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1. Introduction

The rapid increase in human population and urbanization has

driven substantial

expansion across various
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Recent advances in carbon-based materials derived
from diverse green biowaste for sensing
applications: a comprehensive overview from the
perspective of synthesis method and application
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R. Sanjeevi,® Dmitry Olegovich Bokov,®" Shoira Formanova Bobonazarovna,®
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The rapid increase in global waste, driven by population growth, has raised significant environmental
concerns. Among different types of wastes, green biowastes (BWSs) containing organic matter have
attracted considerable attention. The conversion of BW, particularly from herbaceous and animal
sources, to carbon-based materials (CBMs) introduces a suitable platform for waste management and
resource recovery. Furthermore, this strategy creates valuable materials from low-value waste for various
applications, sensing included. The abundance of these wastes provides a sustainable and affordable raw
material and enhances the feasibility of fabricating these materials. Generally, the presence of carbon in
their structure can present an accessible resource for producing different carbon materials, especially
carbon dots (CDs), carbon quantum dots (CQDs), and graphene quantum dots (GQDs). The performance
of these CBMs has been enhanced by optimizing synthesis processes, incorporating functional groups,
and integrating various materials. The synthesized CBMs possess desirable features, such as
biocompatibility, excellent physical, chemical, and electrical conductivity. These materials have been
used in different sensors such as electrochemical (EC) and optical sensors for presenting high
performance sensing probes with several benefits such as real-time monitoring, rapid detection, and
high sensitivity. The first section of this review is dedicated to the preparation of CBMs, derived from
green BWs, by different synthesized methods for use in different fields including biomedical application,
food safety, and environmental monitoring. In addition, the challenges, limitations, and future directions
in the development of these CBMs were completely discussed to improve their performance.

resulting in different kinds of waste with varied challenges and
far-reaching concerns for public health, the environment, and
sustainable development. In other words, the production of

industries, a significant amount of waste, approximately 8 billion tons,
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poses a considerable obstacle for both the scientific community
and society.'”

While microorganisms can break down various biowastes
(BWs5), the detrimental consequences of their disposal are unde-
niable.>* Over the last few decades, numerous studies have
investigated the importance of different non-bio solid waste, such
as plastic, agricultural, electronic, and industrial wastes. However,
the importance of BWs and their conversion methods has
received attention to some extent. Generally, BW is considered
less important compared to non-BW due to its low toxicity.>” On
the other hand, it has a negative consequence on the environment
by generating gases when burning, which contain carbon
monoxide, nitrogen oxide, and sulfur dioxide, released into the
atmosphere. Moreover, the increasing amount of animal waste
has a detrimental effect on aquatic life owing to the reduction of
oxygen levels in the water and the presence of pathogens in
animal waste poses a significant threat to human health.®

According to the crucial need for innovative and compre-
hensive solutions to address the global waste issue, numerous
scholars are paying special attention to transforming BWs into
valuable resources. Over the last decade, several studies have
been established for the analysis of BW.” In general, BW
consists of three main groups, including hemicellulose, lignin,
and cellulose. On the other hand, there are significant varia-
tions in the chemical composition of these wastes owing to the
source and treatment techniques.' The basic framework of
these wastes consists of carbon (C), oxygen (O), hydrogen (H),
and also small concentrations of nitrogen (N) and sulfur (S)
elements that connect to form polymeric structures. Further-
more, trace amounts of manganese (Mn), aluminum (Al),
calcium (Ca), sodium (Na), silicon (Si), magnesium (Mg), chlo-
rine (Cl), iron (Fe), potassium (K), and phosphorus (P) have
been identified in these wastes.""'> The natural source BWs
includes three important categories including herbaceous,
woody, and animal waste. The chemical compositions of the
foremost groups of the BW are summarized in Table 1.

According to high rate of carbon in the waste of different
herbaceous and animal sources, these materials have been
widely exploited as excellent natural carbon precursors for
creating waste-derived carbon-based materials (CBMs). These
materials consist of diverse and attractive family, including
affordable graphite and expensive diamond, and are at the
forefront of sensing applications. The discovery of new types of
carbon-based composites such as fullerene, carbon nanotubes
(CNTs), and graphene in 1985, 1991, and 2004 revolutionized
technology and material science.

Up to now, different carbon-based composites, including
fullerene (zero-dimensional) carbon nanofibers, carbon black,
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carbon nitrides, carbon dots (CDs), CNTs (one-dimensional),
graphene  sheet (two-dimensional), graphite (three-
dimensional), and graphene quantum dots (GQDs) are not
isolated from each other, however in a close relationship.'**
For instance, graphene has been exploited as a building block of
all other graphitic carbon allotropes with different dimension-
ality. Considering the various possible properties, intriguing
electrical, optical and mechanical features of CBMs have
ensured new directions in various sensors. In detail, chemical
stability, high electrical conductivity, strong mechanical
strength, biocompatibility, easy functionalization, and biode-
gradability are important advantages of these materials."
Furthermore, modification of these CBMs with different nano-
materials improved their performance. The common forms of
carbon allotropes are demonstrated in Fig. 1.

The inherent characteristics confer interesting features to
the prepared CBMs, which are derived from BW, to apply in
diverse sensing approaches including electrochemical (EC),"”
optical,”® and piezoelectric sensors*® for analysis of various
targets. Recently, waste-derived CBMs have attracted consider-
able attention owing to the excellent EC and optical activities for
several redox reactions, additionally, affordability, and easy
modification.

Over the past few years, numerous researchers have reviewed
the application of various waste sources for creating materials
in sensing due to affordability, renewability, and sustainability.
For example, Bosu et al.,* reviewed the sensing approaches
based on green CDs for detection of metallic contaminants in
the environment. Furthermore, Malode and co-workers,*
highlighted a application of carbon materials for sensor appli-
cations. In 2022, Blessy Rebecca and colleagues,* reported
a review study showing the potential of green graphene-based
materials for biomedical applications. However, there is no
comprehensive review for revealing the application of BW-
derived CBMs in biomedical application, food safety, and
environmental monitoring.

In this review, the implementation of the obtained CBMs in
sensors is considered a promising candidate for introducing
high performance probes. In addition, different synthesis
methods of carbon-based nanomaterials are classified in this
review and several analytical parameters using different CBMs
were completely discussed.

2. Herbaceous and animal waste as
precursors of carbon-based materials

BW contains organic materials that can be decomposed,

primarily by microorganisms, into small compounds.*
Table 1 Chemical composition of important green BWs*®
Waste group C % H % 0 % S % N % Fixed carbon % Moisture % Ash %
Herbaceous waste 42-58 3-9 34-49 <1 1-3 9-35 4-48 1-19
Woody waste 49-57 5-10 32-45 <1 1 6-25 5-63 1-8
Animal waste 57-61 7-8 21-25 <1 6-12 12-13 3-9 23-34
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Fig. 1 Different forms of carbon allotropes.

Herbaceous and animal waste, two common types of green BW,
have shown promising results in producing CBMs. Various
types of herbaceous waste and plant byproducts, including
fruit-derived waste, leaf-derived waste, grain-derived waste, and
seed-derived waste, have been obtained from agricultural
activities and are particularly promising precursors of CBMs.**?**
Herbaceous waste and its derivatives are easy to process and
affordable, introducing a suitable source of CBMs.>® Coffee
waste, for instance, is one of the accessible and affordable plant-
derived food waste, that contains high levels of carbon. 10.3
million metric tons of coffee beans were produced in 2018,
according to the International Coffee Organization (ICO).>”>°
Despite the various positive effects of coffee on human health
and the world economy, the waste produced from coffee
consumption has diverse negative consequences on the envi-
ronment and economy.*® Particularly, in terms of negative
economic consequences, the most recent data available from
the ICO, the US purchased 27.7 million 60 kilogram bags of
coffee.*® The cost of coffee waste disposal is estimated at $70.2
million, assuming landfills are the primary destination.***
Along with economic drawbacks, the negative environmental
impacts of coffee waste are undeniable. The production of toxic
chemicals from coffee processing industries, such as tannin,
caffeine, and polyphenols, can contaminate water.>* These
chemicals may hinder the germination and root elongation of
specific plants and create anaerobic circumstances which
harmful to aquatic habitats.***® Furthermore, coffee waste in
landfills emits greenhouse gases such as methane and carbon
dioxide, contributing to global warming.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Another important BW is animal waste which has the
potential to become a valuable resource. In general, this type of
waste can be obtained from dairy products and chicken
byproducts.®” Every year, millions of tons of waste are produced
in livestock operations (such as cattle, poultry, and swine) and
seafood. For example, in 2006, 6 million tons of shrimp were
produced globally and only 60% were consumed, producing 2.3
million tons of inedible waste.**?® These wastes are resources to
regain natural elements chondroitin sulphate and they can be
considered as carbon precursors. Along with seafood, the high
demand for meat and chicken leads to developed meat and
poultry industries.* The advancement of these industries has
a direct relationship with producing inedible parts such as
feathers, bones, tendons, and skins. Converting animal waste
can prevent the growth of pathogen bacteria.

Several drawbacks of BW on the environment coerce
scholars into developing efficient synthesizing methods of
CBMs from herbaceous and animal waste. In the next section,
the synthesized method and its advantages and disadvantages
are completely discussed.

3. Synthesis methods

A variety of synthesis methods have been developed for CBMs
derived from BW due to the different requirements and wide
applications of CBMs. Indeed, the important role of synthesis
technique and associated factors, such as temperature, pH,
pressure, solvent, residence time, gas atmosphere, and
substrate concentration, is incredibly significant in deter-
mining the activity and the structure of synthesized materials.

RSC Adv, 2024, 14, 39787-39803 | 39789
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The desirable properties of BW-derived CBMs for sensing
application are achieved by controlling synthesis parameters
and using appropriate methods.***> Among different tech-
niques, hydrothermal carbonization, ionothermal carboniza-
tion, pyrolysis, template-assisted method, and ball-milling
approaches have attracted considerable attention for converting
BW into high-value materials.

3.1. Pyrolysis

Pyrolysis is a widely employed method for transforming organic
materials into CBMs. This process involves decomposition and
carbonization of precursor material, at high temperatures and
in the absence of oxygen to produce biochar, bio-oil, and
syngas. During pyrolysis, biochar was used as a precursor for
CBMs. The optimal parameters of the process, such as
composition of the organic precursor, heat-treatment temper-
ature, influence of catalysts, and the presence of post-pyrolysis
steps during heat treatment, can impact the morphology and
physicochemical properties of resulting CBMs.*>**

3.2. Hydrothermal carbonization

Hydrothermal, as a thermochemical method, mimics the
natural carbonization method for turning herbaceous and
animal waste into CBMs at a fast rate. This technique is oper-
ated according to the wet biomass under high pressure and
temperature for the decomposition and carbonization of the
biomass.**® In the hydrothermal carbonization process,
complex organic compounds are experienced thermal degra-
dation and polymerization, leading the production of carbon-
rich material.¥” Under optimal conditions of hydrothermal
carbonization method, such as preparation of the waste,
loading into a reactor, and addition of water, temperature, and
pressure, the hydrochar is synthesized. Under specific condi-
tions, the formation of nanoscale carbon structures is also
possible. According to the green concept ability of this method,
which operates without the need energy intensive drying and
minimum emission of methane, it can introduce green
precursor, sustainable, non-hazardous, and quality-controllable
CBMs.#°

3.3. Ionothermal carbonization

In this approach, ionic liquids have been exploited as critical
compounds due to their specific properties including low
solvent volatility, thermal stability, and high solubility with the
waste. The application of these liquids for template and solvent
eliminates the competition between template-catalyst and
solvent-catalyst. The obtained CBMs from the method enjoy
desirable benefits, including excellent heteroatom doping, high
surface area, well-structure, and high carbonization yields.
These characteristics make ionothermal carbonization a high
potential method for synthesizing ideal CBMs.**

3.4. Ball-milling

Ball-milling has become an efficient method for producing
CBMs from BW. This process uses mechanical energy to break

39790 | RSC Adv, 2024, 14, 39787-39803
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chemical bonds and fracture particles without the need for
hazardous wet chemicals.”> The rotating container containing
the balls employed mechanical forces on the material, resulting
in the fragmentation and size reduction of the particles.
Consequently, this process facilitates the production of
a uniform and fine powder, suitable for subsequent processing.
The ability of technique to exfoliate graphitic layers and induce
surface functionalization of graphene nanoplatelets has been
utilized to convert the waste into CBMs. Furthermore, this
approach can enable researchers to control the morphology and
particle size of CBMs.>***

3.5. Template-assisted method

In order to craft porous carbonaceous materials with accurate
morphology and structure, the template-assisted method can be
considered a powerful method. Indeed, the application of
template guides in growth CBMs creates hollow microporous
structures, enjoying high surface area and a multitude of active
sites, both of which improve physicochemical features. The
disadvantages and advantages of different synthesis methods of
CBMs from BW are summarized in Table 2.

4. Application of carbon-based
materials in detection

Advancements in synthesis methods of CBMs derived from
green BW are the key to the future success of carbon chemistry
and its suitability for environmental fields. The good electron
transfer capabilities and excellent surface characteristics of
herbaceous and animal waste-derived CBMs presented them as
exceptional candidates for sensing applications. Furthermore,
distinctive properties, such as biocompatibility, affordability,
accessibility, stability, and high surface area, are other reasons
for using these CBMs in the structure of optical and the EC
sensors. There have been several attempts to use BW-derived
CBMs in the structure of EC and optical sensors for biomed-
ical application, food safety, and environmental monitoring.
The advantages of these CBMs on the surface of EC electrode
provided an excellent surface for incorporation with different
targets. Furthermore, these CBMs can play an important role as
optical probes in optical sensors. Here, we focused on the
application of these CBMs in the structure of sensors for
detection of numerous targets.

4.1. Biomedical application

From the earliest recorded human civilizations to the modern
era, diseases have been considered an important threat to
human existence, causing widespread suffering and death.
Biomedical knowledge and technology have directly or indi-
rectly positive impacts on many diseases. Among them, the
importance of analytical approaches in biomedicine is high-
lighted in the detection of abnormalities that may cause
multiple disorders.®*®* Various research studies have been
conducted to explore the potential of synthesizing CBMs,
including hierarchical porous carbon, graphene, and CDs, from
BW in the structure of biosensors for detection of biologically

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Comparison of different techniques of synthesizing CBMs derived from BW

Possibility of

Technique Benefits Drawback green synthesis Ref.
Pyrolysis Adjustable features Low performance of High 55
User friendly production, air pollution,
complexity of mechanism,
and limited diversity of
functional groups
Hydrothermal carbonization Less toxicity Production of large size High 56
Adjustable morphology CBMs and require sealed
vessels
Ionothermal carbonization Operated without high High cost Low 57
temperatures and sealed
vessels
Ball-milling Flexible mechanisms, Energy-intensive, require Low 58
scalability, and operated optimization
without need harsh
chemicals
Template-assisted method Highly porous material Incompletely removing Low 59

significant compounds ascorbic acid, dopamine, y-amino-
butyric acid, glucose, mefenamic acid, neurotransmitter, as well
as for the diagnosis of Parkinson's disease, and cancer diag-
nosis. Most recently, Ostertag and co-workers,® reported a novel
and green EC sensor that exploited synthesized hierarchical
porous carbon structures from waste coffee grounds for
neurotransmitter quantification. In this protocol, the synthesis
method was optimized for the porous carbon via chemical
activation to achieve uniformity and EC determination. The
desired surface characteristics and porous structure were ach-
ieved by controlling type and concentration of activating agents
and temperature during the activation. The presence of a well-
distributed pore and high surface roughness structure on the
surface of EC electrode provided a brilliant situation for detec-
tion of neurotransmitter. However, the authors do not provide
explicit details regarding the limit of detection (LOD) for
detection of neurotransmitters. Similarly, Sudha and
colleagues,®® used waste amla-derived hierarchical porous
carbon in the structure of the EC sensor for simultaneous
detection of ascorbic acid, dopamine, uric acid, and nitrite
(Fig. 2A). The modification of EC electrode with the hierarchical
porous carbon demonstrated an exceptional EC oxidation
toward multiple biomolecules due to the high electrical
conductivity and surface area of synthesis hierarchical porous
carbon. The developed EC device detected ascorbic acid,
dopamine, uric acid, and nitrite with a detection limit of 13.7
uM, 3.2 uM, 1.1 pM, and 3.3 pM, respectively. In 2018, another
hierarchical carbon nanoballs-based aerogel for determination
of inorganic and organic molecules was fabricated by Sha and
co-workers.* As shown in Fig. 2B, the surface of EC electrode
was modified with the shaddock (Citrus maxima) peels-derived
carbon nanoballs aggregation networks-based aerogels (CNA-
NAs). Although the synthesized BW CBMs had a high surface
area (446.39 m> g~ '), the detection limit of reported EC sensing
approach was at the micro level.

© 2024 The Author(s). Published by the Royal Society of Chemistry

template, low stability, and
high cost

Another important BW-derived carbon-based material is
graphene, which is characterized by a hexagonal lattice struc-
ture that constructs one-atom-thick carbon sheets. This carbon-
based material has garnered substantial attention due to the
low synthesis cost compared to other CBMs. One instance of
this BW-derived carbon-based nanomaterials for mefenamic
acid detection was developed by Malode et al.®® In this work, the
obtained high surface area and conductive carbon-based
nanomaterials from rice husk, which activated with chemical
producer, were used to decorate the surface of carbon paste
electrode (Fig. 2C). In the presence of the target, the measure-
ment of voltammetric response provided a LOD and linear
range of 2.13 nM and 1.0 x 10" % to 4.0 x 10~* M, respectively.
The reported EC sensor demonstrated an excellent recovery rate
in real samples such as blood serum, human urine, breast milk
samples, and pharmaceutical tablets due to the operation
without excipient interference from co-existing molecules. In
another study, boron was used in the structure of graphene for
an efficient photoluminescence sensor of glucose.®® The intro-
duction of boron into the graphene domain facilitates the
application of GQDs which was achieved from coffee waste
through a simple one-step hydrothermal process (Fig. 2D).
Elaborately, according to the author's claim, the performance of
boron-GQDs (B-GQDs) is approximately 26% better than GQDs.
Under normal circumstances, the photoluminescence intensity
has an indirect relationship with the concertation of glucose.
Along with the exceptional optical features of GQDs, these
CBMs derived from coffee waste can connect with numerous
molecules through -7 or covalent bonds.

Another commonly obtained materials from BW are CDs,
which have a spherical shape and an average size of 10 nm. This
carbon material exhibits good dispersibility, high photo-
stability, biocompatibility, and strong fluorescence proper-
ties.®”®® One of the excellent examples of using tender coconut
waste for determination of Ethionamide based on CDs in the

RSC Adv, 2024, 14, 39787-39803 | 39791
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Reproduced with permission from ref. 63. Copyright Elsevier Science, 2019. (B) Schematic of obtained and modification of EC electrode by
hierarchical carbon nanoballs-based aerogel for inorganic and organic molecules quantification. Reproduced with permission from ref. 64.
Copyright Elsevier Science, 2018. (C) Schematic illustration of EC sensor based on the BW-derived graphene for mefenamic acid quantification.
Reproduced with permission from ref. 65. Copyright Elsevier Science, 2023. (D) lllustration of synthesis and preparation of B-GQDs for using in

photoluminescence sensor in terms of glucose quantification.®®

structure of fluorescence was constructed by Gunjal and co-
workers.* The quenching of fluorescence of CDs with different
concentrations of Ethionamide provided a detection limit of
0.33 pg mL~". Similarly, Won et al.,” presented another fluo-
rescence sensor for detection of Fe®" and ascorbic acid. In this
study, an eco-friendly and affordable synthesis method and
purification system was designed by using filtration, evapora-
tion, and hydrothermal treatment. In terms of detection of Fe**
and ascorbic acid, the recovery of optical signal with the addi-
tion of the targets was considered the principle of detection. In
detail, Fe** preferred to binding oxygen-containing functional
groups due to hard acid-hard base interactions which led to the
transfer of electrons from the conduction band of the CDs to the
unfilled d-orbitals of Fe**. Hence, Fe*" was detected by the turn-
off quenching process. However, in the presence of ascorbic
acid, the Fe*" converted to Fe*" which did not bind with oxygen-
containing functional groups, leading turn-on quenching
process. This reported sensing approach based on CDs was able
to detect Fe*" in the range of micromolar detection limit, which
is not highly sensitive. In this regard, some scholars tried to
improve the performance of obtained CDs from BW by using
functionalizing agents and different atoms. For example, the
modified BW-derived CBMs possess exceptional dispersion
stability in a hydrophilic solvent. Recently, Wang and
colleagues,” applied seeds of green pepper-derived
fluorescent N, S, P co-doped CDs in a fluorescence sensor for

39792 | RSC Adv, 2024, 14, 39787-39803

quantification of Fe*". The optical properties, biocompatibility
and photo-stability of the CD were improved by adding N, S, P.
The presence of a large number of phosphate groups on the
surface facilitated the Fe** bind through formation of Fe-O-P
bonds. This phenomenon improved quenching of fluorescence
signal. Another outstanding example of using functionalized
groups in BW-derived CBMs was developed by Sangubotla and
co-workers.” In this protocol, they fabricated a novel fluores-
cence sensor based on B-CDs for dopamine detection (Fig. 3A).
For this purpose, the surface of CDs was decorated with 3-
aminophenylboronic acid through the ethyl(-
dimethylaminopropyl)carbodiimide and N-hydroxysuccinimide
(EDC/NHS) reaction. Under optimal conditions, B-CDs
demonstrated fluorescence quenching against dopamine
concentrations in the range 0 to 30 uM with a LOD of 4.25 nM.
In 2023, Sangubotla and colleagues,” constructed a novel
fluorescence biosensor using modified CDs, derived from coffee
waste, with 3-aminophenyl boronic acid and nicotinamide
adenine dinucleotide phosphate (NADP') for y-aminobutyric
acid quantification. The NADP' could improve sensitivity due to
the redox cycling amplification role. As shown in Fig. 3B,
boronic acids were used in redox cycling processes which led to
signal amplification in biosensing. In addition, NADPH, a redox
cofactor, can take part in these cycle processes. Therefore,
thanks to the functionalized CDs, the reported fluorescence was
able to detect y-aminobutyric acid in the nanomolar range. The

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(A) Schematic of fluorescence biosensor based on extracted B-CDs from waste coffee for dopamine detection. Reproduced with

permission from ref. 72. Copyright Elsevier Science, 2023. (B) Representation of synthesis and functionalized CDs for y-aminobutyric detection.
Reproduced with permission from ref. 73 Copyright Elsevier Science, 2023. (C). Schematic illustration of carboxylic acid-functionalized CDs for
detection of Fe**. Reproduced with permission from ref. 74 Copyright Elsevier Science, 2023.

performance of modification of boronic acid on the surface of
BW-derived CBMs was improved by using ethyleneimine (PEI)
which was grafted onto the surface of the CBMs through cova-
lently binding. Subsequently, boronic acid is immobilized via
an amine aldehyde condensation reaction. The improvement of
decoration surface of waste tea-derived CBMs by PEI was
exploited for recognition of glycoprotein.” Although the B-CDs
have more advantages for chemical reactivity and functionali-
zation, the concept of doped boron atoms in the structure of
BW-derived CBMs has improved the conductivity of these
materials. One of the excellent examples of this concept was
achieved by derived B-CDs from Chinese herbal for towards Fe**
sensing.”® B-CDs demonstrated brilliant selectivity and high
degree of fluorescence quenching. Furthermore, some works
have focused on other acids such as citric acid for improving
CDs' performance in biosensing.”””® For instance, Jeong and co-
workers,”* added oxygen/nitrogen-containing small molecules
during the ball-milling process to present fluorescence che-
mosensor with rapid response behavior based on carboxylic
acid-functionalized CDs for Fe’" determination (Fig. 3C). For
this purpose, carboxylic acid-functionalized CDs were
embedded in a microgel matrix to provide a consistent fluo-
rescence intensity. The designed probe (carboxylic acid-
functionalized CDs) revealed high selectivity for detection of
Fe®" due to selective sensing behavior under various counter

© 2024 The Author(s). Published by the Royal Society of Chemistry

anions. The selectivity and sensitivity of the functionalized
CBMs such as CDs and GQDs were improved by using boronic
acid and citric acid. There is a massive shortage of both other
types of CBMs and acids.

The decoration of BW-derived CBMs with other materials,
such as metallic-based, silica-based and magnetic-based mate-
rials, is another technique for improving the performance of
these CBMs for biomedical application. As an example,
Cotchim et al.,”® prepared a novel and portable EC immuno-
sensor by exploiting the decoration hierarchical microporous
carbon material with gold nanoparticles (AuNPs) for ovarian
cancer detection. For this purpose, the surface of the screen-
printed electrode (SPE) was modified with hierarchical micro-
porous carbon material, which was obtained from waste coffee
grounds and, subsequently, the modified surface was decorated
with AuNPs. This fabricated surface could present an appro-
priate immobilization surface for specific antibodies. In the
presence of the target, the analysis of EC signals of the anti-
body-antigen complex was conducted by smartphone-based
potentiostat with a LOD of 0.4 U mL™'. In another study,
Wang and co-workers,* designed a dual-mode sensing
approach based on Fe doped into the CDs, which derived from
Ganoderma lucidum waste, for glucose detection. As shown in
Fig. 4A, the Ganoderma lucidum waste mixed with Fe during the
hydrothermal reaction. Fe-CDs. The presence of Fe in the

RSC Adv, 2024, 14, 39787-39803 | 39793
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structure of CDs improved fluorescence signal, catalytic activity,
magnetic properties, and stability. Interestingly, Fe-CDs acted
as a nanozyme in the reaction between its catalytic intermediate
and the chromogenic substrate. This principle was imple-
mented in fluorescence and colorimetric sensors to detect
glucose with an excellent LOD of 0.28, and 0.37 puM, respectively.
Surprisingly, in this platform, the application of a smartphone
could capture the intensity of color and convert the color
information into RGB value (Fig. 4B and C). Adding metal
oxides in the structure of BW-derived CBMs may result in the
agglomeration of the metal oxide nanoparticles. In this regard,
instead of removing additional materials, preservation of
materials in the structure of these CBMs is a reliable solution
for addressing this problem.

Tea, mushroom, and coffee waste are naturally abundant
sources of CBMs from BW for biomedical applications. These
BWs have been widely used for synthesis of CBMs which have
developed efficient biosensors. The presence of silica materials
with CBMs in some BWs, such as rice and sweetcorn husks, has
received attention. In many cases, the silica and CBMs of these
BWs were separated during transfer process. However, the
separation of silica from CBMs is not entirely possible.

39794 | RSC Adv, 2024, 14, 39787-39803

Therefore, it can be considered a chance for synthesis of
conductive and high surface area matrix for immobilization of
different bioreceptors. Furthermore, silica materials are
dispersed homogenously in the carbon matrix. In 2021, Pandey
et al.,** prepared a porous carbon with inherent silica derived
from sweetcorn husk for introducing a sensitive and selective
EC immunosensor of fibronectin protein which is related to
ovarian cancer in blood plasma. In this study, the surface of the
glassy carbon electrode (GCE) was modified with the synthe-
sized probe for immobilization of antibodies through EDC/NHS
cross-linking chemistry. When the target was added to the
system, the LOD of 129 fg mL™~ " was achieved by using EC
techniques. The immune response and low stability of anti-
bodies in comparison to aptamer lead to use of aptamer in the
structure of biosensor based on BW for biomedical application.
In this perspective, Huang and co-workers,*” introduced an EC
aptasensor based on green bristle grass-derived nitrogen-doped
nanoporous carbon nanomaterials for alpha-fetoprotein, as an
important biomarker of cancer, detection in real serum samples
(Fig. 5). Thanks to the strong affinity for aptamer strands,
integration of nitrogen-doped nanoporous carbon nano-
materials with aptamer sequences on the surface of EC

© 2024 The Author(s). Published by the Royal Society of Chemistry
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electrode revealed excellent the EC activity toward alpha-
fetoprotein.

The figure of different analytical methods that exploited the
synthesis of carbon frameworks from waste coffee grounds is
summarized in Table 3. In detail, the impact of the synthesis
method, optimized parameters of the process, and functional-
ized is undeniable. In favor of the optimization of different
parameters, the researchers were able to achieve desirable
carbon frameworks which improve the EC and optical signals.
Therefore, it can be considered a systematic platform to tailor
the waste coffee ground-derived porous carbon. The application
of different synthesis methods for activating CBMs in biomed-
ical analysis can introduce high potential methods due to
porosity and high surface area. On the other hand, the low
catalytic activity demonstrates the necessity of modification of
these materials with functionalized groups and metal-based
materials. Importantly, there is a massive shortage in the
using magnetic materials integrated with CBMs derived from
coffee waste owing to their high conductivity. This phenom-
enon can be achieved by loading magnetic materials into the
structure of CBMs derived from coffee waste and constructing
a core@shell structure.

4.2. Food safety

Nowadays, due to our busy lifestyle and the high demand for
processed foods, our health is more dependent on the quality of
food we consume than ever before. The application of BW-
derived CBMs in the structure of sensors is a novel and inno-
vative solution for the detection of food contamination in
different food matrices. Their biocompatibility, sensitivity, and
accessibility offer significant advantages for improving the
performance of sensors.'*>'** Conventionally, BW-derived CBMs
were used in gas chromatography-mass spectrometry (GC-MS)
for the separation and quantification of complex mixtures of
compounds. This method operates according to the integration
of two well-established analytical methods including mass

© 2024 The Author(s). Published by the Royal Society of Chemistry

spectrometry and gas chromatography.'®'® As an example,
Song et al.,*”” exploited magnetic carbon particles from coffee
grounds in the structure of GC-MS for the analysis of magnetic
solid-phase extraction of eight phthalic acid esters in plastic
bottled water. However, some limitations and disadvantages
can restrict their application in food safety analysis. Indeed, the
inability to analyze high molecular weight compounds, limited
quantitative accuracy for isomeric compounds, and high initial
cost are the most significant limitations. Recently, the appli-
cation of other types of analytical methods has attracted
considerable attention. The analysis of complex food samples
by Fe-CQDs, derived from coffee waste, was conducted in
colorimetric and fluorescence detection of ascorbic acid in real
beverage samples due to strong optical properties.*® In this
study, fluorescence “on-off-on” mode and peroxidase-like
activity were used for fluorescence quenching and converting
colorless 3,3',5,5'-tetramethylbenzidine (TMB) to blue oxTMB,
respectively (Fig. 6). Under optimal conditions, the developed
dual recognition mechanism enhanced the selectivity and reli-
ability of determination process, introducing a robust sensing
platform for monitoring ascorbic acid concentration. Similarly,
Chen and colleagues,® reported a simple and sensitive fluo-
rescence turn-on system using CQDs, which were obtained from
coffee waste, for sodium cyclamate determination. For this
purpose, the difference in fluorescence signal with/without the
target was measured by introducing a sensing device with
a detection limit of 3.16 pM.

The potential of EC sensors, as highly sensitive and real-time
monitoring, in the analyze of food has been highlighted by
using BW-derived carbon material as recognition components
on the surface of the EC electrode. Interestingly, the perfor-
mance of these CBMs has been improved by integration of other
materials. The electron transfer of redox reactions was facili-
tated due to their electronic, magnetic, optical and catalytic
features.'®® A variety of materials, including metallic materials
(such as AuNPs) and semiconducting materials (like SnO, and

RSC Adv, 2024, 14, 39787-39803 | 39795
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BivO,) were used for this purpose. For instance, Gaber and co-
workers,* reported a sensitive and selective EC sensor based on
the integration of waste hazelnut shells-derived CBMs and SnO,
NPs for quantification of catechol in fruit juice and green tea. In
this work, the improvement in the performance of platform
relied on the electron transfer of synthesized CBMs and the
specific surface chemistry of SnO, NPs. In detail, SnO, NPs as
a n-type semi-conductivity, demonstrate strong chemical
stability and exceptional electrical conductivity. As shown in
Fig. 7A, the surface of GCE was modified with carbon/SnO, NPs
for capturing catechol and measuring the EC signal with a vol-
tammetric technique. The designed EC sensor revealed an
excellent LOD (8.51 nM) and recovery value (102.05%) for green
tea and fruit juice. Another EC sensor focused on using BiVO,
nanocomposites, as another n-type semiconductor materials,
and nitrogen doped in the structure of CBMs from rice hulls for
simultaneous determination of furazolidone and chloram-
phenicol.®® The presence of nitrogen in the structure of CBMs
changed electron spin distribution and the charge of carbon
owing to the polarization of carbon atoms. Furthermore, the
exceptional physical and chemical features of BiVO, were
exploited for increasing performance. In this regard, the prep-
aration of nitrogen-BW derived carbon materials/BivO,/GCE
sensor detected furazolidone and chloramphenicol with a LOD
of 0.053 pM and 0.087 uM, respectively (Fig. 7B).

Another promising strategy for improving the performance
of EC sensors is surfactants which enhance kinetics of electron
transfer reactions and reaction rates. In addition, controlling
the solubilization of organic compounds for electroanalysis in
water is another advantage of using surfactants. Recently, Gis-
sawong et al.,*” developed a sensitive and selective EC sensor
based on the modification of waste coffee grounds activated
carbon with AuNPs for ciprofloxacin quantification in dairy
samples. This material introduced an appropriate substrate on
the GCE owing to the large surface area, affordability, well-
developed pore structure, and chemical stability compared
with other alternatives. Indeed, the electron transfer on the
surface of EC electrode was significantly improved during the
redox reaction of ciprofloxacin. Furthermore, surfactants
namely dodecyltrimethylammonium bromide (DTAB) and
didodecyldimethylammonium bromide (DDAB) enhanced the
EC response. In the presence of the target, the EC signal was
measured by a voltammetric technique with a linear range and
a LOD of 0.5 to 25 nM and 0.20 nM, respectively. The review of
application of carbon materials derived from BW in different
methods demonstrated that scholars have attempted to develop
compact sensing approaches in food safety. In this regard, EC
and fluorescence methods play important roles. However, the
exploitation of other optical methods such as surface plasmon
resonance (SPR), surface-enhanced Raman scattering (SERS),
fluorescence resonance energy transfer (FRET), luminescence,
and piezoelectric sensors can be used in the future. Impor-
tantly, due to the high potential of EC sensors for miniaturi-
zation, application of different analytical approaches with
smart and miniaturization gadgets such as smartphones,
microfluidics systems, and SPE can present more efficient
sensing devices. For example, Kalinke and co-workers,*
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implemented a low-cost and simple voltammetric sensor on the
surface of SPE for detection of caffeic acid. For this purpose, the
sensing zone of SPE was modified with synthesized biochar, as
a carbon-based material, from castor cake waste for capturing
the target. Under normal conditions, the measurement of the
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voltammetric signal provided a LOD of 30.9 nM (Fig. 7C). The
comparison of different reported sensors for food safety is
summarized in Table 1. In detail, due to the best results in
comparison to other developed sensors, SPE opens many ways
for the fabrication of portable sensing approaches. Most
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85. Copyright Elsevier Science, 2024. (B) Schematic of using nitrogen-BW derived carbon materials/BiVO,4 on the surface of GCE for quanti-
fication of furazolidone and chloramphenicol. Reproduced with permission from ref. 86. Copyright Elsevier Science, 2024. (C) Illustration of the
synthesized castor cake waste-derived CBMs and its application in EC sensor for caffeic acid detection. Reproduced with permission from ref. 88.
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Fig. 8 (A) Schematic of fluorescence sensor based on using flowers of wintersweet for synthesizing CDs for visual quantification of Cr(vi) and
Fe®* %2 (B) Illustration of CDs derived from tobacco stems waste for quantification of tetracycline antibiotic residues in water samples.®®

recently, Jiang and colleagues,® integrated a smartphone in EC  herbal tea. Several properties of hierarchically porous carbon
sensor based on hierarchically porous carbon from plant- such as high electrocatalytic activity and large specific surface
derived tannin acid for quantification of chlorogenic acid in area introduced an appropriate substrate on the sensing zone of
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SPE. As shown in Fig. 7D, the modified surface presented the
smartphone-operated wireless portable sensor by analyzing the
voltammetric signal.

4.3. Environmental monitoring

According to the frequent human activities, the number of
harmful substances released into the environment has
increased dramatically along with the world's population
growth and industrialization. These substances in the water,
air, and soil are known in toxicity and may pose health risks.
Environmental pollution has become one of the most urgent
challenges, capturing the world's attention. The application of
BW for introducing affordable and efficient synthesis materials
has attracted great attention in environmental analysis.'****°
Biochar and hydrochar are two important obtained carbon-rich
materials obtained which are used as sensing probes or carbon
sources of different carbon nanomaterials. Pyrolysis and
hydrothermal carbonization are processes for producing bio-
char and hydrochar, respectively. Furthermore, there are
differences between the properties and applications of biochar
and hydrochar. For example, biochar is characterized by its
porous structure, stability, and high carbon content. On the
other hand, another porous structure may have a higher oxygen
content. Recently, some researchers have used these carbon-
rich materials in the structure of sensors for environmental
monitoring. For instance, Oliveira et al.,”® developed a useful
voltammetric sensor based on biochar obtained from spent
coffee grounds for Pb>" detection. In this study, nitric acid
(HNO3) was used as an oxidizing agent to enhance surface
groups. On this account, the activated biochar can interact with
inorganic and organic compounds and this phenomenon was
considered a principle of detection. Under optimal conditions,
the difference of EC signal with/without the presence of the
target was measured with a LOD of 4.5 nM which demonstrated
that functionalized biochar is promising for sensing since it can
adsorb more species than pristine biochar. Most recently, Bar-
reto and co-workers,” exploited a novel analytical approach
using spent coffee grounds hydrochar, as a high oxygen content,
which was synthesized by hydrothermal carbonization and
modified with copper nanoparticles (CuNPs) for hydroxy-
chloroquine sulfate and bisphenol A quantification in natural
water. Indeed, the modification of CuNPs in the structure of
hydrochar could improve the surface area, conductivity, and
stability of the probe due to its excellent electrocatalytic prop-
erties. The modification of the EC electrode with hydrochar and
CuNPs captures a sensitive and robust EC sensor. In the pres-
ence of the target, the EC oxidation of decoration electrode was
measured by voltammetric technique with a LOD of 0.46 pM
and 0.31 puM for hydroxychloroquine sulfate and bisphenol A,
respectively. Along with the application of biochar and hydro-
char in sensing, these carbon-rich materials can be used as
carbonaceous precursors for the synthesis of other CBMs due to
the affordability and ease of process. The conversion of biochar
and hydrochar, as large carbon-rich structures, into CDs is
carried out through various thermal and chemical treat-
ments."™ Instead of this concept, several researchers have
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attempted to use a directly hydrothermal method for synthe-
sizing CDs. Recently, Xia et al.,* developed a straightforward
and efficient fluorescence sensor based on the flower waste
derived-CDs for visual quantification of Cr(vi) and Fe** in tap,
river, and lake waters (Fig. 8A). In this work, the synthesized
CDs through a simple hydrothermal method were used as
fluorescent probes for capturing of the targets. The interaction
of the developed fluorescence probe with these metal ions
changed the intensity of the fluorescence signal. The reported
optical sensing device revealed a LOD of 0.07 uM and 0.15 uM
for Cr(vi) and Fe*. Similarly, Yang and co-workers,” utilized
waste tobacco stems to synthesize novel CDs for fluorescence
detection of tetracycline antibiotic residues in water samples.
The conversion of waste tobacco stems into CDs, as a fluores-
cence probe, was conducted by a one-pot hydrothermal method
which operated without multiple purification or processing
steps. The detection principle of the reported sensing approach
relied on the fluorescence response of CDs toward different
tetracycline antibiotics (Fig. 8B).

In order to improve the refinement and provide highly
functionalized or specialized CDs, Christopher and co-
workers,** fabricated an efficient and simple fluorescence-based
sensor, which used a multi-step approach consisting of tandem
hydrothermal and pyrolysis process, for detection of Pb*>* and
Cu** ions. In detail, the fluorescence of CDs was directly
quenched by these ions linearly. Hence, the fluorescence
intensity decreased by increasing the concentration of the
target. In 2022, CDs derived from spent coffee grounds by
integration of hydrothermal carbonization and microwave-
assisted hydrothermal carbonization optimized synthesis
conditions and improved the properties of CDs for detection of
noxious nitroanilines.”® For this purpose, microwave-assisted
hydrothermal carbonization and hydrothermal carbonization
techniques were used for synthesizing desirable CDs with
quantum yields reaching up to 0.18, which can be considered
excellent in terms of fluorescent properties. In the presence of
para-nitroaniline, the quenching of fluorescence indicated
a LOD of 68 ppb. In another study, Bressi and co-workers,*
combination of hydrothermal carbonization and EC to synthe-
size CDs from waste orange peels for voltammetric detection of
nitrobenzene. For this purpose, the obtained liquid phase of
hydrothermal carbonization was used as a precursor for EC
synthesis. Due to the excellent EC properties of CDs, the sensing
zone of the SPE was modified with CDs for capturing nitro-
benzene in water. Under normal conditions, the prepared EC
sensor detected nitrobenzene by measuring the voltammetric
technique.

All in all, although biochar and hydrochar have attracted
considerable attention in sensing, there are few investigations
on their usage in EC and optical sensing. Hence, it is expected
that the number of probes based on these materials derived
from BW will be increased. Furthermore, these materials have
an important role in synthesis CDs which are widely used in
optical sensors. Therefore, the studies of both of these can
broaden researchers’ horizons about the application of coffee
waste as a source of materials in sensing.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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5. Conclusion and future perspective

BW has attracted considerable attention in both green chem-
istry and analytical chemistry for numerous applications due to
their potential as valuable precursors of CBMs and nano-
materials. The conversion of these BWs to CBMs is considered
one of the excellent instances of “waste to wealth”. The
importance of producing herbaceous and animal waste is
undervalued, however, new emerging studies demonstrate the
high value of these wastes which can be recovered due to
nutritional and economic value. Indeed, different synthesis
methods based on the use of BWs for producing materials,
which are used in sensing, are considerably attractive due to
high-valued materials that can be obtained from low-value
precursors, leading to a circular economy. Over the last
decades, researchers have used different synthesis methods
such as hydrothermal carbonization, ball-milling, pyrolysis,
and lonothermal carbonization techniques for addressing
environmental concerns associated with BW disposal and
introducing numerous CBMs which have been utilized in the
structure of various analytical methods for biomedical appli-
cation, food safety, and environmental monitoring.

The potential of CBMs obtained from BW can be analyzed in
various fields. Despite the rapid progress made in synthesizing
CBMs, developing a production system that satisfies both
environmental and industrial requirements is a challenging
task. The system must ensure scalability, quality control, and
safety while remaining non-hazardous and simple. The use of
non-toxic reagents is a top priority. Nontoxic reagents can
produce safe materials with many advantages in terms of
environmental and health concerns. Another important matter
is to minimize carbon emissions by introducing an energy-
efficient synthetic process. Therefore, discovering the ideal
waste coffee and developing eco-friendly methods for synthe-
sizing CBMs has been a long-awaited goal. Although there is
currently no widespread use of BW, these wastes can be
considered a relatively unique type of organic waste. In this
regard, the activation of carbon precursors by activators
remains challenging, synthesizing uncontrollable pore distri-
bution and low carbon yield. In addition, it is important to find
accessible and affordable sources of carbon precursors. These
wastes and techniques should be optimized for achieving a high
yield of waste-derived CBMs.
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