extraction was performed using a standardized form capturing: experimental conditions (pH, ionic
strength, temperature), functionalization type (e.g., -COOH, —NH., —OH, sulfonation), AgNP loading,
and characterization techniques (XPS, FTIR, TEM, BET). Two reviewers independently screened and
extracted data, resolving discrepancies through consensus.

Study quality was assessed using an adapted Joanna Briggs Institute (JBI) tool for laboratory-based
research, focusing on reproducibility, methodological transparency, and bias risk. A narrative synthesis
was conducted, and where sufficient comparable data were available, a meta-analysis was performed to
evaluate the influence of surface chemistry on Cr(VI) adsorption and reduction performance.

Results

A total of 90 records were identified through database searches (PubMed, Scopus, Web of Science,
Embase). After removing duplicates and screening titles/abstracts, 24 full-text articles were assessed for
eligibility (Page et al., 2021).

Most studies were published between 2018 and 2025, with research concentrated in China, India, and the
EU. Nanoplastics used included polystyrene (PS), polyethylene (PE), and polypropylene (PP). AgNP
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deposition was achieved via chemical reduction, photoreduction, or green synthesis using plant extracts
(Carbajal-Morén et al., 2024).

Functionalization approaches included:

Oxygen-rich groups: —OH, —COOH (e.g., polydopamine coatings), Nitrogen groups: —NH:, quaternary
amines (e.g., chitosan, amine-grafted PAN), Sulfonation/halogenation: Enhanced hydrophilicity and
electron-donating capacity, Plasma treatment/polymer grafting: Improved surface energy and AgNP
anchoring.

Adsorption followed Langmuir or Freundlich isotherms, with capacities ranging from 52 to 574 mg/g
depending on functionalization. Zeta potential values ranged from —15 to —45 mV, indicating stable
colloidal dispersions (Singh et al., 2024).

Reduction kinetics were best described by pseudo-first-order or pseudo-second-order models, depending
on the electron transfer mechanism. Functional groups facilitated electron shuttling, enhancing synergy
between adsorption and reduction (Y. Gao et al., 2022) (Yang et al., 2021).

Among all functionalization strategies, -COOH and —NH: groups consistently yielded superior Cr(VI)
removal efficiencies. These groups enhanced both adsorption affinity and redox potential, outperforming
sulfonated and halogenated surfaces in acidic conditions. Plasma-treated surfaces showed improved
recyclability but moderate removal rates. The comparative data suggest that dual-functionalized surfaces
offer the best balance between performance and stability (Singh et al., 2024).

Cr(VI) removal efficiency was significantly influenced by environmental parameters. Optimal pH ranged
from 2 to 4, where Cr(VI) exists predominantly as HCrO4, favoring electrostatic interactions. Co-existing
ions such as SO+* and Cl- competed for active sites, reducing efficiency by up to 20%. Elevated
temperatures (30-50°C) enhanced reaction kinetics, while natural organic matter (NOM) introduced
surface fouling, slightly diminishing performance (Y. Gao et al., 2022).

Toxicological risks associated with AgNP—nanoplastic composites include Ag* leaching and nanoplastic
degradation. Studies reported Ag* release exceeding 0.1 pug/L under acidic conditions, posing ecological
risks. Nanoplastics degrade under UV and oxidative stress, releasing secondary microplastics and
additives, which may induce oxidative stress, genotoxicity, and endocrine disruption. These findings
underscore the need for lifecycle assessments and safe-by-design strategies in nanocomposite
development (Guar et al., 2025) .

Discussion

The adsorption and reduction of Cr(VI) by AgNP—nanoplastic composites are governed by a highly
intricate interplay of surface chemistry, charge distribution, and electron transfer dynamics.
Mechanistically, the surface charge of the nanoplastic substrate exerts a decisive influence on the affinity
toward Cr(VI) oxyanions such as HCrOs~ and Cr.0O-*", which are the predominant species under acidic
conditions. Functionalization strategies that introduce positively charged moieties particularly through
protonation of amino (—NH2) or carboxyl ((COOH) groups have been consistently shown to enhance
electrostatic attraction, thereby accelerating adsorption and facilitating subsequent reduction pathways.
This effect is particularly pronounced in low-pH environments, where protonation increases both the
density and distribution of active binding sites. (Fenti et al., 2020).

Beyond electrostatics, electron transfer dynamics between immobilized AgNPs and adsorbed Cr(VI)
species are central to catalytic efficiency. Silver nanoparticles act as electron donors, enabling the
reduction of Cr(VI) to Cr(III), which precipitates or adsorbs onto the nanoplastic surface as less mobile
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and less toxic hydroxides or complexes. The nanoplastic support itself is not merely passive; functional
groups such as —OH, sulfonates, and heteroatom dopants (e.g., N, S) mediate interfacial electron mobility,
lower activation barriers, and stabilize transient intermediates. Density functional theory (DFT)
simulations corroborate these findings, suggesting that functionalization reduces charge recombination
rates and promotes multi-electron transfer, thereby enhancing overall catalytic turnover. (El Shahawy et
al., 2022).

Moreover, the spatial distribution and density of AgNPs anchored to functionalized nanoplastics strongly
influence reaction kinetics. Uniform dispersion prevents nanoparticle agglomeration, maximizes surface
exposure, and maintains active catalytic sites. In contrast, poorly functionalized supports lead to
aggregation, surface passivation, and diminished activity over successive cycles. The interplay of surface
hydrophilicity and electron-rich functional domains also improves wettability and ion diffusion, enabling
faster adsorption—reduction coupling.

Comparative analyses reveal that -COOH and —NH: functionalization consistently outperform sulfonated
and halogenated surfaces in both adsorption and catalytic reduction. A study comparing UiO-66-based
MOFs modified with different ligands found that -NHz-modified frameworks achieved up to 97% Cr(VI)
removal within minutes, attributed to strong ligand—metal interactions and enhanced electron transfer (N.
Gao et al., 2023).

These experimental findings align with density functional theory (DFT) simulations, which provide
molecular-level insights into binding affinities. It was demonstrated that functionalized nanocomposites
with delocalized surface states exhibit stronger Cr(VI) adsorption and lower energy barriers for reduction,
validating the observed experimental trends (Singh et al., 2024).

However, translating these lab-scale successes to real wastewater systems remains challenging. A
systematic review of Cr(VI) remediation technologies over the past decade highlighted that while many
materials perform well in controlled batch experiments, their efficacy diminishes in complex matrices
containing competing ions, organic matter, and fluctuating pH. Moreover, scalability issues, lack of
standardized functionalization protocols, and insufficient toxicity evaluations hinder industrial adoption
(Kumari et al., 2025).

To address these limitations, future research should explore hybrid systems incorporating bimetallic
catalysts such as Ag—Fe or Ag—Au, which offer enhanced redox activity and stability under diverse
conditions. Additionally, the use of biopolymer-derived nanoplastics presents a sustainable alternative to
synthetic supports, combining biodegradability with functional versatility. Long-term stability studies
under environmental stressors like UV exposure, aging, and microbial degradation are also essential to
ensure safe deployment in field applications (Yang et al., 2025).

In conclusion, while AgNP-nanoplastic composites show great promise for Cr(VI) remediation,
optimizing surface functionalization and integrating theoretical modeling with environmental validation
are critical for advancing their real-world applicability.

Conclusion

This review underscores the pivotal role of surface functionalization in enhancing the dual performance
of adsorption and catalytic reduction in AgNP—nanoplastic composites for Cr(VI) remediation. Functional
groups such as —COOH and —NH: not only improve electrostatic attraction toward Cr(VI) oxyanions
(HCrO4, Cr207*") but also facilitate electron transfer pathways that reduce Cr(VI) to the less toxic Cr(III).
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These groups create favorable surface charges and redox-active sites, enabling synergistic interactions
between the nanoplastic support and AgNPs.

Among the various strategies reviewed, oxygen- and nitrogen-rich functionalizations consistently
demonstrated superior performance in both adsorption capacity and reduction kinetics. These
modifications enhanced binding affinity, improved dispersion stability, and promoted catalytic activity,
outperforming sulfonated, halogenated, and plasma-treated surfaces in most comparative studies.

The findings have significant research and policy implications. From a scientific perspective, they
highlight the need for standardized functionalization protocols, integration of theoretical modeling, and
long-term environmental assessments. From a regulatory standpoint, the results support the development
of safe-by-design nanocomposite catalysts that minimize Ag* leaching and nanoplastic degradation while
maintaining high remediation efficiency.

Future research should prioritize scalable synthesis methods, such as biopolymer-derived nanoplastics,
and explore hybrid systems incorporating bimetallic catalysts (e.g., Ag—Fe, Ag—Au) to further enhance
performance and environmental resilience. Ultimately, bridging the gap between laboratory innovation
and field-scale application will be essential for deploying these materials in real-world water treatment
systems.
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