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Tea-residue-derived carbon nanomaterials for
adsorption—degradation coupling: mechanistic
insights into pollutant removal and sustainability
challenges

Shareen Niyazi,*> Mohammad Shahid @ ** and Aman Raj°

Low-cost adsorption materials derived from waste tea powder (WTPs) have been extensively studied for
contaminant removal. However, these materials face limitations such as adsorption site saturation,
secondary waste generation, and lack of contaminant removal. Most work in the literature has
concentrated on the adsorption efficiency rather than on the catalytic transformation mechanism. Little
work has focused on potential applications of WTPs as environmental remediation materials. This review
addresses these gaps by examining the transformation of WTPs into multifunctional carbon
nanomaterials (CNM) that integrate adsorption and catalytic degradation mechanisms to overcome these
limitations. The review highlights the enhanced properties of heteroatom-doped (N, P, S) and defect
engineered WTP-derived CNMs, which enable effective activation of peroxymonosulfate (PMS) and
peroxydisulfate (PDS) oxidants, facilitating both radical and non-radical pathways for contaminant
degradation. In addition, the development of hierarchical porosity and surface functionalization facilitates
a capture-degrade mechanism, circumventing the adsorption bottleneck associated with traditional
materials. The review describes how WTP-CNMs can be reused in soil systems to help immobilize
pollutants, stimulate microbial activity, and advance sustainable remediation, thereby promoting
a circular waste-to-resource approach. By linking traditional adsorption-based remediation materials
with catalytic-active NMs derived from waste, this review provides design approaches for large-scale and
sustainable environmental remediation. Overall, integration of catalytic function with tea-residue-derived
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1. Introduction

As the tea industry becomes a global agro-business producing
more than 70 million tonnes of Camellia sinensis each year,
there are significant environmental impacts as a result of large
amounts of production, with 90% of the processed tea leaves
being disposed of as waste.”> While biodegradable waste is
increasingly recognized as a resource for sustainable economic
development, effective management strategies at waste treat-
ment plants remain poorly developed. Residual biomass in
regional landfills represents hundreds of millions of tonnes,
and its decomposition produces greenhouse gases and
concentrated organic acids.* On the other hand, non-
biodegradable waste streams generated through the biomass
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NMs represents a viable path for large-scale sustainable environmental remediation.

disposal require advanced chemical processing. WTPs therefore
has significant potential as a feedstock for the manufacture of
value-added nanomaterials (NMs) via alternative, efficient green
chemistry approaches.* The potential of WTIPs as a precursor for
NMs is determined by its functional groups, such as hydroxyl (-
OH), carboxyl (-COOH), and amino (-NH,), which facilitate the
adsorption of organic and inorganic contaminants during
wastewater treatment processes.®> WTP generally contains >30%
polyphenols (including catechins, flavonoids, and proantho-
cyanidins) and is rich in lignocellulosic biomass (cellulose,
hemicellulose, lignin). Additionally, Liu et al. (2023) have shown
that WTPs contains 6-8% caffeine and significant amounts of
nitrogen (N), phosphorus (P), and potassium (K), and other
essential minerals.® However, these components are often
produced through regulated agricultural systems and, when
disposed of in landfills, may contribute to groundwater pollu-
tion or disrupt soil microbial communities.

Additionally, there are many industrial sectors emitting
pollutants such as synthetic dye from textiles, leather, and
pharmaceuticals manufacturing. Synthetic dyes are a red flag to
both marine and terrestrial ecosystems.” Due to their chemical

© 2026 The Author(s). Published by the Royal Society of Chemistry
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resistance to both fading and degradation by aerobic microbes,
synthetic dyes are useful in industrial applications.® Azo dyes,
among the most prevalent synthetic dyes, are classified as
potential carcinogens and mutagens due to their high levels of
toxicity to humans, plants, and aquatic organisms. If untreated,
these pollutants enter aquatic ecosystems, increasing the molar
excitation coefficients of water and reducing the penetration of
visible light.® This reduction in light intensity impairs

Dr Shareen Niyazi received her
PhD from the Department of
Environmental Engineering,
College of Ecology and the Envi-
ronment,  Nanjing  Forestry
University, Nanjing, China, in
2025. She has worked on green
synthesis of Fe;0, nanocatalysts
and deep-eutectic solvent-assis-
ted hydrothermal synthesis of
Cu/Cl TiO, photocatalysts. Her
research focuses on environ-
mental and chemical engi-
neering, with an emphasis on the
integration of materials science and ecology. Her primary areas of
focus include nanotechnology, photocatalyst engineering, hydrogen
energy, wastewater treatment, and photocatalytic degradation. She
has published 13-14 peer-reviewed articles in journals including
the International Journal of Hydrogen Energy, Journal of Alloys
and Compounds, and Separation and Purification Technology.
She qualified for the ICAR-NET (2019) and currently serves as
a reviewer for journals published by Frontiers, Springer Nature,
Taylor & Francis and Elsevier.

& i

Shareen Niyazi

Dr Mohammad Shahid is an
Assistant Professor at Marwadi
University, Rajkot, India,
specializing in pesticide toxi-
cology, environmental microbi-
ology, and bioremediation. He
completed his PhD from Aligarh
Muslim University, Aligarh, India
and subsequently pursued post-
doctoral research. His work
focuses on pollutant degradation,
nanomaterial-assisted remedia-
tion, and sustainable agricul-
tural systems. He has published
more than 100 articles in internationally peer-reviewed journals,
with contributions to contaminant behavior, plant-microbe inter-
actions, and One Health approaches for environmental safety and
food security. He is recognized among the world's top 2% scientists
in the Stanford University global rankings.

Mohammad Shahid

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

phytobenthos communities and benthic photosynthetic
activity, leading to hypoxic conditions. Such disruptions affect
the natural food chain in aqueous ecosystems® and, through
the extensive use of dye-contaminated wastewater for agricul-
tural irrigation—specifically in emerging economies—also
impact terrestrial ecosystems. As a result, these industrial
processes introduce persistent organic pollutants (POPs) into
soil systems, resulting in carcinogenic and mutagenic impacts
on agricultural ecosystems.' Other drawbacks related to tradi-
tional physical and chemical treatment methods include the
high cost, lengthy processing times, and the production of
secondary sludge.*” These challenges underscore the increasing
demand for an integrated remediation strategies, such as the
utilization of waste biomass like WTPs, to develop eco-friendly
and efficient catalysts capable of detoxifying hazardous dyes.™

Recent review studies have extensively discussed adsorption-
based removal of pollutants and the development of catalytic
degradation systems, as well as their combined applications in
wastewater treatment.'** These studies highlight the effec-
tiveness of adsorption and advanced oxidation processes;
however, they primarily focus on material performance and
process optimization rather than the transformation of
biomass-derived waste into multifunctional catalytic NMs. The
recent focus of research on water treatment has begun to
explore the potential of combining adsorption with advanced
oxidation processes (AOPs), so that pollutants can be adsorbed
and also degraded using radicals produced through these two
processes.’®"” This represents a new and innovative way of
addressing the issues of conventional treatment technologies.
In RSC Advances, recent studies have detailed the use of carbon
nanomaterials (CNMs) and nanocomposites to achieve efficient
adsorption and catalytic degradation of the pollutants, with an
emphasis on the effects of surface functionalization, hetero-
atom doping and defect engineering to improve
performance.">" While other types of biomass-derived NMs
may be occasionally cited for comparison purposes, the primary
focus of this review will be on the use of tea-residue-derived
CNMs to maintain a thematic focus and increase the rele-
vance of this review to the subject matter presented.

In order to ensure clarity and consistency, this review
specifically interpret CNMs derived from tea-residues-derived
NMs. Though references to other biomass-derived materials
will also be incorporated into this review for comparison, the
selection of studies included in this review will focus mainly on
investigations that are directly related to WIPs systems. Thus,
non-WTPs studies will be included only as a means of sup-
porting methodology and interpretation of mechanisms. Unlike
many research publications, this review extends beyond tradi-
tional adsorption-based studies of tea waste materials by
emphasising their transformation into multi-functional CNMs
with catalytic properties. Therefore, there are four primary
objectives pertaining to this review, which are as follows: (i) to
systematically evaluate synthetic methods for generating CNMs
from WTPs; (ii) to critically compare the mechanisms of
adsorption and catalytic degradation; (iii) to delineate how
material desing features such as heteroatom doping and
porosity enhance performance; and (iv) to investigate the use of
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CNMs derived from WTPs for aqueous and soil remediation.
Furthermore, this review addresses current literature gaps,
including the limited understanding of the adsorption-degra-
dation coupling, insufficient mechanistic insight into catalytic
reaction pathways, and lack of integrated approaches linking
water treatment and soil remediation.

This structure of this review is as follows: Section 2 discusses
various methods for synthesizing CNMs from WTPs. Section 3
examines adsorption mechanisms and their limitations.
Section 4 addresses catalytic degradation pathways of CNMs
and material design. Section 5 outlines applications of CNMs in
soil remediation, and Section 6 proposes future research
directions. This report offers a comprehensive overview of
CNMs derived from tea residue, highlighting their interrelation
with adsorption limitations, catalytic degradation pathways,
and soil remediation applications within a unified framework.

2. Review methodology

A structured literature search was employed to ensure
comprehensive and relevant coverage of the topic. Scientific
databases, including Web of Science, Scopus, and Google
Scholar, were used to identify relevant publications. The search
was performed using combinations of keywords such as ‘tea
waste’, ‘tea residue’, ‘carbon nanomaterials’, ‘biochar’,
‘adsorption’, ‘catalytic degradation’, and ‘advanced oxidation
processes. The literature search primarily targeted studies
published between 2010 and 2025, with particular emphasis on
recent advancements. Inclusion criteria prioritized studies
reporting the synthesis, characterization, and environmental
applications of tea-residue-derived carbon materials. Studies
focusing solely on non-tea biomass-derived materials were
included only for comparative or mechanistic insights. Exclu-
sion criteria involved studies lacking experimental validation,
insufficient characterization, or unrelated applications. To
maintain the scope of the review, special attention was given to
distinguishing WTP-derived CNMs from general biomass-
derived carbons, thereby ensuring a focused and thematically
consistent discussion. The selected studies were critically
analyzed to identify trends, limitations, and research gaps in
adsorption-degradation systems.

3. Waste-tea-derived powder (WTP)
carbon nanomaterials (CNMs)
3.1 Why WTPs is an ideal sustainable carbon precursor

High levels of bioactive compounds and non-native hetero-
atoms, such as N, in lignocellulosic biomass from WTP provide
a robust foundation for the synthesis of advanced CNMs."
Unlike most traditional agricultural residues, which often
require either harsh chemical activation or the addition of
foreign dopants, WTP serves as a single-source precursor for
CNMs development. Tea polyphenols, including catechins,
theaflavins, and phenolic acids constitute 30-40% of the dry
weight of WTPs biomass.”* These polyphenols possess abun-
dant phenolic hydroxyl groups, which function as efficient
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reducing and capping agents during reactions with metal ions,
resulting in the formation of stable NMs.”* Recent studies
demonstrate that the agglomeration of NMs synthesised from
WTP-based waste biomass can be effectively controlled by
utilizing the complex aromatic structure of the final product,
thereby maintaining a high surface area-to-volume ratio
necessary for efficient degradation.> As a result of its inherent
self-doping capability, WTPs is considered as one of the most
effective carbon precursors available.® Compared with other
biomass sources, WTP exhibits a high N content, attributable to
the presence of alkaloids such as caffeine, amino acids like t-
theanine, and structural proteins.”®* During hydrothermal
carbonization or pyrolysis, these nitrogenous compounds are
incorporated into the carbon structure as pyridinic, pyrrolic,
and graphitic N.*” N-doping enhances pollutant detoxification
by introducing positive charge centres and generating active
defect sites within the carbon matrix. These modifications
improve the electronic conductivity of carbon and facilitate the
activation of oxidants such as PMS and PDS.

WTP-generated NMs are characterized by a stable matrix
containing various types of pores formed from diverse ligno-
cellulosic material.* The pyrolysis process yields a robust carbon
skeleton derived from lignin present in WTP. Decomposition of
hemicelluloses during pyrolysis results in the formation of both
micropores and mesopores within the NMs.”® The micropores
provide a large surface area for interaction between dye mole-
cules and the NMs, while the mesopores facilitate efficient
transport to catalytic sites.” The distinct chemical composi-
tions of WTP materials enable the development of advanced
and efficient catalysts from industrial waste, thereby promoting
the principles of green chemistry and the circular economy.*

3.2 The limitation of traditional WTP adsorbents

The conventional application of WTPs for environmental
remediation via adsorption does not offer a comprehensive
solution; rather, it primarily relocates pollutants from one
location to another.?* In contrast, raw tea waste and activated
carbon (AC) derivatives produced form tea waste demonstrate
high efficacy in sequestering a wide variety of synthetic dyes and
heavy metals, including Pb, achieving estimated removal effi-
ciency of >95%.** The preservation of toxic molecular integrity
during physical or chemical binding underpins the mechanism
for contaminant sequestration. This section outlines the tech-
nological and ecological bottlenecks that extend beyond simple
adsorption. One major bottleneck is the generation of spent
adsorbents, which are solid waste materials saturated with
highly concentrated pollutants.?® At large-scale industrial sites,
such as tea factories where up to 30 000 tons of spent adsorbent
is produced annually, the safe disposal of toxic pollutants
presents a substantial barrier to the practical use of these
materials.>* Unlike raw tea waste, which is biodegradable,
a spent adsorbent pose potential threats to human health and
safety. Improper disposal, such as landfill dumping or open
dumping into rivers and other water bodies, is likely to result in
secondary pollution through the leaching of previously
sequestered chemicals.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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The technical limitations of conventional water treatment
plant adsorbents have restricted their long-term viability.*¢
Brunauer-Emmett-Teller (BET) analysis has demonstrated
significant reductions in surface area, primarily due to irre-
versible pore blockage by large dye molecules.*” To enhance the
quality of AC derived from tea waste-based products, chemical
activation agents such as sulfuric acid, zinc chloride, or ortho-
phosphoric acid may be employed.** These agents promote the
formation of porous structures and increase the chemical
properties of the production process. During biomass thermal
degradation, exposure to high temperatures (>550 °C) results in
complete conversion of biomass into ash, while lower temper-
atures lead to partial carbonization, thereby reducing both the
effectiveness and yield of adsorbents.*® Traditional adsorption
methods does not meet its intended goal of zero-waste reme-
diation cycles due to its failure to mineralise complex organic
dyes into environmentally benign CO, and H,0.* To advance
zero-waste strategies, current research should focus on devel-
oping multi-functional materials incorporating rapid adsorp-
tion capabilities with WTP systems and efficient catalytic
degradation.

3.3 Scope, novelty, and objective of this review

This review examines the role of WTPs as a passive bio-
adsorbent, highlighting its potential as a precursor for multi-
functional CNMs. The discussion focuses on materials which
serve three primary functions: rapid adsorption, catalytic
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mineralization, and potential soil detoxification. Previous
research has primarily addressed pollutant removal using
unaltered tea debris, which has attracted considerable atten-
tion. The novelty of this review originates from its integrated
perspective, positioning WTP-derived CNMs not only as a water
treatment solution but also as a hybrid remediation tool that
bridges the gap between aquatic ecosystem restoration and soil
recovery. As shown in Fig. 1, this approach moves beyond the
traditional linear ‘use-and-discard’ model for tea waste-derived
adsorbents, proposing a circular ‘capture-kill-restore’ system

that integrates water remediation with soil health
improvement.

This review addresses four key aspects of environmental
technology:

(1) To comprehensively determine the role of WTP-CNMs in
transitioning from passive sequestration agents to active cata-
Iytic structures, with particular emphasis on the effects of
intrinsic heteroatom doping, including N, P, and K.

(2) To thoroughly investigate the electronic and structural
mechanisms, including both radical and non-radical pathways,
that enable WTP-CNMs to activate PMS and PDS, which catalyze
heterogeneous Fenton reactions.

(3) To evaluate the adsorption bottleneck and validate the
capture-and-kill model as an alternative to the traditional linear
adsorption-disposal cycle.

(4) To assess post-remediation management strategies for
WTP catalysts, exploring their potential role as soil conditioners
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from textile and allied industries contaminate water and soil systems.
water to spent solids, creating secondary waste streams. In contrast,
n strategy by combining adsorption, catalytic degradation, and soil
material for circular environmental remediation.
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or biostimulants to enhance microbial activity in polluted
terrestrial ecosystems.

4. From waste to nano: fabrication
and structural control

The formation of CNMs using WTPs during biomass valor-
isation represents an advanced strategy for developing value-
added functional materials, offering advantages over tradi-
tional waste management approaches.” The synthesis of CNMs
is attributed to the complex biochemical composition of the tea
feedstock, including lignocellulosic biomass and other bioac-
tive compounds such as polyphenols and alkaloids. WTPs
serves as a source of carbon and natural heteroatoms such as N,
S, and P, as well as oxygen-rich functional groups. These
components function as in situ dopants and stabilizing agents,
enabling the synthesis of self-doped nanostructures without the
need for toxic precursors.

4.1 Synthesis routes for WIP-CNMs

The fabrication of CNMs from WTPs represents a novel
approach in molecular tailoring. The synthesis protocol criti-
cally influences whether the resulting NM functions as a passive
adsorbent or as an active catalyst. Table 1 summarizes the
various synthetic routes, physicochemical properties, and the
complex surface chemistry derived from WTPs. The current
literature distinguishes between “top-down” thermal pathways
and “bottom-up” chemical approaches, each utilizing distinct
bioactive compounds in the tea matrix.* Among these, hydro-
thermal carbonization (HTC) is the most widely reported
‘bottom-up’ approach for producing carbon dots (CDs) and
carbonaceous microspheres.*® Previous studies have demon-
strated that HTC decomposes hemicellulose and soluble poly-
phenols in tea residues at temperatures ranging from 250 °C
and 400 °C in an aqueous environment.** Self-doping is a key
feature of HTC. During the nucleation phase, the natural N and
S content in tea proteins and alkaloids becomes embedded into
the carbon lattice.* This process yields highly fluorescent, N, S-
co-doped CDs with a high density of surface functional groups.
These features, often lost in higher-temperature processes, are
essential for applications in sensing and catalytic degradation
of recalcitrant dyes such as gefitinib or methylene blues
(MB).SI,SB

During ‘top-down’ pyrolysis and carbonization process, the
structural and electrical conductivity of the carbon lattice are
favoured over surface functionality.>® The dual transformation
pathways of WTPs into porous biochar via the top-down
approach and fluorescent CDs via the bottom-up approach
demonstrate the significant influence of temperature on the
morphology of the resulting NMs, as shown in Fig. 2. The HTC
process produces discrete NMs, whereas pyrolysis typically
yields bulk biochar or graphitic structures.> At high tempera-
tures between 500 °C to 900 °C, lignocellulosic biomass
undergoes extensive aromatic ring condensation under inert
conditions.®® Further research is needed to elucidate the
“Functionality-Porosity ~ Trade-Off”.” High temperatures
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enhance surface area and pore volume by thermally decom-
posing organic matter, thereby enhancing suitability for tradi-
tional adsorption applications.® This decomposition also
removes heteroatoms, which serve as catalytic sites for miner-
alization.” Consequently, research is increasingly focusing on
two-stage synthesis: an initial HTC phase that incorporates
heteroatoms into a stable precursor, followed by mild carbon-
ization to enhance conductivity and porosity. This approach
yields hybrid material capable of both rapid adsorption and
electron-relay catalysis.

Waste tea extracts serve as ‘bio-factories’ for synthesizing
metal-carbon hybrids, representing the most complex synthesis
route.*® The aqueous extract is rich in the polyphenol epi-
gallocatechin gallate (EGCG), which acts both as a reducing
agent for metal salts and a stabilizing capping agent during the
formation of silver NMs.** This localized fabrication prevents
a secondary contamination commonly associated with tradi-
tional chemical reductants such as NaBH,. The resulting AgNM-
carbon composites act as both adsorbents and green catalysts,
utilizing the high surface energy of silver sites to accelerate the
dye degradation in the presence of oxidants such as H,0,.*
Comparative analysis indicates that HTC is optimal producing
surface-active quantum-scale materials, while pyrolysis is more
suitable for fabricating robust porous frameworks. The imple-
mentation of environmentally friendly metal reduction repre-
sents a significant advancement in multifunctionality,
transforming the waste problem into a modern tool for terres-
trial and aquatic remediation.

4.2 Natural doping and defect engineering

The efficiency of WTPs as a precursor for multi-functional
CNMs is rooted in its inherent elemental complexity, which
facilitates in situ heteroatom doping.®® Unlike synthetic carbon
precursors, which require the addition of urea or thiourea to
introduce catalytic sites, WTP serves as a naturally enriched
reservoir of N, P, and S, and various trace minerals.®* N, the
most critical dopant for environmental catalysis, is naturally
present in tea biomass in the form of caffeine, theanine, and
structural proteins.®® During thermal processing, nitrogenous
molecules undergo cyclization and condensation, integrating
directly into the developing sp> carbon structure as pyridinic,
pyrrolic, and graphitic N sites.®® XPS analysis showed a high
fluorescence quantum yield of 14.8% and localized charge
redistribution.®* These redistributions establish a “push-pull”
electronic mechanism in which electronegative N atoms with-
draw electrons from adjacent carbon atoms.®”” Consequently,
the resulting cationic active centres facilitate the adsorption
and catalytic reduction of anionic contaminants.

Mineral trace elements present in WTPs, such as Fe, Al, and
Mg, offer distinct advantages for introducing heteroatoms via
substitution reactions.®® The tea plant absorbs trace amounts of
these metals from the soil, supplying elements that act as
internal catalysts during carbonisation process. Previous
studies on biomass valorisation highlight the critical role of
these trace minerals in forming localised clusters of graphite-
like sheets and M-N-C active sites during carbonisation.®

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Trace metals, including Fe and Mg, applied in AOPs, enhance
the generation of reactive oxygen species (ROS). The carbon
matrix prolongs the operational lifespan of metal-loaded cata-
lysts by preventing leaching during self-mineralisation, thus
enabling the carbon structure to function as a heterogeneous
catalyst. The “Beyond Adsorption” methodology is attainable
through defect engineering achieved via natural doping. The
high ID/IG ratio from Raman spectroscopy indicates that S
and N act as synergistic co-dopants, leading to disordered
carbon.”® Defect sites introduce high-energy edge sites, di-
srupting the typical hexagonal arrangement of graphene-like
sheets. These sites enhance electron transfer from the carbon
surface to dye molecules and to oxidants such as PMS and PDS,
which serve as electron relay catalysts. Utilizing CNM derived
from natural impurities in WTPs enables the removal of dye
molecules via electrostatic interactions, while simultaneously
producing CO, and H,O through catalytic dye decomposition.
This approach reduces secondary waste typically generated by
traditional adsorption methods.

Recent studies investigating topological defects, such as
pentagon and heptagon pairings, and molecular dopants,
including heteroatoms, have revealed a distinctly different
electronic landscape for multifunctional remediation in WTP-
derived CNMs. Defect engineering in WIP-CNMs, as opposed
to traditional ACs, emphasizes surface quality rather than solely
pore quantity. Trace minerals present in carbonized tea residue,
such as aluminium (Al) and iron (Fe), function as Lewis acid
sites, thereby, reducing the activation energy required for the
breakdown of complex dye bonds.” Under varying environ-
mental conditions, including changes in pH, WTP-derived NMs
demonstrate superior performance compared to synthetic
materials.””> Consequently, the structural defects in carbon
produced from tea residues enhance the decomposition of
synthetic pollutants that are resistant to conventional bio-
adsorption mechanisms.

4.3 Key structural characteristics driving multi-functionality

Structural modifications enable the material to perform
adsorption, sensing, and demonstrating the transformation of
WTPs from a waste material into high-value-added NMs. These
multifunctional properties arise not from carbonisation alone,
but from the synergistic effects of hierarchical porosity, exten-
sive functionalised surface area, and a distinct core-shell elec-
tronic configuration. According to Hassan and Carr (2021),
WTP-derived carbon forms a hierarchical pore structure, with
macropores (>50 nm) serving as the primary channels for rapid
transport of large dye molecules into the material's interior.”
Once inside, mesopores and micropores provide a high-surface-
area internal space (greater than 1000 m”> g~ ' when activated)
necessary for efficient sequestration. This structure ensures that
reaction species can access internal surfaces even after the
external surface is saturated, thereby preventing the formation
of blocked pores, a common cause of low performance in
biomass-derived materials.

The “Beyond Adsorption” theory posits that, in addition to
their ability to adsorb a wide range of dye molecules, WTP-
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Fig.2 Synthesis routes and structural engineering of WTP-derived CNMs enabling multifunctionality. Different fabrication pathways—pyrolysis/
carbonization, hydrothermal carbonization, and chemical or template-assisted activation—convert WTP into structurally diverse CNMs. The
intrinsic chemical composition of WTP (polyphenols, nitrogen-containing biomolecules, and mineral traces) facilitates in situ heteroatom
doping, defect formation, and immobilization of metal species. These features collectively generate high surface area, tunable porosity, abundant
functional groups, and catalytically active sites critical for adsorption, oxidation, and soil remediation.

CNMs are effective for dye remediation due to their high density
of reactive functional surface groups, which actively engage in
the remediation process. The presence of these surface func-
tional groups is confirmed by FTIR and XPS, which indicate that
WTP-CNMs possess abundant -OH, -COOH, and -NH,
groups.”*”* These functional groups serve as electrostatic
anchors for cationic dye molecules via ionic exchange and
provide sites for hydrogen bonding and m— interactions, which
are primary mechanisms for the decolorization of persistent
dyes such as Congo Red.”” WTP-CNMs function as “molecular
sponges” with chemical functionalities that can be engineered
or tuned to target specific contaminants in complex textile
wastewater, unlike inert commercial carbons. This includes the
attachment of cationic dyes via electrostatic interactions and
the formation of bonds through hydrogen bonding and m-m
interactions.” Specifically, tea residue-derived CDs exhibit
multifunctionality due to their “core/shell” electronic struc-
ture.”® Studies have demonstrated that CDs derived from tea
residues possess a crystalline graphitic carbon core surrounded
by an amorphous matrix of heteroatom-doped materials.”” The
carbon core acts as an electron reservoir, while the defect-rich
shell facilitates electron transfer from the graphitic surface to
the dye or oxidant molecules.” The high levels of N and S in the
shell layer enable the formation of chemical bonds with the
electronegative moieties of dye or oxidant molecules, thereby
facilitating light detection via CD-dye interactions. The unique
core/shell electronic structure allows tea-derived CDs to

© 2026 The Author(s). Published by the Royal Society of Chemistry

integrate traditional adsorption with active optical or photo-
catalytic pathways for pollutant removal. Additionally, the
structure of tea-derived CDs enables not only adsorption of
pollutants but also the generation of ROS for further degrada-
tion of contaminants.”®

The robust structural formation of tea-derived material
contributes to its stability within a circular economy. Osman et al.
(2022) report that capability of NMs to maintain more complex
structures than rGO enhances the composite material's dura-
bility, attributed to their superior thermal and mechanical
properties.®* This structural toughness enables the material to be
recovered and reused multiple times with minimal degradation.
In addition, the presence of organized transport channels, a high
density of reactive chemical sites, and a catalytic core-shell
interface collectively transform WTPs from a simple waste
product into a complex, multi-functional tool for detoxification in
both the aquatic and terrestrial environments.*>

5. Adsorption performance:
mechanisms and limitations

Adsorption is a surface-driven process in which pollutants are
captured onto the adsorbent through physical or chemical
interactions without altering their chemical structure. While
adsorption is effective for rapid pollutant removal, it does not
result in pollutant degradation, leading to saturation and
secondary waste generation.*
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5.1 Adsorption mechanisms of cationic vs. anionic dyes

The difference between cationic and anionic dye adsorption
using WTP-derived NMs is primarily governed by electrostatic
interactions related to the point of zero charge (pHpzc).*
Adsorption is particularly efficient for cationic dyes, such as MB
and gentian violet, under neutral to alkaline conditions.****
When the pH increases to 7.05, exceeding the pHpyc of tea
waste, surface functional groups, including -COOH and -OH,
undergo deprotonation to form -COO- and -O- ions. Conse-
quently, the positively charged cationic dye molecules are
strongly attracted to negatively charged adsorbent surface
through electrostatic forces. Additionally, w-m interactions
occur between the graphitic layers of the adsorbent and the
aromatic rings of the cationic dyes, facilitated by the aromatic
structure of the carbonized tea matrix.*” Hydrogen bonding
between the N atoms of the dye and the oxygenated groups of
the adsorbent further stabilizes the adsorption process.

A significant limitation of unaltered tea waste is electrostatic
repulsion during the adsorption of anionic dyes, including
methylene orange (MO), acid blue 25 (AB25), eriochrome black
T (EBT) and reactive black 5 (RB5).*** When the pH exceeds the
PHpzc, both the adsorbent surface and the anionic dyes acquire
negative charges, which restricts removal efficiency due to
kinetic constraints. Surface modification and acidification are
necessary to facilitate electrostatic binding or anion exchange.
Contrarily, at pH values below the pHp,c, protonation of surface
functional groups (such as -OH," and -NH,") occurs.”® This
generates a positively charged surface that attracts negatively
charged sulfonic acid groups (-SO; ) present in anionic
dyes.”>** Previous studies have employed polyethyleneimine
(PEI) to convert tea residue into a strong anion-exchange
material by inducing basic N-containing surface groups that
retain a positive charge across a wide pH range.”

The progression of the “Beyond Adsorption” transition is
more clearly defined in this context. Effective detoxification of
anionic dyes is typically achieved by introducing surface defects
or by employing controlled modifications that enhance elec-
tronic coupling between the cationic dye and the substrate
(WTPs).** For both uncarbonized (raw) and carbonized (final)
forms of WTPs, the oxygen-rich surfaces facilitate the immobi-
lization of cationic dyes.*® Although adsorption remains the
primary method for contaminant removal from WTPs,
increasing extent or frequency of structural modifications, such
as amino doping with NaNH, or the creation of pyridinic N
sites, is crucial.”” These findings suggest that the material not
only serve as an inactive reservoir for cationic pollutants but
also functions as a selective active material.*®*

5.2 Critical comparison of WIP-CNMs to commercial
adsorbents

WTP configurations for commercial activated carbon (CAC)
commonly employ three primary material types: coal-based,
coconut shell, and hardwood sources such as mahogany and
red oak. Research on CAC demonstrates that its high surface
area is a significant advantage. In comparison, WTP-derived
materials typically exhibit an even greater surface area, which

24232 | RSC Adv, 2026, 16, 24224-24247
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enhances their effectiveness in treating the complex chemistry
of contemporary industrial wastewater. Table 2 summarizes the
differences in adsorption capacities and kinetics for cationic
and anionic dye removal using WTP-derived materials.

Various forms of CAC have been investigated for their effi-
cacy in removing dyes from wastewater."">'* For instance,
mahogany sawdust-derived carbon demonstrated adsorption
capacities of 518 mg g~ for Direct Blue 2B and 327.9 mg g~ for
Direct Green B, both conforming to the Langmuir adsorption
model.*>"* CMK3 (Carbon Material Kinetic-3) achieved
complete removal of methyl orange (MO) within 60 min."”**®
Acidic media resulted in a higher percentage of dye removal
compared to basic media, and increasing the initial dye
concentration enhanced adsorption. Equilibrium data were
well described by the Langmuir isotherm, with an adsorption
capability of 294.1 mg g " at 25 °C. AC-derived from apricot
stones exhibited adsorption capacities of 36.68 mg g~ for MB
and 32.25 mg g ' for MO at pH values of 4.85 and 4.87,
respectively, both characterized by the Langmuir isotherm.****°
ACs synthesized from red oak (Quercus rubra) effectively
removed MB with an efficiency of 97.18%."" The adsorption
capacities of three commercial ACs—Norit Darco 12 x 20
[DARCO], Norit R008 [R008], and Norit PK13 [PK13] s—for
Reactive Black 5 after 24 hours were 348 mg g~ ', 527 mg g !,
and 394 mg g~ ', respectively; these results were well described
by the Langmuir, Freundlich, and Langmuir-Freundlich
models.”**'?* AC produced from spent tea leaves (STACs) also
effectively removed malachite green (MG), with an adsorption
capacity of 256.4 mg g~ ' at 45 °C. Collectively, these studies
indicate that the removal of MG from water by adsorption
increases with pH up to 4, after which the removal rate remains
constant.'””*** It should be noted that these results are derived
from general biomass-based systems and may not directly
reflect the behavior of tea-residue-derived CNMs.

The application of NMs is vital for real-time bio-imaging
analysis and precision drug delivery, as highlighted in recent
studies.”*** Conventional synthesis methods for these materials
are limited by high costs, hazardous reagents and complex
sequential pathways.'”” Consequently, there is a growing demand
for biosynthesis processes that avoid toxic precursors and utilize
tea waste, which retains the necessary chemical and physical
properties for large-scale production.'” Tea waste has proven to
be an effective, low-cost adsorbent capable of removing contam-
inants, including toxic dyes, polycyclic aromatic hydrocarbons,
antibiotics, and pharmaceutical residues from wastewater."*"*
Furthermore, tea waste precursors have been shown to be bene-
ficial for the green synthesis of carbon dots (CDs).”****' CDs
exhibit unique photophysical properties, enabling applications in
pharmacology, biosensors, medical imaging and environmental
monitoring.”** Additional advantages of CDs include high water
solubility, low toxicity, stable fluorescence, scalable synthesis,
compatibility, and numerous surface groups for ligand conjuga-
tion."®* Most current methods for synthesizing fluorescent CDs
rely on traditional carbon sources and chemicals, which can limit
detection performance.” The adoption of simple, one-step
carbonization process using renewable tea waste is expected to
yield low-cost, carbon-rich waste materials for fluorescent CD

© 2026 The Author(s). Published by the Royal Society of Chemistry
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synthesis.”®® CDs facilitate the detection of free chlorine in water
systems via fluorescence burst methods, offering high sensitivity,
selectivity, rapid detection, and cost-effectiveness within a green
framework."* For instance, CDs produced at 700 °C from waste
from bitter tea oil extraction achieved a maximum quantum yield
obtained of 11.8%. CDs synthesized for Fe** detection exhibited
a LOD of 0.380 ppm, attributed to their graphitic structure,
aromatic stability, and efficient w—r* electron transitions."” WTPs
have also been used as C and N sources to generate borazine-
carbon dots (BN-CDs), which exhibit blue luminescence due to
boric acid as the boron source. Boron doping in BN-CDs intro-
duces p-type charge carriers, modifying the electronic structure
and fluorescence quantum efficiency by altering the internal
filtering effect. Specifically, electrons from excited BN-CD states
transfer into the 3d-orbitals of Fe®*, resulting in fluorescence
quenching via an internal filter effect. This mechanism enables
BN-CDs to act as selective probes for Fe*" detection, with a linear
relationship observed between fluorescence quenching efficiency
and Fe*" concentration.’®® In a related study, Al-Hazmi et al.
(2022), synthesized Fe;0, via co-precipitation method from FeCl,
and urea, subsequently combining it with AC derived from
biomass through pre-carbonization and potassium hydroxide
activation.”™ The resulting Fe;O0,/AC composite exhibit varying
adsorptive capacities for degrading four different dyes (Dye 1, 2, 3,
and 4) under diverse pH conditions, composite dosages, and
contact times, with capacities of 238.6 mg g, 192.7 mg g ',
304.0 mg g !, and 286.5 mg g, respectively. These findings
indicate that the Fe;0,-carbon composite is an effective adsorbent
for detoxifying dyed water sources. In addition, the composite
demonstrated eco-friendliness, cost-effectiveness, reusability, and
significant potential for the removing organic dyes.

Reported adsorption capacities vary greatly among studies
due to differences in experimental conditions—initial concen-
tration of contaminant, solution pH, temperature, contact time,
and dose of adsorbent. Direct comparison of the adsorption
capacities of WTP-derived materials and commercial adsorbents
is not advisable without normalization of these two materials.
Furthermore, most studies reporting high adsorption capacities
do not account for realistic operational conditions, resulting in
inconsistencies when comparing adsorbent performance.
Consequently, the direct translation of laboratory data to real-
world applications remains limited. To enable accurate
comparisons between WTP-derived compounds and commercial
counterparts, a standardized assessment protocol for adsorption
should be established.

5.3 The adsorption bottleneck

Previous sections have outlined the notable characteristics of
WTP-CNMs. However, it is important to emphasize that
adsorption is a physical process governed by thermodynamic
equilibrium. Consequently, both the physical limitations of
active sites and the environmental impact of waste NMs
fundamentally define the Adsorption Bottleneck.

WTP-derived adsorbents are constrained by the saturation of
their surface functional groups. For BR46, MB, and MO, adherence
to the Langmuir isotherm model indicates that, after the initial
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monolayer of dye molecules forms on the adsorbent, insufficient
thermodynamic driving force remains to facilitate further adsorp-
tion.”>"1%° The Intraparticle Diffusion Model (IDM) quantifies this
process. Jozwiak et al. (2021) demonstrated three distinct phases in
the adsorption of cationic dyes: (1) rapid uptake due to surface-film
diffusion, (2) slower uptake governed by intraparticle diffusion, and
(3) a plateau phase where concentration remains unchanged.*
This plateau is commonly referred to as the “Saturation Bottle-
neck”. In an industrial environment, once WTP-CNMs exceed their
maximum adsorption capacity (Qua), such as 179.4 mg g~ for
BR46, their subsequent dye removal capacity becomes negligible.'*
To sustain continuous operation, large quantities of novel WTP-
CNM must be introduced. In laboratory studies, the use of WTIP-
CNM has enabled assessment of material performance under
conditions relevant to commercial applications, even when limited
adsorbent has precluded full assessment of their primary advan-
tages. The most significant “Beyond Adsorption” consideration is
the environmental impact of disposing of saturated WTP-CNM.
Traditional adsorption is a phase-transfer mechanism,; it does not
degrade the pollutant but instead transfers it from the liquid phase
(wastewater) to the solid phase (spent adsorbent). As a result, this
process lead to secondary pollution.

Dye-contaminated WIP-CNMs and pharmaceutical contami-
nants, including hydralazine hydrochloride, are classified as
hazardous waste.**"**> Improper disposal of these materials could
pose additional environmental risks, including partial desorp-
tion, leaching, and potential release of contaminants."” Non-
covalent bonds, including electrostatic and m—7 stacking inter-
actions, that retain contaminants can degrade under environ-
mental changes, potentially allowing toxic substances to re-enter
groundwater."'** The linear adsorption model, based on
quantitative analysis, is insufficient for large-scale decontami-
nation of textiles or pharmaceuticals.** The transition to the
catalytic mineralization process represents both an important
advancement in science and an urgent necessity.**> WI'P-CNMs
can be transformed into renewable catalytic systems that will
help address “Adsorption Bottlenecks” and disposal difficulties
facing traditional adsorbents, thus encouraging the development
of circular economies for waste-to-treatment systems.

Adsorption is limited by phase transfer and the lack of
transformation of contaminants, thereby requiring additional
processes to degrade pollutants.™® Overall, although adsorption
of pollutants onto WIP-CNMs is generally effective, limitations
exist due to saturation and phase transfer; therefore, it is
necessary to adopt catalytic techniques to mitigate these issues.

6. Catalytic degradation mechanisms
and material design

Catalytic degradation mechanisms are classified into three
distinct categories based upon the method of activation: (i)
radical-based (PDS and PMS), providing activation through the
generation of SO,'~ and 'OH radicals; (b) non-radical pathways
that generate singlet oxygen and induce oxidation; and (c)
photosensitized  systems/photochemical energy transfer
systems chromophores.  Additionally,

involving unlike
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adsorption, where the pollutants are merely transferred to
another phase, catalytic degradation transforms pollutants into
less toxic or mineralized products through either radical or non-
radical pathways using reactive species. As such, catalytic
degradation alleviates the major limitation of adsorption by
facilitating pollutants destruction compared to simple phase
transfer. Recent studies have reported the development of
multifunctional catalytic adsorbents, which include defect-
engineered carbon materials and heteroatom-doped nano-
structures that provide the ability to adsorb and degrade
simultaneously. The function of these systems revolves around
a synergistic mechanism where the pollutants first reside at the
surface of the adsorbent and are then degraded either through
radical or non-radical pathways, thereby significantly improving
both the efficiency of removal and reusability of the material.

Adsorption refers to the physical removal of contaminants
from the environment via sorption onto a surface, whereas
catalytic degradation involves the chemical decomposition of
contaminants into simpler forms via chemical reactions.**"**®
In catalytic degradation, WIP-CNMs function as reactors rather
than passive sinks.'* The transition from sorption to chemical
sequestration is closely associated with a contaminant's ability
to transfer electrons and generate ROS molecules during
chemical degradation.**>*

WTPs, a nitrogen-rich lignocellulosic agricultural waste,
serves as a sustainable and cost-effective precursor for synthe-
sizing metal-free CNMs. Table 3 summarizes various catalytic
systems employing WTP-derived CNMs, detailing the oxidants
used, associated mechanisms, and corresponding degradation
efficiencies. In AOPs, CNMs activate PMS and PDS for the
effective removal of dyes.'® N-doping within these carbon
structures is critical, as it introduces electron-rich sites, such as
pyridinic-N and graphitic-N, which influence the charge density
and spin distribution of adjacent carbon atoms.**>'®* This
modification, depending on catalyst structure, oxidant type,
and reaction conditions, promotes both radical pathways
(including sulfate, hydroxyl, and superoxide radicals) and non-
radical pathways (such as singlet oxygen generation and elec-
tron transfer) pathways.'**'¢* Recent studies have demonstrated
the efficiency of N-doped WTP-CNMs in activating persulfates
for degrading several organic contaminants, including dyes.'®
As an illustration, WPRN700 synthesized from the pyrolysis of
heat paste residues and urea, functions as a cost-effective and
environmentally friendly catalyst. This material achieved rapid
catalytic degradation of bisphenol A (BPA) via PMS activation,
with BPA removal rates reaching up to 99% within 30 min at an
initial BPA concentration of 20 mg L™'.1°® Similarly, N-doped
porous carbon nano-filters, fabricated from cellulose nano-
fibres and metal-organic frameworks (MOFs), have been
shown to be effective metal-free catalysts for sulfate radical-
based AOPs.'®” Studies have confirmed that N-doped porous
CNMs and the activation of PMS/PDS are both effective in
removing a range of organic contaminants, including azo dyes
such as AO7, MO, and MB.'***%® Previous research reported dye
removal efficiency of 90% within 10-30 min."**** Additional
investigations have demonstrated that N-doped carbon nano-
sheets derived from waste materials effectively activate PMS for
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the degradation of AO7.'*® Furthermore, N-doped porous
aluminium produced by pyrolyzing polyacrylonitrile has shown
high efficiency in activating PMS for the degradation of organic
contaminants in water.'”®

The performance of WIP-CNMs in the real world has not
been adequately characterized to date, while most recent
reviews frame adsorption and catalytic degradation as two
distinct processes. This review combines both mechanisms
within a single framework and also discusses post-treatment
soil applications, providing a much better understanding of
how tea-residue-derived CNMs can be utilized. In addition,
there is little data quantifying how various factors affect the
catalytic performance of WTP-derived CNMs, such as hetero-
atom composition, defect density, and surface electronic
structure, which influence the formation of reactive species and
electron transfer mechanisms.

Catalyst stability and reusability are essential for practical
catalytic applications. N-doped WTP-CNMs demonstrate high
stability across multiple cycles (>5 runs) exhibit minimal N
leaching (<0.1 mg L"), and possess robust physical structures,
making them promising alternatives to transition-metal-based
catalysts.’®* However, certain limitations persist, such as cata-
lyst deactivation resulting from radical grafting onto the carbon
surface, particularly during BPA treatment with PMS activa-
tion."* In addition, the presence of structural defects and the
specific type of N-doping, such as graphitic N and pyridinic N,
significantly influence catalytic performance and stability.
While these materials are cost-effective and environmentally
friendly, the activation mechanisms of metal-free catalysts,
such as N-doped CNMs, differ fundamentally from those of
transition metal-based catalysts.'”> For instance, metal-
containing catalysts (like Fe, Co, or Mg) typically utilize metal
centers as primary active sites for redox cycling and electron
transfer with persulfates.””**”* In contrast, N-doping in carbon
matrices increases the number of available active sites,
enhances electrical conductivity, and regulates ROS
formation.'”

Understanding the roles of various N-species in the activa-
tion process has advanced significantly. Some studies suggest
that although '0,, a common N-species in AOPs involving per-
sulfate, may not play a major role in the removal of organic
components, the quenching methods used to detect it may not
always accurately reflect its presence.'”*'”” Recently, active sites
on carbon surfaces and specific N-configurations have attracted
increased attention due to their essential roles in electron
transport processes.'”’®'”® Therefore, the rational design of N-
doped CNMs derived from WTPs represents a sustainable,
cost-effective approach to enhance wastewater remediation.

While adsorption-based approaches provide initial pollutant
removal, their limitations necessitate a transition toward cata-
Iytic degradation strategies, as discussed in the following
section. Beyond aqueous remediation, the multifunctional
properties of WTP-derived CNMs enable their application in soil
systems, where both adsorption and catalytic processes
contribute to pollutant mitigation.
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6.1 Photosensitized and light-driven catalytic degradation
pathways

In addition to persulfate-based activation mechanisms,
a growing body of literature has focused on the role of photo-
sensitized catalytic systems for pollutant degradation. Organic
chromophores such as xanthene-based dyes can act as the
photosensitizer under visible light irradiation, generating
reactive species, including singlet oxygen ('O,), superoxide
radical (0, "), and excited triplet state via energy transfer and
electron transfer mechanisms. Photosensitized catalytic
systems therefore extend beyond traditional radical-driven
systems. Current research has shown that the tunable photo-
sensitizing characteristics exhibited by xanthene chromo-
phores are affected by halogen substitution and molecular
structure—two factors capable of affecting both the triplet-state
generation and the ROS production. Thus, it appears that
sunlight-driven degradation of contaminants can be achieved
through the use of non-radical and selective oxidative processes
as opposed to persulfate activation mechanisms.’® While
advantages such as less chemical input, solar energy utilization,
and more selective processes might exist for photo-sensitized
processes when compared with persulfate activity. However,
their efficiency remains limited by factors such as the intensity
of the light source, chromophore stability, and matrix effects—
indicating that further optimization is required.

6.2 Pathway 3: water treatment and soil detoxification

The sustainable recycling of WTP-CNMs offers a long-term,
multi-functional approach to environmental remediation
following aqueous treatment.'®' The residual properties of WTP-
CNMs can further address two major issues in soils converted
into biochar-based nanocomposites: heavy metal contamina-
tion and organic pollutant degradation.'®® Biochar, the
carbonized product of biomass pyrolysis, is inorganic and
highly porous, with a large surface area and significant cation-
exchange capacity. These properties enhance soil quality and
improve contaminant retention.'*'%31%>

The immobilization of heavy metals in contaminated soil
using WTP-CNMs and biochar-based nanocomposites has been
shown to effectively reduce their leachability and uptake
rates.®"'®® This process primarily occurs through chelation,
surface complexation, and precipitation. WTP-CNMs possess
a high degree of surface functionality due to -COOH and -OH
functional groups, as well as N-doped carbon sites that facilitate
solid-to-solid interactions with various heavy metal ions,
including Pb**, Cd**, Cu®*, and As(m/v)."®” The presence of tea
polyphenols, such as catechins and tannins, in WTPs further
enhances the chelating capacity of WI'P-CNMs for these metal
ions.” The binding of these metal ions limits their migration
within the soil profile, accumulation in plants, phytotoxic
effects, and entry into the food chain.'®*'®® Evidence indicates
that the immobilization effect of heavy metals (e.g., Cd, Cu, and
Pb) in contaminated soils can be significantly enhanced by
applying biochar, with effects persisting for years after appli-
cation.”>"* In unsaturated soils, the adsorption capacities of
biochar for newly contaminated heavy metals follow the order
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Cd > Ni > Cu."* Removal of heavy metals, including Cd, from
contaminated soils is highly effective when using metal oxide-
engineered biochar, such as rice husk biomass encapsulated
with manganese dioxide (MnO,), which demonstrate superior
Cd removal compared to other materials.’®® The interaction
between cellulose with hemicellulose on the surfaces of biochar
or biomass and metal oxides is critical in determining the
stability of metal loading and the potential for adsorption. The
porous structures of WIP-CNMs and biochar support microbi-
ological activity and facilitate the immobilization of heavy
metals, thereby enhancing the efficiency of bioremediation
treatments. Stimulation and augmentation of both bio-
stimulation and bioaugmentation processes can increase the
degradation rates of residual organic contaminants in soil.
Table 4 summarizes current research findings on the applica-
tion of these nanostructured materials for post-treatment reuse,
highlighting their dual roles in soil remediation and microbial
growth stimulation.

Both indigenous and inoculated microorganisms, such as
Pseudomonas spp. and Bacillus spp., can thrive within the high
surface area and protected environments created by the meso-
and macro-porosity of WTP-CNM biochar. The porosity and the
structure of WTP-CNMs facilitate direct electron exchange
between isolated microorganisms, thereby enhancing the rate
and effectiveness of degradation by anaerobic bacteria. These
microhabitats provide ample surface area for initial microbial
attachment and subsequent growth.>*® Increased microbial
activity has been shown to promote the degradation various
organic pollutants, including polycyclic aromatic hydrocarbons
(PAHSs) and chlorpyrifos.?°”*° The gradual release of carbon and
nutrient compounds from WTP-CNMs promotes biostimulation
by enhancing the activity of resident microbial populations. For
instance, biostimulation with ammonium nitrogen accelerates
degradation of phenanthrene in oil-contaminated soils.
Nutrient additions, such as N and P, along with the provision of
electron acceptor, such as oxygen, can further stimulate existing
microbial communities to degrade contaminants more
rapidly.**>*** The physicochemical properties of WTP-CNMs
also supports bioaugmentation, in which specific microbial
populations are introduced into contaminated environments.**
The highly porous nature of WTP-CNMs creates optimal
conditions for these inoculated microorganisms to establish
and proliferate, leading to increased colonization, increased
extracellular polymeric substance (EPS) production, and
improved electron transfer efficiency. Bioaugmentation is
particularly effective when indigenous microbial communities
lack the metabolic pathways required to degrade specific
contaminants or when native degraders are too slow to establish
a dominant population. For instance, biostimulation of a fungal
consortium with nutrient additions has resulted in significant
reductions of total petroleum hydrocarbons (TPH) in diesel oil-
contaminated soil.**

WTP-CNMs have been shown to enhance the removal of
residual organic contaminants from soil by increasing the
activity of enzymes responsible for laccase and peroxidase
production. When applied at low nutrient or redox mediator
concentrations, WIP-CNMs promote syntrophic interactions

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3

Integrated water—soil remediation pathway using multifunctional WTP-derived CNMs. Following dye adsorption and catalytic degra-

dation in wastewater treatment, regenerated or spent WTP-derived CNMs can be repurposed for soil remediation. In contaminated soils, these
materials immobilize heavy metals through surface complexation and chelation, while their porous structure supports microbial colonization and
bio-stimulation. This integrated water—soil remediation framework highlights the circular reuse potential of WTP-derived CNMs and their role in

sustainable environmental management.

among microbial populations. This process is illustrated in
Fig. 3, which demonstrate a ‘Capture and Kill’ synergistic
mechanism: dye molecules are sequestered within the hierar-
chical pores of the WTP-CNMs, while N-doped defects generate
radicals that facilitate mineralization. Field and microcosm
studies have demonstrated that the combined application of
WTP-CNMs significantly reduces metal phytotoxicity and
decreases the half-lives of organic pollutants.>***** Collectively,
WTP-CNMs function as a dual-action, cyclical, multi-functional
additive that enables efficient soil remediation. The integrated
mechanism of WTP-CNMs provides a novel, effective long-term
solution for the safe remediation of extremely contaminated
sites. Recent studies have shown that the combined use of
adsorption and catalytic degradation provides a synergistic
method whereby pollutants are first concentrated on the
adsorbent material surface and then subjected to a subsequent
catalytic phase.'®***>?'¢ This “adsorption-degradation coupling”
overcomes mass transfer limitations and improves overall effi-
ciency compared with using these two processes separately.
Some major research gaps still exist despite recent
advancements. Mechanistic understanding of adsorption-
degradation coupling with regard to how surface chemistry
interacts with electron transfer and the reactive species gener-
ation is not well understood. Current research has mostly been
conducted in a controlled laboratory setting, with limited vali-
dation in real wastewater or soil systems. Additionally, there are
challenges with material stability, regeneration and scalability
that can hinder application. To further develop the next

© 2026 The Author(s). Published by the Royal Society of Chemistry

generation multifunctional remediation systems, the above
research gaps must be addressed.

7. Ciritical gaps

WTP-CNMs show great potential as environmental remediation
technologies. However, there are several limitations in our
current knowledge and challenges to their practical use. This
section proposes a long-term research agenda, informed by
a review of existing literature and a defined research path, with
particular emphasis on the characteristics of most impactful
studies. The current WIP-CNMs literature lacks standardized
methods for preparing WTP-CNMs.'® Variability in the source
type of WTP (i.e., green tea, black tea, or oolong tea) and in
preparation methods (including drying techniques) results in
differences in the chemical and physical properties of CNMs
produced from WTP.** Additionally, variations in polyphenols,
lignin, and cellulose content among tea components affect the
yield of carbonized CNMs, the size and shape of pores, surface
functionalization, and ultimately the effectiveness of CNMs in
degrading pollutants. The development of WTP-CNMs with
broad applicability and reproducibility is hindered by the
inability to compare data across different WIPs sources and
types, primarily due to the lack of standardization. Researchers
are currently assessing variations between raw WTPs and
synthesized CNMs using holistic approaches, including
elemental analyses, surface area measurements, and spectro-
scopic techniques. However, these efforts do not address the

RSC Adv, 2026, 16, 24224-24247 | 24241
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fundamental issue of standardizing raw WTPs used for CNM
production.”® Future research should prioritize addressing
WTP-CNMs techniques that either lack or mitigate the effects of
WTPs variability, such as through pre-treatment standardiza-
tion or WTP-independent synthesis methods. Another major
barrier to implementing advanced CNM synthesis technologies
is their cost-effectiveness, particularly when using methods
such as chemical vapour deposition (CVD) or enhanced hydro-
thermal processing techniques.”””*** While these techniques
enable the design of CNMs with highly specific structures and
optimal laboratory performance, they are energy-intensive,
require costly equipment, and are constrained by small-batch
processing and high long-term costs. Consequently, current
research often fails to assess the cost-effectiveness of innovative
synthesis techniques in the context of industrial scale-up. As the
field moves toward industrial scale applications, it is essential
to develop low-cost, high-throughput processes that utilize
readily-available, less expensive raw materials, aligning with the
waste valorisation objectives of WIP-CNMs.

8. Challenges/limitations (life cycle
assessment and sustainability
considerations)

A major challenge in assessing the sustainability of WTP-
derived CNMs is the lack of comprehensive Life Cycle Assess-
ment (LCA) studies evaluating the environmental effects of
CNM production and use in all life cycle stages, including
synthesis, application, regeneration, and disposal. Most exist-
ing studies focus primarily on laboratory-scale material prop-
erties and provides limited date on energy consumption,
chemical inputs, and potential secondary environmental
impacts associated with large-scale production or application of
these materials.

Recent trends in LCA research point toward a growing
collaboration between different research communities and
disciplines across the science and engineering sectors.
Increased focus will be placed on assessing the carbon footprint
of products, examining resource efficiency, and conducting
system-level sustainability evaluations. Key priorities include
improving data quality and availability, developing methods to
evaluate uncertainty, and integrating environmental, economic,
and circular economy indicators to create holistic assessment
approaches.**® The advances underscore the need to move from
simplified performance-based assessments towards more
comprehensive sustainability metrics. Assessing the environ-
mental benefits of the CNMs by considering the effects of
precursor processing, activation, and post-use disposal or
regeneration will be a critical step towards enabling scalable
and sustainable implementation of tea-residue-derived NMs.

219

9. Future directions

Based on limitations and challenges in previous sections,
several major research areas have emerged to advance the
development of tea-residue-based CNMs for environmental

24242 | RSC Adv, 2026, 16, 24224-24247
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remediation. A primary focus should be the establishment of
standardised methods for determining the adsorption capac-
ities of CNMs derived from WTPs, considering experimental
parameters such as pH, initial pollutant concentration, adsor-
bent dosage, and contact time. Standardising the evaluation of
WTP-derived CNMs will enable more reliable performance
assessments and facilitate direct comparisons with commercial
adsorbents. Further research is also needed to address the
limited understanding of the chemistry underlying catalytic
degradation of pollutants, particularly in adsorption-degrada-
tion coupling systems. Elucidating the role of surface functional
groups, defect sites, and doped heteroatoms in electron transfer
and reactive species generation is a key priority. Employing
advanced kinetic modeling and in situ spectroscopic techniques
may provide new insights into reaction pathways. As most
studies have been conducted under controlled laboratory
conditions, subsequent research should evaluate the effective-
ness of WTP-derived CNMs in real environmental matrices,
such as wastewater treatment systems and soil. Material
performance and stability are influenced by factors including
competing ions, natural organic matter, and altered environ-
mental conditions. Integrating photo-responsive functions into
WTP-derived CNMs offers a promising strategy for developing
catalytic mechanisms that go beyond conventional processes
and persulfate activation methods. Furthermore, photochem-
ical activation of WTP-derived CNMs advances sustainable
practices by utilizing solar-based energy sources rather than
chemical sources. Ongoing challenges associated with material
scalability, regeneration, and long-term environmental impact
require continued investiagtion. Future studies should address
the life-cycle performance and safe, sustainable deployment of
WTP-derived CNMs. These research priorities are essential for
translating laboratory advances into practical, scalable, and
environmentally sustainable remediation technologies.

10. Conclusion

Materials derived from WTPs represent a significant advance-
ment over traditional adsorbent-based materials, as they offer
both adsorption (capture) and catalytic (degradation) func-
tionalities for contaminant removal. The functional properties
of WTP-derived CNMs can be improved through heteroatom
doping, defect engineering, and hierarchical porosity. These
modifications facilitate electron transfer, thereby enabling both
radical and non-radical degradation pathways. The integration
of adsorption and catalytic processes offers potential solutions
to several of the major limitations of adsorption, such as satu-
ration and phase-transfer constraints, by improving contami-
nant removal efficiency and  sustainability.  This
multifunctionality supports the application of WTP-derived
CNMs in both aqueous and soil remediation, aligning with
a circular waste-to-resource approach. Despite these advance-
ments, challenges persist regarding mechanistic under-
standing, material stability, scalability, and field-level
validation. Future research should focus on the development of
standardized synthesis protocols, clarification of of adsorption-
degradation coupling mechanisms, and validation of these

© 2026 The Author(s). Published by the Royal Society of Chemistry
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materials in real-world applications. While current findings
demonstrate considerable promise, further validation through
real-world and standardized testing is necessary to substantiate
performance claims. The development of multifunctional
CNMs from waste biomass thus presents a promising pathway
toward sustainable and scalable environmental remediation.
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