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A B S T R A C T   

Carbon nanomaterials (CNMs) including carbon nanotubes, activated carbon, carbon dots, carbon nanosphere, 
and graphene, stand out as promising candidates for recognition, remediation, and controlled release of agro
chemicals. The structural diversity of these nanomaterials provides exceptional electrical and optical properties, 
combined with ease of modification, making them attractive materials for enhancing the sensitivity and selec
tivity of agrochemical sensors. Their large surface-to-volume ratio, porosity, reactive sites, and photocatalytic 
behavior provide exceptional ability for the sorption and degradation of targeted agrochemicals. Further, to 
address environmental issues linked to agrochemicals, developing CNM formulations can enable controlled and 
precise delivery of these chemicals, reducing off-target effects, and bioaccumulation. Their unique features, 
including nanoscale porous structure, biocompatibility, and altered surface functionalities grant them excellent 
loading capacity and stimuli-responsive release behavior. Thus, to give insights into the CNMs, this compre
hensive review discusses recent advancements in CNM design, the influence of surface functionalities, and 
properties on selective detection, adsorption/degradation, and release characteristics. However, there is still 
scope for improving the performance of CNMs by designing composites, providing specific functional sites, and 
altering surface area. Additionally, applications of a few CNMs are not yet realized despite their promising 
features, which are highlighted at the end. Finally, the scope for future research directions referring to each 
application has been discussed to fully realize the potential of CNMs to promote sustainable agricultural prac
tices, paving the way for a healthier and safer environment.   

Introduction 

As per projections by the United Nations population division, the 
global population is anticipated to surpass 9.37 billion by 2050 [1]. This 
growth presents an escalating challenge in ensuring a sufficient supply 
of nutritious crops [2]. Current estimations of food-demand suggest that 
to keep pace with the surging demand, crop production must witness a 
surge of approximately 60–100 % by 2050 [3]. However, plants face 
numerous challenges, such as unfavorable environmental conditions 
such as excessive or inadequate soil moisture, extreme weather, envi
ronmental pollutants, and nutritional abnormalities [4,5], leading to 

various plant-related non-infectious diseases. Additionally, pathogens 
such as fungi, viruses, bacteria, and insects contribute to infectious plant 
diseases [6,7]. These diseases pose significant threats to plant growth 
that could result in reduced crop yield [8]. Recent studies suggest that 
64 % of the total loss in agricultural yield is due to pests and pathogens 
[9,10]. To combat plant-related diseases, the agricultural sector heavily 
relies on various agrochemicals [11], including pesticides and fungi
cides [12]. In addition, other agrochemicals including herbicides, fer
tilizers, and plant hormones are also being used for yield management 
[13–15]. These chemicals help to enhance plant health and growth [16] 
by mitigating both abiotic and biotic stress [17]. However, conventional 
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methods of applying agrochemicals have certain limitations including 
susceptibility to rain drift [18], high organic solvents, poor dis
persibility, and bioaccumulation [19,20]. They often result in environ
mental pollution by generating chemical waste [21], as a significant 
portion of the chemical disperses into the environment instead of 
adhering to the plant surface [22]. Improper application of these 
chemicals can also pose health risks [23] by altering antioxidant and 
oxidant levels in the human body [12,24]. 

In this context, the concept of nanotechnology has captured the 
attention [25] of the research community to recognize [26] and mini
mize the environmental impact of agrochemicals. The initial step in
volves the detection of agrochemical wastes to understand their nature 
and concentrations which allows to implement a remediation strategy 
[27]. Furthermore, it has paved an avenue for the delivery of these ag
rochemicals to plants [28], potentially reducing environmental concerns 
[12]. By adopting nanotechnology, agricultural practices can become 
more efficient, sustainable [29], and environmentally friendly, ensuring 
the production of healthier crops, and minimizing adverse side effects on 
human health and the ecosystem [30]. A variety of nanomaterials such 
as polymers [31], silica, hydrogels, metal-organic frameworks (MOFs), 
layered double hydroxides (LDH), and carbon nanomaterials (CNMs), 
are being used in numerous agriculture-related applications, primarily 
focusing on sensing, remediation, and delivery [15,32]. 

Carbon, a non-metal abundant in the biosphere, exhibits remarkable 
versatility due to its ability to exist in allotropic forms ranging from 0-D 
to 3-D structures [33]. Due to diverse orbital hybridization, carbon can 

form various chemical bonds with different orientations [34], enabling 
the creation of a variety of CNMs with superior physical and chemical 
properties [35]. CNMs have shown considerable potential due to their 
desirable properties, including uniform dispersion, low toxicity, supe
rior biocompatibility, stable molecular structure, optical properties 
[36], exceptionally high surface area [37], and porosity that enables 
them to be used in a variety of research fields [32,38]. The pivotal 
discovery of the first-ever CNM, fullerene, in 1985 [39] paved the way 
for subsequent research and exploration in the field of carbon nano
materials (Fig. 1a). The invention of carbon nanotubes (CNTs) and 
graphene further heightened interest in the remarkable properties and 
potential applications of CNMs [40]. Here, we have made an effort to 
highlight the progressive history of different CNMs in sustainable agri
culture with the first-ever report irrespective of their applications 
(Fig. 1b). Accounting for 40 % of all nanotechnology-related applica
tions in agriculture, CNMs contribute significantly to modern agricul
tural practices [41]. CNMs demonstrate lower detection levels for target 
analytes due to their large surface area and porosity, possessing a high 
density of active sites [42], which improve both selectivity and reac
tivity. Further, with inherent adsorption and photocatalytic properties, 
CNMs have been proven to be efficient in pollution remediation [43]. 
The removal performance of CNMs is associated with their composition 
and surface functionality, which can be enhanced as well as reinforced 
by functionalizing them in the presence of acid and alkali mediums, 
thereby achieving better chemical reactivity towards target pollutants 
[44,45]. Furthermore, the sp2-hybridised CNMs are generally 

Fig. 1. a) Evolution of CNMs over the past years with major milestones from fullerenes to the groundbreaking debut of graphene. b) Progressive history of CNMs with 
first ever reported research work in the field of agriculture. 
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considered nontoxic and biocompatible at adequate doses [46] and are 
considered a promising platform for the delivery of agrochemicals at 
plant cellular level. Also, their excellent heat conversion capacity in the 
near-infrared (NIR) region could facilitate photothermal performance 
(PTT) [47]. The exceptional physicochemical stability and supramo
lecular π-π stacking enable the high loading capacity and controlled 
release [48]. Thus, CNMs can be considered the next generation of de
livery platforms in agricultural practices. 

Thus, in this comprehensive review, we intend to provide informa
tion on the latest advancements of CNMs in environmental and 
agricultural-related applications. The review is structured into three 
major sections: (i) CNMs for agrochemical sensing, (ii) agrochemical 
remediation, and (iii) agrochemical delivery. Further, synthesis, surface 
modification of CNMs, the fabrication of sensors, sensing mechanisms, 
sensitivity and selectivity, maximum adsorption/removal efficiency, 
photodegradation efficiency, loading efficiency, stimuli-responsive 
release mechanisms, their application efficacy, and impact of the 
CNMs on the plant is discussed. Additionally, a discussion on potential 
opportunities and future research directions for each application cate
gory of CNMs is provided. Finally, we believe that by exploring and 
harnessing the full potential of CNMs, the agricultural sector can achieve 
greater sustainability and productivity in the future. 

Carbon nanomaterials for agrochemical sensing 

Addressing the environmental contamination and health risks asso
ciated with excessive agrochemical use necessitates a systematic 
approach to monitor their presence in the environment. Traditional 
analytical methods such as high-performance liquid chromatography 
(HPLC), gas chromatography (GC) [49], enzyme-linked immunosorbent 

assay (ELISA) [50], and electrochemical assay [51] are used for 
detecting pollutants in the ecosystem. However, they have limitations 
including high costs, time-consuming sample preparation, and the need 
for skilled operators [52]. Hence, there is a requirement for alternative, 
sensitive, and rapid sensing probes that can meet the practical demands 
of environmental monitoring [53–55]. Recently, CNMs-based sensing 
probes have emerged as promising solutions due to their unique prop
erties such as exceptional binding capabilities, large surface area, min
imal residual current, wide potential window, rapid electron transfer, 
renewable surface features, optical, and fluorescent characteristics [56]. 
The large surface area of CNMs allows for increased interaction with 
pollutants [57], enhancing the sensitivity to detect even trace levels of 
contaminants. The surface of CNMs can be modified with different 
functional groups for selective detection of specific pollutants. The high 
electrical conductivity, which varies in the presence of certain pollut
ants, allows for the development of sensitive sensors [58]. These ad
vancements in nanotechnology-based sensing systems have great 
potential to improve environmental monitoring practices, contributing 
to a safer and healthier ecosystem. 

Carbon nanotubes (CNTs) 

Organophosphorus compounds (OP), which make up 30–40 % of 
global pesticides, are major pollutants [59] that can accumulate in the 
human body and potentially cause problems in the respiratory and 
nervous system [60]. CNTs have emerged as an attractive solution for 
the electrochemical detection of agrochemicals due to their large surface 
area and broad potential window of − 1.0 to +1.0 V, allowing for a wide 
range of redox reactions [61]. In a recent study glassy carbon electrode 
(GCE) was modified with ink containing nitrogen-sulfur co-doped 

Fig. 2. Schematic representation of a) synthesis of NS-AC-MWCNT through KOH activation of PPy-coated MWCNTs and sensor fabrication by modifying GCE with 
NS-AC-MWCNT. b) Fabrication of β-CD/CNS@CNT/GCE sensor for the detection of carbendazim. c) Plausible aggregation of oPCD in the presence of atrazine. d) N- 
CQDs/AuNCs as fluorescence turn-on sensor for carbendazim. 
(a) Printed with permission from Ref. [62]. Copyright 2021, American Chemical Society. (b) Printed with permission from Ref. [65]. Copyright 2022, Elsevier. (c) 
Printed with permission from Ref. [69]. Copyright 2018, Elsevier. (d) Printed with permission from Ref. [72]. Copyright 2019, Elsevier. 
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activated carbon-modified multi-walled carbon nanotubes 
(NS-AC-MWCNT) for the electrochemical detection of fenitrothion (FT) 
a phosphorothioate insecticide [62] (Fig. 2a). The electrode’s perfor
mance was enhanced by coating MWCNTs with polypyrrole (PPy) and 
activated carbon (AC), increasing surface area and electrical conduc
tivity. This modified electrode demonstrated high sensing capabilities 
for FT, achieving a limit of detection (LoD) of 4.91 nM. Selectivity tests 
showed a 10-fold excess concentration of common salts and OPs did not 
affect the performance. The sensor was successfully used to detect FT in 
real environmental samples, including lake and tap water, with recovery 
rates of 86.4 % ± 8.2 % and 96.9 % ± 2.0 %, respectively. Further 
studies on the sensor’s long-term stability and reproducibility are 
needed to better understand its robustness and reliability for on-site 
applications. 

OPs can irreversibly bind to the acetylcholinesterase (AChE) enzyme, 
inhibiting its activity and leading to an accumulation of the neuro
transmitter acetylcholine in the human body [63]. This has led to the 
development of AChE-functionalized sensors. In this context, a biosensor 
for detecting paraoxon was developed by doping AChE through an 
amide bond onto the surface of GCE coated with carboxylic groups 
modified MWCNTs [64]. The presence of AChE enzyme functioned 
through an inhibition mechanism and exhibited a LoD of 0.1 nM. 
Despite the presence of interferents such as sugars, inorganic ions, 
nitrophenyl derivatives, and electroactive species, the biosensor showed 
selectivity for paraoxon. However, when used to detect paraoxon in 
real-world samples like tap water and potatoes, the biosensor showed 
slightly altered enzyme inhibition compared to buffer solutions, indi
cating a limitation in accurate quantification. This deviation might be 
due to the use of a glass slide instead of a GCE. Future research could 
focus on optimizing the sensor design to minimize interferences from 
sample matrices, ensuring consistent and reliable detection. 

Understanding the impact of different forms of carbon materials on 
CNTs is crucial to enhancing their sensing capabilities. In this regard, 
carbon nanosheets (CNS) were integrated with CNTs (CNS@CNT) 
functionalized with β-cyclodextrin (β-CD) to enhance the sensitivity of 
carbendazim (CBZ) detection at pH 7 (Fig. 2b) [65]. The sensor’s 
sensitivity for CBZ was attributed to the large surface area, electrical 
conductivity of CNS, and superior host-guest supramolecular recogni
tion ability of β-CD. The β-CD helped to prevent sensor composite ag
gregation and facilitated CBZ selectivity, achieving a LoD of 9.4 nM. 
Despite a 100-fold excess concentration of various inorganic salts and an 
equal concentration of other compounds, the sensor maintained its 
selectivity towards CBZ. The sensor showed a satisfactory recovery rate 
of 97.1 % - 99.4 %, demonstrating its reliability. However, the study 
primarily focused on the detection of CBZ in apple juice, which limits the 
sensor’s applicability to other sample matrices. 

Carbon quantum dots (CQDs) 

CQDs have gained attention in sensing and bioimaging due to their 
easy synthesis, high photoluminescence quantum yield (PLQY), 
remarkable photostability, and versatile luminescent properties [66]. 
Their sensing mechanism is based on the quenching of their photo
luminescence due to aggregation, electron/energy transfer, or the 
revival of fluorescence within pre-quenched CQD-quencher complexes 
[67], which makes CQDs suitable for detecting various agrochemicals. 
Triazines, a class of agrochemicals, are of concern due to their low sol
ubility, slow degradation, high stability, and potential risks such as 
carcinogenicity, hormone disruption, and immune suppression [68]. To 
address this, a fluorescent sensor was developed using CQDs derived 
from ortho-phenylenediamine (oPCD) for detecting the triazine-based 
herbicide, atrazine (ATZ) in real samples like lemon, sugarcane, and 
cucumber [69]. The sensor forms hydrogen bond with ATZ through the 
amine groups on its surface, inducing the aggregation of CQDs and 
augmenting fluorescent luminosity (Fig. 2c). The sensor demonstrated a 
LoD of 3 pM, indicating high sensitivity. Its exceptional cell permeability 

and emission strength within bacterial cells make it promising for 
real-time sensing of ATZ through bioimaging. The sensor remained 
sensitive to ATZ even in the presence of other pesticides and some cat
ions. Its ability to function effectively in living cells opens up an avenue 
for exploring the presence of agrochemicals at the cellular level, 
expanding its potential applications in environmental and biomedical 
research. 

CBZ used as a preservative in orange cultivation [70], has strong soil 
adsorption and chemical stability, allowing it to persist in the environ
ment. However, it can negatively affect liver health and spermatogenesis 
in mammals [71]. Thus, a fluorescent sensor was developed to detect 
CBZ, using a nanohybrid of nitrogen-doped carbon quantum dots 
(N-CQDs) and gold nanoclusters (AuNCs) [72]. A strong fluorescence 
resonance energy transfer (FRET) was observed between the N-CQDs 
and AuNCs. When CBZ was introduced, the interaction between the 
N-CQDs and AuNCs reduced, leading to AuNCs aggregation and recov
ery of the fluorescence properties, with a LoD of 0.83 µM (Fig. 2d). The 
sensor’s selectivity was tested with various cations and other pesticides, 
revealing slight interference from these substances, however, only CBZ 
significantly enhanced the fluorescence intensity. However, the study 
lacks information on the sensor’s long-term stability and reproduc
ibility, and potential interferences from other co-existing compounds 
with CBZ, which could affect CBZ detection accuracy, limiting its 
real-world applications. 

The integration of CQDs into other solid host materials has shown 
excellent fluorescence properties and improved stability in solutions 
[73]. In this context, a dual sensing strategy was developed by intro
ducing CQDs derived from oPCD into the channels of (Zr)-UiO-66-NH2 
MOF to detect quinalphos pesticide in the presence of copper (Cu2+) ion 
[74]. The sensor exhibited a LoD of 0.5 µM for Cu2+ and 0.3 nM for 
quinalphos, the lowest reported value among similar studies. The 
sensing capabilities of the sensor can be attributed to the synergetic 
features of the porous structure of the UiO-66-NH2, which enhances 
pesticide adsorption, and the luminescent properties of the CQDs. Upon 
the introduction of Cu2+ ions, the fluorescence of the sensor diminished 
due to the binding interaction between UiO-66-NH2 and Cu2+. However, 
in the presence of quinalphos, the fluorescence of sensor was restored, 
likely due to the binding of Cu2+ ions with quinalphos, leading to the 
release of the CQDs-UiO-66-NH2 into the surrounding medium (Fig. 3a). 
A significant limitation of this approach is that the detection of quinal
phos is dependent on the presence of Cu2+ ions. 

In recent years, the development of biomaterial-derived eco-friendly 
and cost-effective sensors has attracted the interest of the research 
community. With this aspect, jatropha fruit-derived CQDs (J-CQDs) 
were synthesized using a hydrothermal method for the detection of OP, 
specifically chlorpyrifos [53]. The detection strategy was based on the 
irreversible catalytic inhibition of the AChE enzyme, which is monitored 
by the decrease in the fluorescent intensity of J-CQDs at 462 nm. The 
process involves the hydrolysis of acetylthiocholine (ATCh) by AChE, 
producing thiocholine (TCh) which causes 5,5-dithiobis (2-nitrobenzoic 
acid) (DTNB) to decompose and form yellow colored 2-nitro-5-thioben
zoic acid (TNBA). The addition of J-CQDs causes TNBA to quench the 
fluorescence emission spectra of J-CQDs. The catalytic activity of AChE 
was reduced by chlorpyrifos, resulting in the recovery of the fluores
cence signal. The probe demonstrated a LoD of 2.7 ng mL− 1, with a 
linear detection range from 0.02 to 0.18 g mL− 1. The selectivity studies 
revealed that the presence of several metal ions and biomolecules did 
not affect the fluorescence emission of J-CQDs. The probe exhibited a 
recovery rate from 93.3 % to 100 % for river water and apple juice 
samples, indicating its potential for practical use in environmental 
monitoring and pesticide detection. 

Graphene 

The use of functionalized graphene materials, including graphene 
quantum dots, graphene oxide, and reduced graphene oxide, has 
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Fig. 3. Schematic representation of a) synthesis of CQD@UiO-66-NH2 through the solvothermal method and sensing mechanism of quinalphos. b) Colorimetric 
detection of chlorpyrifos using Co-His-GQD-G by oxidation of TMB to ox-TMB. c) Development of AChE biosensor-based GO-CS and AuNC nanocomposite for the 
detection of chlorpyrifos. d) Designing of PtPd@NCS core-shell nanocomposite sensor through the in-situ hydrothermal process. e) Colorimetric detection mechanism 
for diafenthiuron and carbaryl involving π-π stacking and hydrogen bonding interactions between insecticide and Ce-GONRs. 
(a) Printed with permission from Ref. [74]. Copyright 2021, Elsvier. (b) Printed with permission from Ref. [80]. Copyright 2021, Elsvier. (c) Printed with permission 
from Ref. [81]. Copyright 2019,The Royal Society of Chemistry. (d) Printed with permission from Ref. [86]. Copyright 2018, Elsevier. (e) Printed with permission 
from Ref. [84]. Copyright 2022, Elsevier. 
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enabled the creation of a wide array of highly sensitive sensors 
encompassing colorimetric, electrochemical, potentiometric, and fluo
rescence probes [75]. The combination of functional groups with gra
phene yields remarkable features, including enhanced sensitivity that 
allows for the detection of low concentrations of target analytes, spec
ificity without cross-reactivity, rapid results, cost-effectiveness, pro
longed shelf life, robust stability, and ease of use [76]. The detection of 
OP is of importance due to its harmful effects on human health [77]. 
Given the distinctive characteristics of graphene, there is a compelling 
interest in assessing its efficacy for real-time detection of agrochemicals 
[78]. Among various sensing techniques, colorimetric sensors are 
particularly notable for their ability to identify analytes visually [79]. 
However, achieving high sensitivity in analyte detection using this 
method is a significant challenge. In a relevant study, a hybrid system 
(Co-His-GQD-G) that uses cobalt nanocrystals on 
histidine-functionalized graphene quantum dots and graphene oxide 
composites to detect chlorpyrifos in the peaches was developed (Fig. 3b) 
[80]. The sensor demonstrated oxidase-like activity and 
quasi-superparamagnetic behavior, achieving a LoD of 0.57 ng mL− 1. 
The presence of chlorpyrifos enhanced the catalytic activity of 
Co-His-GQD-G toward oxidation of 3,3′,5,5′-tetramethylbenzidine 
(TMB) to ox-TMB, leading to a color change to dark blue. The sensor’s 
performance was not significantly affected by other substances found in 
peaches up to a concentration of 20 ng mL− 1. However, a major draw
back of this study is the longer optimized incubation time of 40 min to 
achieve maximum sensitivity. Continuing with the aforementioned 
studies on OP detection introduced a biosensor combining graphene 
oxide (GO), gold nanocages (AuNC), and chitosan (CS) for chlorpyrifos 
detection (Fig. 3c) [81]. This distinctive design leverages the advantages 
of the dual effective surface and the highly porous structure of Au 
nanocages, coupled with the large surface area offered by GO. The in
clusion of CS plays a pivotal role in ensuring the stability of the 
biosensor. Additionally, AChE was immobilized to enhance the elec
trocatalytic activity of the biosensor, achieved a LoD of 3 ng L− 1, 
benefiting from the material’s electrical conductivity and surface area, 
which enable faster electron transfer and high sensitivity. The longer 
AChE inhibition time of 12 min to detect chlorpyrifos and lack of 
interference studies for other OPs are the major limitations of this study. 

Further, a biosensor was designed to detect carbaryl (carbamate class 
insecticide) in food. Carbamates, like OPs, inhibit the AChE enzyme, 
which is critical for nerve function [82]. Herein, an electrode was 
fabricated from reduced graphene oxide (rGO) and AChE layered onto 
GCE [83]. The biosensor achieved a LoD of 1.9 nmol L− 1 and was able to 
detect carbaryl in tomato samples at a level of 0.47 ± 0.04 µmol L− 1. 
Furthermore, differential pulse voltammetry (DPV) tests using glypho
sate did not affect the oxidation process of thiocholine, suggesting the 
biosensor’s selective response to carbaryl. However, the study did not 
explore the other potential interfering agrochemicals in complex food 
matrices. Another study explored a colorimetric sensor for detecting the 
pesticides diafenthiuron and carbaryl [84]. The sensor utilized porous 
cerium-doped GO nanoribbons (Ce-GONRs), which have dual 
enzyme-like activities that can catalyze the oxidation of TMB, a chem
ical used in colorimetric assays. The sensor’s porous structure contrib
uted to high selectivity, effectively distinguishing between 
diafenthiuron and carbaryl. The interaction between the pesticides and 
the Ce-GONRs, through π-π stacking and hydrogen bonding, inhibited 
the Ce-GONRs’ enzyme-like activities with LoD of 0.57 ng L− 1 and 
0.23 ng L− 1 for diafenthiuron and carbaryl, respectively (Fig. 3e). The 
sensor showed strong selectivity for these two pesticides, with a con
centration of 1 µg mL− 1 sufficient to inhibit its catalytic activity. In 
contrast, 19 other common pesticides had a negligible effect even at 
5 µg mL− 1. However, thiram did cause slight inhibition, which is a noted 
limitation of the sensor. 

Other carbon nanomaterials 

Core-shell carbon structures are of significant interest in the research 
community, due to their immense potential across various domains. 
Recent investigations have unveiled that core-shell metal@carbon 
nanostructures containing nickel (Ni) and cobalt (Co), showcase 
remarkable electrochemical characteristics while effectively preventing 
agglomeration [85]. A nanocomposite with a bimetal core surrounded 
by an N-doped carbon shell (AChE/PtPd-NCS/GCE) was developed to 
detect OPs (Fig. 3d) [86]. This composite was synthesized using dopa
mine as a reducing agent in conjunction with carbon and nitrogen 
sources through a hydrothermal process. The electrochemical perfor
mance of the sensor was ascribed to their porous structure, for rapid 
electron transfer, and a synergistic effect from the N-doped carbon, 
platinum, and palladium. The sensor exhibited a LoD of 7.9×10− 15, 
8.6×10− 15, and 7.1×10− 14 M for malathion, parathion methyl, and 
chlorpyrifos, respectively. The detection mechanism was attributed to 
blocking AChE’s serine hydroxyl groups with insecticides, reducing 
AChE activity through covalent bond formation. Further, the DPV 
response for the sensor in the presence of interferents showed no 
considerable changes in the current response. However, the detection 
was interfered with an equal quantity of pesticides like carbaryl and 
chlorpyrifos. 

Recently, carbon nanospheres (CNS) have gained attention as a 
promising material for enhancing electrochemical sensors due to their 
chemical stability, conductivity, and surface area. Considering CNS cost- 
effectiveness and stable dispersion, an electrochemical sensor for 
detecting the herbicide bentazon (BTZ) was developed using CNS- 
modified GCE crosslinked with chitosan films (CNS-CTS-ECH/GCE) 
[87]. The use of epichlorohydrin (ECH) as a cross-linker improved the 
analytical signal and electron transfer properties. The sensor’s electro
oxidation process for BTZ involves a single electron transfer and sub
sequent dimerization of the oxidation product with a LoD of 1.4 μM L− 1 

and sensitivity of 6.22 A mol− 1 Lcm− 2. The sensor showed selectivity in 
the presence of other cations and agrochemicals with relative standard 
deviation (RSD) values below ± 9 %. However, the study did not 
examine the effect of pH on detection or the sensor’s performance in 
complex environmental samples other than water, which could affect its 
practical field application. 

To achieve an electrochemically active surface area and rapid elec
tron transfer capability, a gadolinium oxide functionalized carbon 
nanospheres modified GCE (Gd2O3/f-CNS/GCE) was developed for the 
detection of CBZ, achieving a LoD of 0.009 μM L− 1 [88]. This sensitivity 
is due to the electrode’s large surface area, high electron conductivity, 
and numerous adsorptive sites, which also led to an enhanced anodic 
peak current. The sensor exhibited < 10 % relative error even with 
significant excesses of other compounds. However, the study did not 
address the impact of analyte pH on detection, which is a potential 
limitation for real-time applications. Further, a study focused on hollow 
bowl-like carbon (HBC) materials, known for their lower symmetry and 
open structure, are instrumental in increasing the loading density and 
reducing charge transfer distance, which leads to an efficient and quick 
response. An N-dopped HBC (NHBC) composite was examined for CBZ 
detection, showing a LoD of 2.7 nM and a broad linear range from 0.005 
to 8.0 μM [89]. The introduction of N-doping in NHBC creates more 
defects and abundant active sites, thereby enhancing the 
electro-analysis performance of the sensor. The high sensitivity was 
attributed to the NHBC’s cavity structure, which allows for volume 
expansion and closer electron transfer. Moreover, NHBCs facilitate an 
increased utility ratio of the internal surface, offering more active sites 
and areas to accumulate CBZ molecules. Tests for selectivity against 
various ions and pesticides confirmed the sensor’s excellent 
anti-interference capabilities, with no significant changes in peak cur
rent values.  

The above studies illustrate the advancements in agrochemical 
detection using carbon-based sensors. CNMs have been designed with 
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tailored receptors to effectively interact with specific agrochemical 
targets, allowing for the detection at lower concentrations. These sen
sors offer rapid response times and the ability for real-time monitoring of 

agrochemical residues. Despite these advantages, there is a need for 
more efficient, sensitive, and selective sensing platforms for on-site 
agrochemical detection. Such innovative platforms could be instru
mental in promoting sustainable agricultural practices. Carbon nano
horns, fullerenes, and activated carbons are rarely explored for sensing 
applications, due to the lack of inherent optical, electrical, sensitive, and 
selective properties. However, there is potential for these materials to be 
adapted for future sensor applications through surface modification and 
integration with other nanomaterials. 

Carbon nanomaterials for agrochemical remediation 

The inappropriate use of agrochemicals emerged as a significant 
factor contributing to environmental pollution, posing detrimental ef
fects on life and water bodies [90]. Thus, the below section aims to 
elucidate the use of CNMs for the efficient removal of agrochemical 
wastes through adsorption and degradation methods, owing to their low 
cost, ease of regeneration, and high efficiency. The use of carbon for 
water purification is not new; it dates back to 450 BC with charcoal 
filters, and in 1773, Scheele’s observation of charcoal’s adsorptive 
properties led to the widespread use of activated carbon for water 
treatment [91]. In past decades, CNMs have been engineered with 
functional groups to improve their chemical interactions, thus 
enhancing their adsorption and degradation capabilities. Unlike other 
NPs, CNMs are considered to be eco-friendly as they are derived from 

Table 1 
Agrochemical sensing performance of different carbon-based sensor materials 
with their target agrochemicals and limit of detection.  

Sensor material Target agrochemical Limit of detection Ref. 

NS-AC-MWCNTs Fenitrothion 4.91 nM [62] 
AChE/MWCNTs Paraoxon 0.1 nM [64] 
CNS@CNT Carbendazim 9.4 nM [65] 
CQDs Atrazine 3 pM [69] 
N-CQDs/AuNCs Carbendazim 0.83 μM [72] 
CQDs@UiO-66- 

NH2 

Quinalphos 0.3 nM [74] 

J-CQDs Chlorpyrifos 2.7 ng mL− 1 [53] 
Co-His-GQD-G Chlorpyrifos 0.57 ng mL− 1 [80] 
NCs/GO–CS/ 

AChE/SPCE 
Chlorpyrifos 3 ng L− 1 [81] 

rGO/AChE Carbamate 1.9 nmol L− 1 [83] 
Ce-GONRs Diafenthiuron 

Carbaryl 
0.57 ng L− 1 

0.23 ng L− 1 
[84] 

AChE/PtPd-NCS/ 
GCE 

malathion, parathion 
methyl, and chlorpyrifos 

7.9×10− 15, 8.6×10− 15, 
7.1×10− 14 M 

[86] 

CNS-CTS-ECH/ 
GCE 

Bentazon 1.4 μ mol L− 1 [87] 

Gd2O3/f-CNS/ 
GCE 
NHBC 

Carbendazim 
Carbendazim 

0.009 μM L− 1 

2.7 nM 
[88] 
[89]  

Table 2 
Different carbon-based adsorbent materials and their target agrochemical pol
lutants with removal efficiencies.  

Adsorbent 
material 

Target pollutant Removal efficiency Ref. 

ZIF-8/MWCNTs Diazinon, Triazophos, 
Profenofos, Phosalone, 
Ethoprop, Methidathion, 
isazofos, and Sulfotep 

2.59, 3.12, 
3.89, 3.80, 
2.18, 2.34, 3.00, 
2.84 mg g− 1 

[94] 

f-MWCNTs/PVA Diazinon, Chlorpyrifos, 
Pirimiphos-methyl, and 
Malathion 

98–99 % [95] 

MCNTs Diazinon 98.5 % [96] 
MWCNT/MPNs-Fe Glyphosate 43.66 mg g− 1 [97] 
ZIF-8@MPCA and 

UiO66- 
NH2@MPCA 

Chipton, 
Alachlor and Chipton, 
Alachlor 

160.9 mg g− 1, 
246.8 mg g− 1 and 
196.2 mg g− 1, 
232.8 mg g− 1 

[98] 

CNT/Fe3O4 Pirimicarb 101.3 mg g− 1 [99] 
GAB 4-Chloro-2-methyl phenoxy 

acetic acid, 
2,4-Dichlorophenoxy acetic 
acid 

599.8785 mg g− 1 

367.1519 mg g− 1 
[101] 

CPB 4-Chloro-2-methyl phenoxy 
acetic acid, 
2.4-Dichlorophenoxy acetic 
acid 

399.865 mg g− 1 

273.0683 mg g− 1 
[101] 

Activated carbon Bendiocarb 
Metolcarb 
Isoprocarb 
Pirimicarb 
Carbaryl 
Methiocarb 

7.97 mg g− 1 

9.11 mg g− 1 

13.95 mg g− 1 

39.37 mg g− 1 

44.64 mg g− 1 

93.46 mg g− 1 

[103] 

Activated carbon 2,4-Dichlorophenoxyacetic 367.77 mg g− 1 [104] 
MnF2O4 @AC Acetochlor 226 mg g− 1 [105] 
Activated carbon 

fabric 
Metaldehyde 1375 μg g− 1 [106] 

MGO-NGC Chlorpyrifos 
Hexaconazole 

78.74 mg g− 1 

93.4 mg g− 1 
[108] 

AGu@mGO Chlorpyrifos 85.47 mg g− 1 [111] 
AFG@30MIL-101 

(Fe) 
Diazinon 
Atrazine 

100±1 % 
81±1 % 

[115] 

GO-CoFe2O4 Acetamiprid 97 % [116] 
TiO2/GO7 % 2,4-D 100 % [94]  

Table 3 
Carbon nanocarriers and their delivery agrochemicals with loading and 
releasing capacity.  

Carrier 
material 

Delivery 
agrochemical 

Loading 
efficiency 

Cumulative 
release % 

Ref. 

MWCNTs Pyraclostrobin 16.64 %  86.7 [125] 
N-doped 

activated 
carbon 

(2,4-D) sodium 21.50 %  48 [128] 

γ-FeOOH@BC Quinclorac 90 mg g− 1  88 [129] 
GO@Cu2-xSe Chlorpyrifos 40 %  30 [133] 
PLA/GO Pyraclostrobin 39.89 %  98 [134] 
GO Pyraclostrobin 87.04 %  70 [136] 
PNIPAm-GO Lambda- 

cyhalothrin 
15.4 %  54.9 [137] 

PEG-GO Emamectin 
benzoate 

164.7 %.  36.5 [140] 

Graphene 
oxide 

Abamectin -  32 [141] 

CMC/CNPs Emamectin 
benzoate 

55.56 %  76 [143] 

HCM/IMI/ 
PEG/ α-CD 

Imidacloprid -  77 [144] 

Carrier 
material 

Fertilizers Observed result   Ref. 

MWCNTs Urea (N- 
fertilizer) 

NU: 1363 mg/pot 
and NUE: 
96.35 % in paddy 
for 21 h   

[148] 

Biochar Urea (N- 
fertilizer) 

65.28 % of N 
leaching in 22 
days   

[149] 

Biochar 
hydrogel 

Nitrogen (N), 
Phosphorus (P), 
and Potassium 
(K) 

Controlled 
release rate <
85 % in 12 days   

[150] 

Biochar Urea Release of 
45–70 % during 
the first hour, 
followed by the 
slow release until 
the end of 72 h   

[151] 

γ-FeOOH/BC Phosphate Release rate of 
13.68 % at pH 2, 
88 % at pH 11, 
and 92 % at 35 ◦C   

[129]  
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natural sources [92], and they offer efficient removal without intro
ducing additional contaminants. 

Carbon nanotubes (CNTs) 

CNTs are increasingly used as adsorbents to capture a wide range of 
environmental pollutants due to their abundant active sites, distinctive 
hollow structures, and strong affinity for pollutants [93]. However, 
CNTs have certain limitations such as agglomeration and reduced 
adsorption efficiency towards some OPs. To address this, a hybrid ZIF-8 
modified magnetic MWCNTs was synthesized through an in-situ chem
ical coordination method (Fig. 4a) [94]. The 
coordination-polymerization process facilitated the decoration of ZIF-8 
onto the surface of MWCNTs, resulting in a specific surface area (SSA) 
of 127.95 m2 g− 1. The adsorbent was utilized for the remediation of 
eight different pesticides such as diazinon, triazophos, profenofos, 
phosalone, ethoprop, methidathion, isazofos, and sulfotep. The 
maximum adsorption capacities (qe max) for these pesticides were found 
to be 2.59, 3.12, 3.89, 3.80, 2.18, 2.34, 3.00, and 2.84 mg g− 1, respec
tively. The adsorption performance can be attributed to the super
paramagnetic nature of MWCNTs, high porosity of the ZIF-8 MOF, and 
valence electron driven adsorption through sharing of electrons between 
pesticides and ZIF-8@MWCNTs. However, the qe max was lower than 
some previously reported literatures, possibly due to lower SSA and 

competitive adsorption among the pesticides. Thus, solvothermal 
deposition of ZIF-8 on the MWCNTs could promote the controlled 
growth of MOF, thereby enhancing the surface area and porosity. 

Earlier studies suggested that the properties of CNTs can be improved 
by combining them with synthetic polymers. For instance, MWCNTs 
functionalized with chlorine (Cl) and integrated into polyvinyl alcohol 
(PVA) matrix showed high adsorption efficiency against OPs such as 
diazinon, chlorpyrifos, pirimiphos-methyl, and malathion [95]. The 
MWCNT was acid treated followed by thionyl chloride (SOCl2) treat
ment to introduce carboxylic acid (-COOH) groups to facilitate the 
functionalization of Cl. Further, PVA was crosslinked with Cl function
alized MWCNTs using citric acid to obtain nanocomposite films. The 
film demonstrated swelling behavior and removed 98–99 % of tested 
pesticides. Despite their removal efficiency, the adsorbent’s selectivity 
for specific pollutants remains a challenge, as cross-interference from 
various pesticides in real samples could affect its performance. 
Furthermore, MWCNTs with a SSA 370 m2 g− 1 were shown to 
completely remove diazinon (class of OP) from water at an initial con
centration of 0.3 mg L− 1 [96]. Upon testing with real water samples 
containing diazinon at natural pH levels, the MWCNTs exhibited a 
removal rate of 98.5 %. Nonetheless, higher concentrations of pesticides 
could lead to reduced adsorption due to particle aggregation. To tackle 
this issue, modifying the MWCNTs surface with additional functional
ities holds the potential to enhance performance and stability in more 

Fig. 4. Schematic representation of a) preparation of ZIF-8@MWCNT adsorbent material and adsorption mechanism with model pesticides. b) Synthesis of aerogel 
adsorbent by MOF particle-modified MWCNT (ZIF-8@MPCA and UiO-66-NH2@MPCA). 
(a) Printed with permission from Ref. [94]. Copyright 2019, Elsevier. (b) Printed with permission from Ref. [98]. Copyright 2020, Elsevier. 
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challenging environmental conditions. This approach not only addresses 
limitations but also underscores the versatility and adaptability of 
MWCNTs as promising adsorbents for pesticide removal. 

To evaluate the efficiency of surface-modified MWCNTs, a study was 
conducted on the removal of glyphosate using MWCNT impregnated 
with metallic nanoparticles (MWCNT/MPNs-Fe), synthesized through a 
green method using plant extracts [97]. This synthesis approach pre
vented the NP aggregation, as the phytochemical contents acted as a 
coating agent. The resulting adsorbent exhibited a SSA of 94 m2 g− 1 and 
a pore diameter of 20 nm, with a maximum adsorption capacity of 
43.66 mg g− 1 within 120 min. The adsorbent demonstrated 68.38 % 
and 40.33 % removal in the presence of atrazine and 2,4-D (2, 
4-Dichlorophenoxy acetic acid), respectively. The adsorption process 
was exothermic, driven by physisorption mechanisms like pore filling 
and electrostatic attraction. However, for an adsorbent to be ideal in 
real-time applications, rapid adsorption performance is crucial. The 
adsorbent attained equilibrium in 120 min, which could be considered 
as a limitation. By further modifying the adsorbent’s surface with 
positively charged functional groups, a rapid adsorption reaction could 
be achieved through enhanced electrostatic interactions. 

The conjugation of MOFs with CNTs has been shown to enhance 
pollutant removal due to their combined high surface area, porosity, and 
functionality. Specifically, ZIF-8 and UiO-66-NH2 MOFs were modified 
on the polydopamine (PDA) functionalized MWCNT, creating an aerogel 
with remarkable hydrophilicity and thermal stability. This aerogel 
demonstrated high adsorption capacities for the herbicides chipton and 
alachlor, with maximum capacities of 160.9 and 246.8 mg g− 1 for ZIF- 
8@MPCA, and 160.9 and 246.8 mg g− 1 for UiO-66-NH2@MPCA, 
respectively [98]. The adsorption is attributed to π-π stacking, hydrogen 
bonding, and electrostatic interaction. Biosafety assessment indicates 
that the aerogels did not release MOFs into the environment, suggesting 
low environmental risk (Fig. 4b). Additionally, a thorough investigation 
on the interference of other herbicides or some common metal ions 
should be conducted to prove the potential of developed adsorbents. In 
industrial applications, the use of fixed bed columns is practical for the 
removal of pollutants. A recent study demonstrated an approach 
involving the synthesis of magnetic-MWCNTs (CNT/Fe3O4) as adsor
bents for the removal of pirimicarb, achieving a maximum adsorption 
efficiency of 101.3 mg g− 1 [99]. The thermodynamics of adsorption 
revealed that the removal process is exothermic, involving both inter- 
and intra-particle diffusion mechanisms. These findings contribute to 
the understanding of the potential of magnetic-MWCNT as an efficient 
adsorbent for pesticide removal, particularly in industrial applications 
using fixed bed columns. 

Activated carbon (AC) 

Biochar and AC, sourced from biomass are carbon-rich materials, 
effective in removing agrochemicals from wastewater due to their hy
drophobic nature and micro-porosity [100]. Phenoxy herbicides, 
commonly used in agrochemicals, pose environmental concerns by 
forming chlorophenol, which is linked to immune disorders [101]. To 
address their remediation, two commercially available ACs, GAB and 
CPB were used for removing 4-chloro-2-methyl phenoxy acetic acid 
(MCPA) and 2,4-D [101]. GAB and CPB exhibited SSA of 1189 m2g− 1 

and 1288 m2g− 1, respectively, and their microporous structures greatly 
enhanced adsorption, which was aided by π-π interactions and hydrogen 
bonding. The maximum adsorption capacities were 367.1519 mg g− 1 

for 2,4-D on GAB and 273.0683 mg g− 1 on CPB, while for MCPA they 
were 599.8785 mg g− 1 on GAB and 399.865 mg g− 1 on CPB. However, 
the study lacks discussions on regeneration, long-term stability, and the 
impact of co-existing contaminants on the adsorption efficiency, which 
is crucial for practical applications and cost-effectiveness. 

The use of biomass to produce biochar/AC for water remediation is 
highly attractive due to its cost-effectiveness [102]. In this scenario, the 
synthesis of AC by processing waste tangerine seeds with phosphoric 

acid (H3PO4) under high-temperature conditions to effectively remove 
carbamate pesticides from wastewater and plants was explored [103]. 
The resulting AC exhibited a SSA of 659.62 m2 g− 1 with a pore size of 
1.41 nm, making it highly suitable for adsorption of six pesticides 
namely, bendiocarb, metolcarb, isoprocarb, pirimicarb, carbaryl, and 
methiocarb displaying a maximum adsorption capacity of 7.97, 9.11, 
13.95, 39.37, 44.64, and 93.46 mg g− 1, respectively. The adsorption 
was attributed to hydrogen bonding and Van der Waal’s forces. It’s 
noteworthy that the physicochemical properties and adsorption efficacy 
of AC are intrinsically linked to the nature of the carbon source used in 
its production, exemplifying the significant impact of the chosen 
biomass waste on the performance of resulting material. In another 
study, queen palm fruit derived AC, activated with zinc chloride (ZnCl2), 
had an even higher SSA of 782 m2 g− 1 and excellent at removing 2,4-D 
with an adsorption efficiency of 367.77 mg g− 1 [104]. This adsorption 
process was achieved through the combination of hydrogen bonding, 
electrostatic, and π-π interactions. Notably, the synthesized AC proved 
durable, maintaining its adsorption capacity over seven cycles. Both 
studies underscore the importance of the biomass source in determining 
the AC’s properties and effectiveness. However, further studies are 
needed to evaluate the interference of other contaminants and reus
ability for real-time applications. The findings suggest that the adsorp
tion reactions are primarily due to weak physical interactions, which 
may affect the efficiency in real-time applications where samples may 
have multiple pollutants. Further altering the AC’s surface with the 
different functional groups could enhance pollutant selectivity. 
Post-adsorption, separation of fine AC particles from water using com
mon techniques like coagulation, and sedimentation is challenging. 
Introducing magnetic properties to the AC could offer a cost-effective 
and straightforward separation method using an external magnetic field. 

In this regard, a magnetic-activated carbon composite was designed 
by combining manganese ferrite (MnF2O4) and AC using a solvothermal 
method, targeting acetochlor pesticides [105]. This composite displayed 
a SSA of 1287.3 m2 g1 and a micropore volume of 0.3 cm3 g− 1, achieving 
an adsorption efficiency of 226 mg g− 1. In practical tests with waste
water, it demonstrated an adsorption rate of > 75 %. The adsorption 
relied on several factors, including π-π interactions, hydrogen bonding, 
and pore filling. Moreover, the composite facilitated the degradation of 
acetochlor via a heat-activated peroxymonosulfate (PMS) oxidation 
process, achieving 90 % degradation efficiency with a PMS concentra
tion of 9.6 mM at 70 ◦C within 12 h. However, the composite’s low 
regeneration efficiency, due to the continuous destruction of the 
MnFe2O4@AC structure and deposition of intermediates was identified 
as a limitation. Enhancing the composite’s stability could address this, 
making the simultaneous adsorption and degradation approach more 
effective for environmental remediation. This method could lead to the 
complete mineralization of pollutants into less harmful by-products, 
mitigating environmental risks. 

Building on this concept, the study introduced an activated carbon 
(AC) fabric designed to remove the pesticide metaldehyde [106]. The 
fabric consists of many AC fibers forming a mesh-like structure with high 
porosity, offering a large surface area for wastewater treatment. It 
showed a removal efficiency of 1375 μg g− 1 in lab conditions and 
876 μg g− 1 with real water sources. The micro-porous nature of the fi
bers is crucial for the rapid adsorption of metaldehyde. While promising 
at the lab scale, further testing and optimization of AC fabrics in highly 
permeable reactor configurations is necessary to assess its performance 
and robustness in continuous flow conditions. Also, the impact of mul
tiple pesticides and their cross-interference must be investigated for 
practical applicability. 

Graphene oxide (GO) 

Recently, the use of functionalized graphene materials for the 
adsorption of pesticides from waste water has become increasingly 
popular. Graphene with its inherent stability, a high surface area, 
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abundant sp2 hybridization, and extensively delocalized π–π electrons, 
has a strong affinity for adsorption, especially for pesticides that contain 
benzene rings [107]. In this context, a magnetic graphene-based nano
composite, functionalized with N-methyl-D-glucamine calixarene 
(MGO-NGC) was developed to remove chlorinated pesticides namely, 
chlorpyrifos and hexaconazole [108]. Calixarene is a macrocyclic olig
omer known for its three-dimensional cavity structure, which exhibits 
significant host-guest chemistry suggesting their potential as effective 
adsorbents [109,110]. The additional functionalization of calixarene 
with graphene has enhanced adsorption capacity and dispersibility in 
aqueous media achieving a removal efficiency over 80 % in 30 min, with 
adsorption capacities of 78.74 mg g− 1 for chlorpyrifos and 93.4 mg g− 1 

for hexaconazole. This was attributed to the electrostatic interaction, 
π–π stacking, and hydrogen bonding. However, the study did not explore 
the interaction between GO, magnetic nanoparticle, and NGC. There is a 
possibility that magnetic nanoparticles might leach during NGC modi
fication, which could affect the composite’s stability and magnetic 
properties. Building on this concept, a study used rice husk waste to 
produce a magnetic GO functionalized with amino-guanidine, resulting 
in AGu@mGO formation [111]. This adsorbent demonstrated a removal 
efficiency of 90.39 % with an adsorption capacity of 85.47 mg g− 1 for 
chlorpyrifos within 30 min. This efficient removal was achieved through 
π-π interactions and hydrogen bonds between the guanidine groups and 
the pesticide. However, the study lacks the impact of interfering com
pounds that might affect the adsorbent’s performance. Therefore, it’s 
crucial to note the practical limitations of previous methods, such as 
lengthy synthesis processes and the extensive use of chemicals. These 
challenges could be overcome by employing magnetic MOF and an in 
situ composite formation method, which could reduce the preparation 
time and quantity of chemicals used. MOFs, with their vast surface area, 
have the potential to adsorb large amounts of pollutants, thereby 

improving the stability and reusability of the adsorbents. 
In recent years, advanced oxidation processes (AOPs) have emerged 

as efficient and practical alternatives to conventional treatment tech
niques for waste-water treatment [112]. This process involves versatile 
mechanisms that generate oxidizing reactive species (photocatalysis) 
[113]. The most common AOP, the Fenton process, utilizes Fe(II) ions 
and hydrogen peroxide (H2O2) to generate free ·OH radicals [114], 
which effectively mineralize persistent organic pollutants in water. In a 
study, a significant development was made with the synergistic use of 
amine-functionalized Fe3O4 wrapped GO (AFG) to support MIL-101 (Fe) 
(AFG@30MIL-101(Fe)) for the degradation of pesticides such as diaz
inon and atrazine (Fig. 5a) [115]. The composite achieved a degradation 
efficiency of 100 ± 1 % for diazinon and 81 ± 1 % for atrazine within 
105 min. Graphene oxide’s role as an electron acceptor and its ability to 
reduce charge carrier recombination significantly improved the photo
degradation process, maintaining over 75 % efficiency after four cycles. 
However, the regeneration efficiency was lower for atrazine compared 
to diazinon, possibly due to stronger hydrogen bonds between the amide 
groups of atrazine and AFG@30MIL-101(Fe). Beside this, potential 
interference of other metal ions, pesticides and assessing the toxicity of 
the degradation by-products are crucial factors to be considered for 
future studies. 

Considering the benefits of photocatalysis, a composite material 
comprising magnetite (GO-Fe3O4) and cobalt ferrite-decorated graphene 
oxide (GO-CoFe2O4) for the photocatalytic degradation of acetamiprid 
was developed [116]. To address agglomeration and low photocatalytic 
efficacy, GO was introduced into a metal ferrite structure. The acet
amiprid degradation rates were 97 % for GO-CoFe2O4 and 90 % for 
GO-Fe3O4 within an hour under UV-light. The catalyst’s uniform 
dispersion ensures exposure of active sites to the oxidant and pesticide, 
with the composites maintaining over 65 % efficiency after five cycles. 

Fig. 5. Schematic representation of a) preparation of AFG@30MIL-101(Fe) through the solvothermal method and proposed degradation mechanism of diazinon and 
atrazine. b) Photoreactor for degradation reaction and separation mechanism of photo-generated electron-hole pairs on TiO2/GO7 % under UV light. 
(a) Printed with permission from Ref. [115]. Copyright 2020, Elsevier. (b) Printed with permission from Ref. [117]. Copyright 2021, Elsevier. 
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Further, a titanium oxide (TiO2) and GO (TiO2/GO7 %) nanocomposite 
was investigated as a potent photocatalyst for degrading 2,4-D [117]. 
The integration of a heterojunction between the p-type semiconductor of 
GO and the n-type of TiO2 improved charge carrier recombination rates, 
leading to 100 % degradation within 240 min. The process generates 
hydroxyl radicals and superoxide radical anions, which convert the 
herbicide into less harmful substances (Fig. 5b). However, the above 
studies focus on model pollutants, limiting the generalizability of the 
findings to other pesticides. Though photocatalysts have proven their 
effectiveness in pollutant degradation, there is ongoing debate regarding 
the toxicity analysis of intermediates generated during the degradation 
process. Additionally, a significant drawback of this approach is the 
lengthy time required by most photocatalysts to effectively degrade 
pollutants. Therefore, advancing photocatalysts with faster degradation 
rates is a key challenging task in the field. 

The above findings highlight the potential of CNMs as effective ad
sorbents and catalysts for the remediation of a broad spectrum of con
taminants through adsorption and degradation. CNM’s high surface area 
and porosity provide numerous adsorption sites, enabling interactions 
with agrochemicals through physical and chemical mechanisms. Surface 
modification of CNMs improves their selectivity and affinity for specific 
agrochemicals, enhancing efficiency. While there are various strategies 
for pollution remediation, photocatalytic degradation stands out as an 
effective method that has so far received limited attention. In the case of 
photocatalysts, agrochemicals tend to concentrate on the surface of the 
adsorbent, which facilitates the degradation. Importantly, it sets itself 
apart from adsorption techniques by reducing the production of exten
sive sludge. Despite the numerous catalysts reported for the photo
degradation of various organic pollutants, their practical application on 
a large scale or in real-world scenarios is often impeded by factors such 
as the spatial arrangement within crystal structures, particle sizes, and 
aggregation in solutions. By leveraging the properties of carbon-based 
photocatalysts, there is an opportunity to advance the field of photo
catalytic degradation and pave the way for more sustainable methods of 

pollution remediation. Furthermore, the synergy between adsorption 
and degradation offers a holistic and efficient remediation approach, 
offering advantages in terms of selectivity and effectiveness. Carbon 
materials such as carbon dots, carbon quantum dots, and fullerenes, 
have not demonstrated adsorbent performance because of their limited 
surface area and porosity. Further, surface modification with functional 
groups or other nanomaterials could enhance the surface area which 
would help to achieve expected results in remediation. 

Carbon nanomaterials for agrochemical delivery 

In recent years, nanotechnology has emerged as a promising tool in 
agrochemical delivery [118], addressing plant diseases and crop pro
tection while reducing the excessive use of agrochemicals. Recognized 
by the International Union of Pure and Applied Chemistry (IUPAC) in 
2019 as one of the top ten chemical technologies, nano pesticides offer 
benefits such as comprehensive coverage, deep penetration, increased 
efficacy, reduced labor costs, and targeted absorption [119,120]. The 
integration of nanotechnology involves the use of NPs loaded with ag
rochemicals, which are applied directly to plants or soil, ensuring effi
cient and concentrated delivery (Fig. 6) [121]. This method not only 
improves the effectiveness of agrochemicals but also promotes sustain
able farming practices. 

NP-based pesticides and fertilizers are categorized into two main 
groups based on size and function. Category I encompasses NPs that are 
less than 100 nm in size and act as pesticides or fertilizers. Category II, 
on the other hand, consists of larger NPs ranging from 100 to 1000 nm in 
size, which are used as carriers for agrochemicals. CNMs have demon
strated their versatility capable of functioning as agrochemicals or as 
carriers for targeted delivery [122]. Moreover, CNMs have been shown 
to enhance plant growth, increase biomass, and improve seed germi
nation [123]. They also play a crucial role in regulating nutrient intake 
and transport mechanisms, leading to improved uptake of essential 
nutrients like nitrogen and phosphorus by altering soil physicochemical 

Fig. 6. Nanoparticle-mediated carriers for the controlled release of agrochemicals and their uptake mechanism by leaf and root.  
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characteristics [124]. 

Carbon nanotubes (CNTs) 

CNTs have proven to be advanced nano-vectors for delivering ag
rochemicals effectively due to their large surface area and unique opti
cal/electrical properties. They can be intricately linked with 
agrochemicals through non-covalent or covalent bonds, leading to the 
development of an innovative delivery system. In this context, pyr
aclostrobin pesticide was loaded onto MWCNTs (Pyr@MWCNT) through 
physisorption, achieving a drug loading capacity of 16.64 % [125]. The 
nano formulation released the pesticide gradually over 15 days, with a 
total release of 86.16 %. Additionally, Pyr@MWCNT demonstrated 
antifungal efficacy against Pyricularia oryzae, demonstrating an EC50 of 
0.054 mg L− 1, comparable to the Pyr technical concentration. This in
dicates MWCNT’s high efficiency in pesticide delivery and strong anti
fungal action. However, the use of bare carbon-based materials for 
agrochemical delivery may pose challenges, such as lower loading effi
ciency and the potential inability to deliver the required amount of 
agrochemicals to the intended site within the desired timeframe. To 
address these challenges, surface modification of nanocarriers emerges 
as a promising approach to enhance their properties, transforming them 
into smart cargo-carriers. 

Activated carbon (AC) 

AC and biochar are exceptional in adsorbing chemicals, making them 
ideal for agrochemical delivery due to their cost-effectiveness, eco- 
friendliness, and stability [126]. Their surfaces can be strategically 
modified to enhance electrostatic affinity, enhancing adsorption and 
release properties [127]. For instance, AC loaded with the herbicide 2, 
4-D achieved a 67.91 % loading efficiency, attributed to its large sur
face area of 2248 m2 g− 1. Despite this, 2,4-D was released within 96 h 
with a cumulative release of 32.21 %. To improve this, AC was modified 
with PDA followed by carbonization, creating N2-doped AC (ACN) with 
activated pores but a lower loading efficiency of 21.50 %, likely due to 
pore blockage from the modifications [128]. Notably, ACN exhibited a 
controlled release profile, achieving a cumulative release of 48 % in 10 
days which was driven by chemical interactions. Further research is 
needed to understand the release mechanisms, plant toxicity, impact on 
soil health, and antifungal properties of these nanocarriers. A recent 
study developed a controlled release system for the herbicide quinclorac 
(QNC) using biochar functionalized with γ-FeOOH nanoarrays 
(γ-FeOOH@BC) (Fig. 7a) [129]. The incorporation of the iron composite 
during the nanocarrier synthesis introduced numerous active sites for 
electrostatic interactions, resulting in a loading capacity of 90 mg g− 1. 
QNC’s pH-dependent release behavior exhibited < 30 % release at lower 
pH and > 50 % at higher pH, reaching 88 % at pH 12 after 24 h (Fig. 7b, 
c). However, the assembly efficiency of QNC could decrease in 

Fig. 7. Schematic representation of a) synthesis of γ-FeOOH@BC through pyrolysis of biomass followed by in-situ oxidation, b) Electrostatic self-assembly of 
quinclorac on γ-FeOOH@BC. c) Effect of pH on the release of QNC, and PO4

3- by γ-FeOOH@BC. 
Printed with permission from Ref. [129]. Copy Right 2022, Elsevier. 
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negatively charged soil and the dissolution, loss of γ-FeOOH, and 
oxidation of ferrous sulfide (FeS) were observed during the assembly 
process, raising concerns about the stability of the material. This can be 
mitigated by further modifying the carrier for better soil interaction and 
reducing γ-FeOOH consumption for improved stability. 

Graphene oxide (GO) 

Among the diverse nanocarriers developed for agrochemicals, GO 
stands out as a robust scaffold due to its advantageous features including 
easy surface modification, high loading capacity, large surface area, and 
excellent water dispersibility [130]. The presence of numerous oxygen 
groups on the surface of GO sheets renders [131] them a distinctive 
substrate for multivalent functionalization and effective loading of 
active substances. Since Dai et al.’s pioneering work in 2008, which 
introduced GO as a nanocarrier in drug delivery, there has been signif
icant research into its use in biomedical fields, including gene delivery 
and plant biology [132]. GO’s diverse capabilities highlight its potential 
to revolutionize agrochemical delivery systems, contributing to more 
effective and sustainable agricultural practices. 

To explore the efficacy of GO for pesticide delivery, a nanocomposite 
was developed by decorating copper selenide (Cu2Se) nanocrystals on 
the rGO surfaces for chlorpyrifos delivery [133]. The introduction of 
Cu2Se provided photothermal properties to the nanocomposite. The 
nanocarrier showed a 40 % pesticide loading efficiency and an 80 % 
encapsulation efficacy, facilitated by strong π-π interactions and 
hydrogen bonding. It also displayed pH-responsive release, discharging 
30 % under basic, 25 % under acidic, and 17 % under neutral conditions 
within 5 days. Additionally, photothermal release was observed with 
17 % pesticide release within 7 min at 47 ◦C. The release behavior under 
the different pH conditions could be due to the susceptibility of 
hydrogen bonding to the pH change, where -COOH groups will turn into 
-COO (carboxylate). Meanwhile, the photothermal release suggested 
that the change in the binding energy of pesticide with composite ma
terial triggered the pesticide release, resulting in four times higher than 
without irradiation. Besides this, nanocomposites have a large hydro
dynamic size of 820 nm, which may affect their dispersion and stability. 
These limitations could be addressed by adjusting the size of the mate
rial during the synthesis process. Further, to improve loading efficiency, 
polylactic acid-modified graphene oxide (PLA/GO) microspheres were 
developed for the extended release of Pyr [134]. These microspheres, 
with 0.5 % GO content in an acetone-chloroform solvent mixture, ach
ieved a 39.89 % drug-loading capacity. In-vitro release study conducted 
over 30 days at temperatures of 30 ◦C, 40 ◦C, and 50 ◦C revealed release 
profiles of 51 %, 78 %, and 90 %, respectively. The microspheres also 
exhibited significant antifungal activity against Rhizoctonia solani, which 
was three times more effective than a commercial 9 % Pyr suspension. 
The sustained release of the Pyr was attributed to the combined effects of 
Pyr dispersion and matrix erosion within microspheres. The plant 
growth studies using 0.5 % GO demonstrated improved growth. How
ever, the study did not explore the effect of pH on the release behavior. 
Given that pathogen infections in plants alter the pH of the infected area 
[135], it’s expected that the developed nanocarriers would release 
active ingredients more effectively in the same pH condition. Further
more, a GO-Pyr nanopesticide formulation showed antifungal activity 
against rape sclerotinia and wheat scab diseases caused by Fusarium 
graminearum and Sclerotinia sclerotiorum in the oilseed rape plants [136]. 
This nanocarrier exhibited a high loading capacity of 87.04 %, attrib
uted to its large surface area and diverse functional groups. It released 
50 % of Pyr within the initial 48 h, with a sustained release of 70 % in 
168 h. However, the study lacked detailed in-vivo antifungal activity 
and long-term environmental impact assessment of GO-Pyr, which are 
crucial factors that could potentially limit their applicability. Incorpo
rating stimuli-responsive materials such as lauric acid, PDA, and other 
capping agents, could allow for more controlled pesticide release. 

Continuing with this, a GO-based nanocarrier was designed by 

grafting thermally sensitive poly(N-isopropylacrylamide) (PNIPAm) 
onto the GO surface for photothermal responsive release of insecticide 
lambda-cyhalothrin (LC) [137]. The nanocarrier had a 15.4 % loading 
efficiency and showed temperature-responsive release of 31.14 %, 
44.54 %, and 54.99 % at 27 ◦C, 30 ◦C, and 35 ◦C, respectively, over 7 
days. At 27 ◦C, the PNIPAm polymer shell expands and thickens, 
reducing insecticide release, and contracts at higher temperatures, 
increasing release. Despite the introduction of an intelligent 
stimuli-responsive release concept, the study has a few limitations such 
as poor loading efficiency and an early release of insecticide. This could 
be due to the PNIPAm polymer being initially grafted onto the GO sur
face, forming a layer-like structure on the GO surface that resulted in a 
lack of active sites for insecticide binding. These limitations can be 
addressed by first incorporating the insecticide onto the GO surface and 
then capping the nanocarrier with thermally sensitive materials. This 
approach would provide more active sites on the GO for insecticide, 
thereby enhancing the loading efficiency. Furthermore, the outer poly
mer layer could serve as a gatekeeper, ensuring controlled and extended 
release of insecticide. A recent study demonstrates the practical appli
cation of GO-insecticide nanocomposites against Ostrinia furnacalis 
[138]. In the nanocomposite formulation, GO was blended with insec
ticide, namely β-cyfluthrin (Cyf), monosultap (Mon), and imidacloprid 
(Imi), in a 2:1 ratio (insecticide: GO). The nanocomposite showed high 
insecticidal activity with mortality rates of 90 % for GO-Cyf 
(100 μg mL− 1), 80.1 % for GO-Mon (500 μg mL− 1), and 72.6 % for 
GO-Imi (1000 μg mL− 1). The observed mortality rates for nano
composites were significantly higher than those for insecticides alone. 
The treatment with GO induced disruption and damage to the insect 
cement layer, leading to accelerated water loss and creating a pathway 
for insecticides to enter the insect’s cuticle. At the same time, several key 
factors still need to be addressed to ensure its sustainable and safe 
design, including the toxic effect of GO on non-target organisms and the 
environmental risks associated with using GO for plant protection. 

The limitations including low utilization efficiency and unstable 
characteristics of bifenthrin (Bif), fenpropathrin (Fen), and cyhalothrin 
(Cyh) insecticides have led to the development of GO-pesticide nano
composites [139]. Insecticides were loaded onto the GO through the 
adsorption process bearing the loading capacities of 77.13 %, 122.10 %, 
and 74.03 % for Bif, Cyh, and Fen, respectively. Release tests in a 
methanol-water medium at 25 ◦C showed an initial burst release of 11 % 
in 2 h, followed by a cumulative release of 20 % over 168 h. At 30 ◦C, 
the release increased to nearly 40 % in the same duration. Notably, the 
nano-insecticide composite exhibited adsorption to spider mite cuticles, 
leading to the immobilization and potential disruption of vital physio
logical processes. Further, a commonly used insecticide, Emamectin 
benzoate (EB) is known for high efficacy, low toxicity, and impressive 
insecticidal activity. However, its practical use is hindered by several 
challenges, including low water solubility, rapid degradation, and issues 
with burst release. To address this, a GO-nanocarrier with polyethylene 
glycol (PEG) was created to enhance the EB’s long-term stability for 
delivery [140]. The physisorption method for EB loading achieved 
164.7 % loading capacity and a sustained release of 36.5 % over 10 
days. The introduction of PEG into the materials not only increased their 
photostability but also enabled superior insecticidal performance even 
under intense sunlight conditions for 14 days. Further, by addressing the 
challenge of Abamectin (Abm) degradation under temperature, a 
controlled release system was developed by loading Abm onto a 
graphene-based nanocarrier [141]. The designed nano formulation 
exhibited enhanced water dispersion and stability over a 2-year storage 
period. Nanocarrier demonstrated an initial burst release within the first 
2 h, succeeded by a cumulative release of 32 % over 10 days. Further
more, Abm-GO nanoformulation showed toxicity against Plutella xylos
tella, while being less toxic to maize seedlings and reducing cytotoxicity 
to A549 cells. 
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Other carbon nanomaterials 

Carbon nanoparticles (CNPs), derived from AC, offer outstanding 
water dispersibility, stability, and biocompatibility [142]. Their strong 
light absorption capability enhances the photoprotection of unstable 
molecules [142], leading to improved stability during therapeutic ap
plications. Building on this, carboxymethyl chitosan-modified carbon 
NPs (CMC/CNPs) as a carrier for EB was developed (Fig. 8a,b,c) [143]. 

The nanocomposite exhibited a loading capacity of 55.56 % with a burst 
release of 10 % during the first 4 h, followed by a cumulative release of 
44.5 % over 240 h at pH 7. The CMC/CNPs demonstrated pH-responsive 
behavior, releasing 76 % in acidic conditions due to protonated amines 
and CNPs swelling. In pest control tests against Mythimna separata, the 
nanocomposite achieved a death rate exceeding 60 % after 14 days. 
However, the study lacks a comprehensive analysis of the long-term 
impacts on environment and plants. 

Fig. 8. Schematic representation of a) development of EB@CMC@CNP through fast oxidation, amidation reaction, and loading of insecticide through physical 
adsorption. b) Application of EB@CMC@CNP in insecticide release and sustainable pest control. c) Release performance of free EB, EB@CMC, and EB@CMC@CNP 
(pH 7.0), release performance of EB@CMC, and EB@CMC@CNP at pH 5.0, 6.0, and 7.0, photograph showing EB@CMC@CNP at one-year storage period, degra
dation rate of free EB and EB@CMC@CNP. d) Schematic representation of the development of HCM nanocarrier and IR-responsive release behavior of loaded 
pesticide. e) IR lamp and simulated sun light-responsive release of Imi, SEM images of f) HCMs/Imi/PEG/α-CD, g) HCMs/Imi/PEG/α-CD after Imi release. 
(c) Printed with permission from Ref. [143]. Copyright 2019, American Chemical Society.(g) Printed with permission from Ref. [144]. Copyright 2021, American 
Chemical Society 
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Hollow carbon microspheres (HCM), a photothermal agent, were 
synthesized using calcium carbonate microspheres (CaCO3) as a templet 
and dopamine as a carbon source [144]. Imidacloprid (Imi) was loaded 
into these HCMs, which were then coated with PEG and α-cyclodextrin 
(α-CD) to form a light-responsive delivery system (HCM/IMI/
PEG/α-CD) (Fig. 8d). The system features a gel-like network where PEG 
chains infiltrate α-CD cavities, acting as a capping layer that allows 
controlled release of 77 % Imi in response to IR light at 66.2 ◦C, while 
under normal sunlight, the release was 29 % (Fig. 8e). The heat gener
ated by the Imi-loaded HCM under IR light disrupts the PEG/α-CD 
network, enabling the controlled release and targeted delivery of Imi. 
It’s worth noting that the high temperature of the release system under 
the IR lamp could be a possible limitation of the study. Employing 
alternative thermal-sensitive materials like lauric acid could potentially 
allow for a release at a temperature range of ~44 ◦C [145]. 

Carbon nanomaterials for fertilizer delivery 

Fertilizers are crucial ingredients in improving soil fertility and plant 
growth [146]. Over the past decades, several controlled-release fertilizer 
formulations have been developed to address the limitations of con
ventional fertilizers, such as high solubility, poor thermal stability, 
decreased soil fertility, and low nutrient efficiency [147]. Nitrogenous 
fertilizers are among the most significant micronutrients in agriculture, 
and often lead to inefficient plant nutrition due to the unstable nature of 
nitrogen in the form of nitrate or ammonium ions, resulting in low ni
trogen uptake (NU) and nitrogen utilization efficiency (NUE). To 
improve this, MWCNTs were chemically activated with nitric acid to 
bond with the nitrogen from urea, creating UF-MWCNTs [148]. The 
0.50 wt% UF-MWCNTs significantly enhanced nitrogen uptake to 
1363 mg/pot and NUE to 96.35 % in paddy fields over 21 h. However, 
higher UF-MWCNT concentration and longer treatment time led to a 
decrease in the outcome. Further investigation is necessary to explore 
the impact of soil pH on release rate and long-term stability. The accu
mulation of UF-MWCNTs outside the plant organelles leads to the 
agglomeration of MWCNTs, damaging the organelles. Adjusting the size 
of MWCNTs may help them penetrate properly without accumulation. 

Furthermore, a controlled-release fertilizer system was developed for 
urea granules encapsulated in biochar-crosslinked polymer films [149]. 
The films, made from polyvinyl alcohol (PVA) and polyvinylpyrrolidone 
(PVP), reduce water absorbency, which is crucial for nutrient release 
control. A soil column leaching study indicated a 65.28 % nitrogen 
release on the 22nd day, attributed to the film’s less hydrophilic hydroxyl 
linkages and dense urea encapsulation. However, the biodegradability 
of PVA and PVP raises concerns for sustainable farming. To continue 
with, hydrogel-based formulations are recognized as effective release 
systems capable of holding large amounts of micronutrients and can 
progressively discharge them into the soil. With this regard, a 
hydrogel-based composite with pine resin biochar was designed for 
controlled micronutrient release namely, nitrogen (N), phosphorus (P), 
and potassium (K) [150]. The inclusion of biochar into the hydrogel 
matrix improved the water retention ability, porosity, and reduced bulk 
density of the carrier. In an aqueous medium, the presence of hydro
philic functional groups contributed to a high degree of swelling 
demonstrating a controlled release rate of < 85 % in 12 days. Mean
while, a 90 % release rate was achieved in soil due to the diffusion of 
micronutrients through small cracks and pores. The study did not 
explore the mechanical properties, plant absorption, or growth effects of 
these materials. Further, a study showed that biochar nanocarriers can 
effectively deliver urea to maize, with an initial release of 45–70 % in 
the first hour and continued slow release up to 72 h [151]. The leaching 
of nitrate (NO3ˉ) into soil was significantly reduced, which decreased 
water contamination. The carrier improved the maize shoot (1–34 %), 
root (0–23 %) biomass, and N-recovery efficiency (17–50 %). However, 
further research on material analysis, loading efficiency, soil pH, tem
perature, and moisture-responsive release studies are required to 

understand their response under field conditions. Generally, fertilizers 
are proton donors and exist in different forms (molecular state, negative 
or positive ionic states) depending on the acidity of the environment. 
The pKa value of fertilizer phosphate (PO4

3-) is 4.34, suggesting that they 
stay in anion form in the natural environment, and developing positively 
charged carriers would facilitate electrostatic self-assembly as well as 
pH-responsive control release. To explore this, positively charged 
γ-FeOOH functionalized biochar, with a phosphate loading capacity of 
92 mg g− 1, has been used to enhance adhesion and enable 
pH-responsive release [129]. The developed carrier demonstrated a 
release rate of 13.68 % at pH 2, whereas 88 % release was observed at 
pH 11, suggesting the pH-responsive release behavior. The influence of 
temperature on release rate was observed which might be due to the 
faster molecular diffusion, achieving 92 % at 35 ◦C. Another study re
ported the development of a GO-Fe composite for phosphate (P) delivery 
with dual-release properties [152]. The result showed only 10 % of P 
was released during the first 10 h followed by a slow release for the next 
40 h. The slow release was attributed to the strong complexation be
tween trapped P and GO-Fe. The research indicates that the high solu
bility of monoammonium phosphate (MAP) leads to rapid transport in 
sandy soils and substantial P loss during leaching experiments, empha
sizing the need for better fertilizer formulations to reduce environmental 
impact. Also, the kinetics of GO degradation in soil need further inves
tigation to prevent potential toxicity issues associated with prolonged 
exposure, highlighting a gap in understanding the long-term effects of 
GO-based fertilizers on soil quality. 

In conclusion, bare carbon materials tend to agglomerate in water 
due to strong Van der Waal interactions, leading to inadequate disper
sion. Surface modification can improve the dispersibility of CNMs by 
enhancing their compatibility with solvents. Moreover, the development 
of stimuli-responsive nanocarriers has paved the way for improved 
controlled release systems. These nanocarriers can actively respond to 
signals or changes in their surroundings, such as variations in pH, 
temperature, light, or enzyme activity. Interestingly, graphene-based 
materials are majorly preferred for agrochemical delivery due to their 
high specific surface area, high dispersibility, electrostatic interactions, 
and π-π stacking, which enable efficient loading. These advancements in 
carbon-based nanocarriers offer promising prospects for more effective 
and sustainable agricultural practices. 

Impact of CNMs on plant 

The physical-chemical characteristics of NPs, such as concentration, 
surface charge, and particle size, are crucial in determining their bio
logical effects on plants. While NPs can enhance plant growth and 
development [153], they can also be detrimental, affecting seed 
germination [154], seedling growth, and overall plant development 
[123]. Therefore, The interaction between NPs and living cells is vital 
for biosafety and the development of safer, more productive NP systems. 
Additionally, the development of NP systems that are less harmful and 
could boost crop output is crucial. Risks associated with NP exposure 
include DNA damage, changes in gene expression, and increased reac
tive oxygen species (ROS) [155], which vary depending on the plant 
species and NP properties [156]. For instance, CNTs can be harmful to 
tomato, rice, lettuce, and red spinach, causing cell death at certain 
concentrations, while benefiting tobacco cell growth. Even at a modest 
CNT dosage of 20 mg L− 1, rice plants experience cell chromatin 
condensation and membrane and cell wall separation, which causes the 
cells to shrink and eventually, lead to cell death [123]. In the case of GO, 
a high dose can inhibit plant growth and cause detrimental morpho
logical alterations [157]. In addition, a study reveals that GO concen
trations of roughly 50 mg L− 1 boost superoxide dismutase (SOD) 
activity in plants, as well as H2O2, lipid, and protein oxidation, and 
reduce water absorption in seeds [158]. Other CNMs like fullerenes, and 
CQDs, also show some negative effects, including oxidative damage and 
reduced plant biomass [159], but can stimulate growth, cell division, 
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cell extension, gene expression, and improved water uptake [160]. 
Summarized from the reports, the potential risk of the CNMs on plant 
growth and development was found to be concentration-dependent and 
plant species-specific, highlighting the need for careful consideration in 
their application. 

Future prospective 

Though some of the CNMs are extensively used, certain types of 
CNMs such as modified CNTs, carbon dots, carbon nanohorns, and 
carbon spheres have not received significant attention in agriculture and 
environmental applications. Due to CNM’s rapid detection capabilities, 
future research directions could focus on developing portable detection 
kits that assist farmers and researchers in the rapid on-site analysis of 
agrochemicals. Also, CNMs could be integrated with Internet of Things 
(IoT) technology, which could enable remote monitoring and data 
collection. Further, CNM’s large surface area and porosity make them 
suitable for pollutant remediation, although issues like particle aggre
gation in CNTs and graphene in some cases exhibit less adsorption ef
ficiency. In the future, these problems could be addressed, possibly by 
combining them with other nanomaterials to improve stability and 
reusability. These high surface area CNMs could be integrated with 
agriculture practices, employing them as filtration systems in irrigation, 
and nano-bioremediation systems using microorganisms to degrade the 
pollutants. In addition, carbon dot-based composite materials could be 
designed in such a way that they facilitate simultaneous adsorption and 
detection of pollutants. Although CNMs such as graphene and activated 
carbons are utilized as efficient agrochemical carriers, their environ
mental toxicity requires further study. Further research into modifying 
CNMs properties with proper functionalities and other eco-friendly 
materials, which could facilitate them to penetrate, translocate, and 
distribute in plant cellular levels is needed for precision delivery of 
active ingredients to reduce the possible environmental impact. This 
could provide insights into molecular-level interaction between CNMs 
and plants. Recently, the development of stimuli-responsive nano
carriers is gaining extensive interest. Thus, modifying CNMs by utilizing 
pH, enzyme, thermal, redox, and light-sensitive polymers/materials, 
could improve the shelf life of the agrochemicals and also facilitate 
precise delivery. 

Conclusion 

Recent advancements in carbon nanomaterials (CNMs) have wit
nessed remarkable outcomes in modern agriculture, particularly in 
agrochemical detection, remediation, and delivery. CNMs such as acti
vated carbon (AC), carbon quantum dots (CQDs), multi-walled carbon 
nanotubes (MWCNTs), and graphene oxide (GO) are valued for their 
unique physical and chemical properties, which contribute to significant 
outcomes in the discussed studies. Their reactivity and cage-like struc
ture offered promising avenues for selective agrochemical detection 
offering interactions between probes and analytes. Notably, attributes 
like rapid electron transfer, strong binding affinity, minimal residual 
current, and luminescent properties played crucial roles in enhancing 
detection methods. While addressing the environmental accumulation 
of agrochemicals, CNMs are also effective adsorbents due to their large 
surface area and porosity, offering simple synthesis and cost-effective 
solutions for large-scale applications. Additionally, the synergy be
tween adsorption and photocatalytic activity contributes to advanced 
oxidation processes that minimize secondary waste in real-time reme
diation. In the field of delivering agrochemicals, high loading capacity, 
biocompatibility, facile synthesis, large surface area, and exceptional 
adsorption ability of CNMs make them excellent carriers, and their 
ability to be surface functionalized leads to the development of stimuli- 
responsive delivery systems. These nanocarriers have the potential to 
transform current agricultural practices into advanced technology 
aimed at improving the efficiency of agrochemical and nutrient delivery 

while minimizing negative environmental impact. 
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