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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Contamination remediation and risk 
assessment of four long-residual herbi
cides were reviewed.

• The advantages and disadvantages of 
various remediation techniques were 
stated.

• The comprehensive application of 
remediation techniques is advocated to 
reduce pesticide residues.

• Effective risk assessment can help the 
selection of appropriate remediation 
methods.
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A B S T R A C T

In agricultural weed management, the use of long-residual herbicides provides benefits such as reduced appli
cation frequency and labor savings. However, as with any approach, there are potential limitations. Long- 
residual herbicides may have adverse effects on subsequent sensitive crops, soil health, and non-target benefi
cial organisms. Currently, numerous studies concentrate on contamination remediation technologies and risk 
assessment for effectively managing the environmental impacts of long-residual herbicides. This review high
lights recent advancements in contamination remediation technologies and risk assessment for four represen
tative long-residual herbicides (atrazine, nicosulfuron, fomesafen, and imazethapyr). Remediation techniques 
currently employed for long-residual herbicides, including bioremediation, physicochemical remediation, and 
hybrid remediation approaches, were systematically compared. Furthermore, the risk assessment framework 
integrates ecological and health dimensions to ensure a comprehensive evaluation. Additionally, future research 
priorities have been proposed. The overarching aim is to provide scientific insights and strategic recommen
dations for effectively controlling and mitigating contamination caused by long-residual herbicides in agricul
tural systems.
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1. Introduction

Persistent herbicides constitute a class of chemicals extensively 
employed in agricultural production for controlling a wide array of 
weeds, including grass and broadleaf species. Their effectiveness is 
attributed to their persistent nature and broad-spectrum herbicidal 
properties. These herbicides achieve precise and efficient weed control 
by inhibiting critical physiological processes in target weeds, such as the 
electron transport chain in photosynthesis, specific enzyme activities, 
branched-chain amino acid synthesis, or pathways related to cell divi
sion, thereby enhancing crop yield and quality.

Atrazine, nicosulfuron, fomesafen, and imazethapyr are four repre
sentative long-residual herbicides that are globally utilized, particularly 
in the cultivation of major food and cash crops like maize, beans, pea
nuts, and wheat. These four herbicides were selected as representative 
long-residual herbicides based on their widespread use, chemical di
versity, and environmental persistence profiles. They represent different 
chemical classes—triazines, sulfonylureas, diphenyl ethers, and imida
zolinones, respectively—enabling a broader analysis of structural effects 
on environmental behavior. Their high detection frequencies in soil, 
surface water, and agricultural products have been widely reported in 
North America, Europe, and East Asia. Moreover, these compounds have 
been listed among the priority contaminants by agencies such as the 
EPA, EFSA, and China's Ministry of Ecology and Environment (MEE) due 
to their ecotoxicity, potential for carryover, and endocrine-disrupting 
effects. Their persistence spans a broad range (DT₅₀: 30–300 days), of
fering a spectrum for comparing remediation strategies and risk 
assessment models.

Long-residual herbicides can enter water bodies via soil leaching or 
accumulate through the food chain, exerting toxic effects on soil mi
crobial communities, non-target plants, and aquatic organisms. For 
example, atrazine has endocrine-disrupting properties, posing a poten
tial threat to both aquatic organisms and human health. Similarly, nic
osulfuron has been shown to exhibit significant phytotoxic effects on 
subsequent crops, such as sorghum and oilseed rape. Moreover, long- 
term use of these herbicides could suppress soil enzyme activities and 
alter soil microbial community structures, thereby exacerbating their 
detrimental impacts on ecosystem services. Significant advancements 
have been achieved in the development of pollution remediation tech
nologies aimed at addressing long-residual herbicide contamination. 
These technologies primarily include bioremediation, physical methods, 
chemical approaches, and integrated strategies. Bioremediation has 

garnered substantial attention due to its environmentally friendly and 
highly efficient nature. Studies have shown that specific degrading 
bacteria, such as Paenarthrobacter sp. and Chryseobacterium sp., exhibit 
significant efficacy in breaking down herbicides like atrazine and nic
osulfuron (Jiang et al., 2021). Furthermore, physicochemical methods 
and hybrid techniques have demonstrated considerable potential for 
enhancing restoration efficiency. However, challenges remain regarding 
the stability, cost-effectiveness, and long-term ecological impacts of 
these technologies in practical applications.

The physicochemical properties, degradation pathways and trans
port patterns of the four herbicides influenced their complex behavior in 
soil and water. For instance, the primary degradation pathways of 
atrazine in soil are photolysis and microbial degradation, and the 
degradation intermediates frequently exhibit heightened toxicity. The 
degradation of nicosulfuron is considerably influenced by soil pH and 
microbial communities, while imazethapyr and fomesafen demonstrate 
prolonged environmental persistence owing to their elevated stability 
(Poonia et al., 2022). To address the above problems, the establishment 
of a risk assessment framework, including toxicological assessment and 
environmental exposure modeling, is the key to optimize pollution 
management and reduce environmental risks.

This review focuses on four representative long-residual herbici
des—atrazine, nicosulfuron, fomesafen, and imazethapyr (Detailed in
formation is provided in Table 1)—and provides a critical evaluation of 
their environmental remediation strategies and risk assessment frame
works. Emphasis is placed on the multi-media transport and trans
formation behavior of these compounds, their persistence in 
agroecosystems, and the challenges posed by their long-term residues. 
To align with the aims of this review, we structure the discussion around 
four interrelated questions: (1) How do the physicochemical properties 
of long-residual herbicides affect their environmental fate and persis
tence across soil and water systems? (2) What are the strengths, limi
tations, and cost-performance tradeoffs of current remediation 
strategies—including biotic, abiotic, and co-remediation approach
es—in both controlled and field conditions? (3) What major challenges 
hinder the field-scale implementation of these technologies, particularly 
under complex exposure scenarios involving co-contaminants and site- 
specific variability? (4) How can cross-compound evidence and critical 
appraisal support the development of standardized, transferable reme
diation frameworks and future research priorities? By answering these 
questions, this review aims to inform the design of more effective, 
scalable solutions for herbicide detoxification and to support the 

Table 1 
Basic information of four long residual-herbicides.

Herbicide Formula Molecular weight (g/mol) Water solubility (mg/L) Soil adsorption coefficient Chemical structure

Atrazine C8H14ClN5 215.68 33 100–300

Nicosulfuron C15H18N6O6S 410.41 9.7 14–40

Fomesafen C15H10ClF3N2O6S 438.76 1.79 200–500

Imazethapyr C15H19N3O3 289.33 140 100–200
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scientific and sustainable use of herbicides in modern agriculture.

2. Contamination remediation and risk assessment of atrazine

2.1. Physicochemical properties and action mechanism

Atrazine is a triazine selective herbicide, but was originally intro
duced as a broad-spectrum herbicide by Ciba-Geigy in Switzerland in 
1958. It is primarily utilized for controlling broadleaf weeds, annual 
grasses, and certain gramineous weeds in crops such as maize, sorghum, 
oilseed rape, and sugarcane. The chemical formula of atrazine is 
C8H14ClN5, with a molecular weight of 215.68 g/mol. It exists as a white 
crystalline solid with a melting point of 175–177 ◦C and exhibits weakly 
alkaline properties (pKa = 1.7). Atrazine demonstrates a solubility of 33 
mg/L in water at 25 ◦C, an octanol-water partition coefficient (log Kow) 
ranging from 2.5 to 2.8, and a soil adsorption coefficient (Koc) between 
100 and 300. These physicochemical characteristics influence its envi
ronmental behavior: its moderate polarity facilitates transport through 
the soil profile via runoff, while its relatively low Koc values, particu
larly in soils containing less than 2 % organic matter, significantly 
elevate the risk of groundwater contamination.

Regarding its mechanism of action, atrazine has been demonstrated 
to inhibit the plastoquinone cycle within the photosynthetic electron 

transport chain. This inhibition occurs via the competitive binding of 
atrazine to the QB site on the D1 protein of photosystem II (PSII), which 
induces the production of reactive oxygen species (ROS) and subse
quently leads to the structural disintegration of chloroplasts (Tuncel 
et al., 2024). The selectivity of atrazine is attributed to the rapid 
glutathione-S-transferase (GST)-mediated detoxification process in 
crops such as maize, a metabolic pathway that is absent in sensitive 
weeds. Notably, prolonged use of this herbicide may result in the 
emergence of weed populations with reduced susceptibility. In recent 
years, mutations in the psbA gene, such as Ser264Gly, have been iden
tified in certain weed populations, conferring target-site resistance.

2.2. Environmental behavior and risk assessment of atrazine

2.2.1. Environmental distribution and transport
A transport model based on Monte Carlo simulations revealed that 

atrazine can leach to depths of 1.5–3.0 m/year in sandy soils in regions 
with annual rainfall exceeding 800 mm, whereas its movement is 
restricted to approximately 0.5 m in soils containing more than 30 % 
clay content. The half-life of atrazine in surface water has been shown to 
vary significantly with seasons, with the photolytic half-life ranging 
from 10 to 15 days during summer (light intensity: 200 μmol/m2/s) to 
60–90 days during winter. Recent studies have highlighted atmospheric 

Fig. 1. Mineralization pathways for hydrolysis of atrazine (Udiković-Kolić et al., 2012).
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wet deposition as a secondary transport pathway for atrazine, with 
concentrations of 0.8–1.2 μg/L detected in rainfall samples collected 
from intensive agricultural area (Taverna et al., 2018).

2.2.2. Degradation pathways and metabolites
The primary degradation pathways of atrazine involve photolysis, 

chemical degradation, and microbial degradation, with microbial 
degradation being the predominant elimination route. Specifically, the 
atzABC gene cluster in strains such as Pseudomonas sp. catalyzes a three- 
step dechlorination process: conversion of atrazine to hydroxyatrazine 
by AtzA (chlorohydrolase), formation of N-isopropylcyanuric acid by 
AtzB (amide hydrolase), and final mineralization of N-isopropylcyanuric 
acid into CO2 and NH4

+ by AtzC (cyanuric acid amide hydrolase) 
(Sagarkar et al., 2014). The complete degradation pathway is illustrated 
in Fig. 1. However, recent metagenomic studies have shown that 
approximately 70 % of field-degrading bacteria harbor incomplete 
degradation gene clusters, resulting in the accumulation of in
termediates such as deethylatrazine (DIA) and deisopropylatrazine 
(DDA). These intermediates exhibit enhanced ecotoxicological effects, 
with DIA and DDA showing 1.8-fold and 2.3-fold higher toxicity, 
respectively, compared to their parent compound (based on the Danio 
rerio LC50 test) (Li et al., 2024). Of particular concern is the ability of 
these metabolites to form stable complexes with humic acids via π-π 
interactions, thereby extending their retention in sediments to 180–240 
days.

2.2.3. Toxicology and risk assessment
Atrazine has been shown to induce a variety of biological effects, 

including but not limited to endocrine-disrupting impacts on aquatic 
organisms. For example: 1) Studies have demonstrated that the African 
clawed toad (Xenopus laevis) exhibited a 300 % increase in aromatase 
activity at an atrazine concentration of 0.1 μg/L, leading to an imbalance 
in sex ratios (Solomon et al., 2013). 2) Atrazine exhibits inhibitory ef
fects on soil enzymes, with urease and dehydrogenase activities 
decreasing by 42 % and 57 %, respectively, after five years of continuous 
application (p < 0.01). Additionally, the microbial functional diversity 
index (Shannon index) decreased by 0.8–1.2 (Wang et al., 2024a). 3) 
Epidemiological studies indicate that long-term exposure (>0.5 μg/L) to 
atrazine increases the risk of breast cancer by 1.3-fold (95 % CI: 
1.1–1.6), potentially due to abnormal activation of the ERα receptor 
(Meng et al., 2022).

In addition to partial toxicology discussed above, atrazine exerts 
broader ecological effects on non-target organisms and ecosystem 
functions. In aquatic ecosystems, atrazine acts as a potent photosystem II 
inhibitor in algae, leading to impaired primary productivity and 
potentially triggering trophic-level disturbances such as reduced 
zooplankton populations and hypoxic zones in eutrophic waters 
(DeLorenzo et al., 2001). In soil environments, atrazine exposure may 
shift microbial community structure, decreasing the relative abundance 
of nitrogen-cycling taxa such as Nitrosospira and Bradyrhizobium, and 
altering enzyme activities linked to organic matter turnover. These 
findings underscore the need for ecological risk assessments that go 
beyond organism-level toxicology and include functional endpoints such 
as photosynthesis, microbial nitrogen cycling, and biodiversity 
resilience.

Risk quotient (RQ) assessments based on the species sensitivity dis
tribution (SSD) model revealed that RQ values for atrazine in surface 
water in North China's farmland regions range from 2.3 to 5.8, signifi
cantly exceeding the acceptable threshold (RQ > 1). Although atrazine 
has been banned in the European Union since 2004 (2004/248/EC), and 
the EPA maintains a water quality benchmark of 3 μg/L following 
reassessment in 2020, mitigation measures such as buffer zones (>30 m) 
and reduced application frequency (once per season) are still required 
(Gagneten et al., 2023). In China, the current Environmental Quality 
Standard for Surface Water (GB 3838-2002) sets a limit of 3 μg/L; 
however, specific standards for groundwater have yet to be established, 

which may result in an underestimation of risks associated with expo
sure via drinking water pathways.

2.3. Advances in pollution abatement technology for atrazine

2.3.1. Bioremediation
The advancement of bioremediation technologies has emerged as a 

critical strategy for mitigating atrazine contamination, providing sig
nificant benefits in terms of environmental sustainability and ecological 
compatibility. A comprehensive overview of various atrazine-degrading 
bacterial species, along with their optimal conditions and degradation 
rates, is presented in Table 2. In microbial enhancement, Sagarkar et al. 
(2016) isolated an S-triazine-degrading Arthrobacter sp. AK-YN10 from a 
sugarcane field with long-term atrazine use. In liquid culture containing 
1000 mg/L atrazine, strain AK-YN10 achieved a rapid and nearly com
plete degradation—99 % removal within just 30 h—demonstrating 
exceptional catabolic efficiency. Similarly, in microbial enhancement, 
Zhu et al. (2020) isolated Bacillus safensis ATR-Z5 and characterized its 
atrazine biodegradation capabilities. Under optimized lab conditions, 
ATR-Z5 utilized atrazine as the sole nitrogen source and achieved over 
80 % degradation within 7 days. Liu et al. (2023) isolated Pseudomonas 
rhizogenes AT13, which exhibited exceptional degradation capacity, 
achieving 99.94 % degradation within 72 h at 30 ◦C. Transcriptomic 
analysis revealed a 5.7- to 8.3-fold upregulation of atzABC genes during 
the degradation process. Field applications demonstrated a 23 % in
crease in sesame germination rates and a 17 % enhancement in biomass 
accumulation. Several of the above bacterial strains have been identified 
as effective atrazine degraders, these include species from the genera 
Pseudomonas, Paenarthrobacter, Arthrobacter, Bacillus, and Agro
bacterium, with various metabolic pathways such as hydrolytic dechlo
rination and ring cleavage. In addition to strains like Arthrobacter HB-5, 
such as Agrobacterium rhizogenes J14a, Arthrobacter AK-YN10, TES6, and 
ZXY-2 have demonstrated strong degradation capabilities under diverse 
soil conditions.

While native microbial consortia demonstrate robust herbicide 
degradation, emerging biotechnological approaches leverage geneti
cally modified strains (GM) or engineered enzymes to overcome 

Table 2 
Bacterial species degrading atrazine, degradation conditions and degradation 
rate.

Bacterial species Degradation 
condition

Degradation 
rate (%)

Bibliography

Rhodococcus MBP1 30 ◦C, pH 7.5, 3 
d

>90 (Fazlurrahman 
et al., 2009)

Acinetobacter lwoffii 
DNS32

30 ◦C, pH 7.0, 2 
d

94 (Tao et al., 2019)

Agrobacterium 
rhizogenes AT13

30 ◦C, pH 8.57, 
14 h

>99.7 (Liu et al., 2023)

Agrobacterium 
rhizogenes J14a

30 ◦C, pH 7.0, 3 
d

94 (Struthers et al., 
1998)

Arthrobacter sp. strain 
HB-5

40 ◦C, pH 7.0, 2 
d

100 (Wang et al., 2011)

Arthrobacter sp. strain 
TES6

28 ◦C, pH 7.0, 4 
d

>95 (El Sebaï et al., 
2011)

Arthrobacter sp. strain 
AK-YN10

30 ◦C, pH 7.5, 
30 h

>99 (Sagarkar et al., 
2016)

Arthrobacter sp. strain 
ZXY-2

34 ◦C, pH 9.0, 
12 h

>91.3 (Zhao et al., 2018)

Nocardioides EAA3 28 ◦C, pH 7.0, 7 
d

80–90 (Omotayo et al., 
2013)

Pseudomonas AT13 30 ◦C, pH 7.0, 3 
d

99.94 (Ye et al., 2016)

Exiguobacterium sp. 
BTAH1

35 ◦C, pH 7.5, 3 
d

70–85 (Hu et al., 2005)

Bacillus safensis 
ATRZ5

35 ◦C, pH 7.5, 6 
d

97.2 (Zhu et al., 2020)

Streptomyces sp. atz2 30 ◦C, pH 7.5, 3 
d

98 (Mesquini et al., 
2015)
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metabolic limitations. For instance, transgenic Escherichia coli express
ing optimized atzABC operons exhibit 2–3-fold higher atrazine miner
alization rates than wild-type degraders, by bypassing rate-limiting steps 
in dichlorination (Wang et al., 2005). Similarly, laccases and cyto
chrome P450 enzymes fused to carbohydrate-binding modules show 
enhanced stability and substrate affinity when immobilized on biochar, 
achieving >95 % herbicide removal in 12 h (Shoseyov et al., 2006). 
However, field deployment faces regulatory and ecological hurdles, 
including horizontal gene transfer risks, unintended effects on soil 
microbiomes, and public acceptance barriers. Controlled encapsulation 
of GM microbes in alginate beads or lignin-based matrices may mitigate 
these concerns by restricting viability to contamination hotspots.

The synergy between phytoremediation and microbial activity 
showcases unique advantages. White clover (Trifolium repens) and alfalfa 
(Medicago sativa) enhanced rhizosphere atzD gene abundance by 2–3 
orders of magnitude, achieving 68–73 % atrazine degradation within 40 
days through root exudate-mediated stimulation of Arthrobacter pop
ulations (Motamedi et al., 2023). Recent studies have identified Zea 
mays as an effective phytoremediator when combined with mycorrhizal 
fungi, achieving 81 % atrazine removal in co-contaminated soils 
through enhanced cytochrome P450 expression (Brazier-Hicks et al., 
2022). Organic amendments further enhance remediation efficacy. For 
instance, Luo et al. (2021) reported that goat manure amendment (4 % 
w/w) increased soil organic matter from 1.8 % to 3.4 %, enriching 
Nocardioides (from 3.1 % to 11.2 %) and Massilia (from 2.4 % to 7.8 %), 
thereby improving degradation efficiency from 35.7 % to 84.3 % within 
42 days. Subsequent vermicompost applications demonstrated 92 % 
atrazine degradation through synergistic effects between Streptomyce
taceae (15.7 % abundance) and Saccharimonadaceae (9.3 %), while 
increasing deethylatrazine and deisopropylatrazine metabolite conver
sion rates by 38 % and 27 %, respectively (Luo et al., 2022). Compar
atively, biochar-modified compost systems have shown 40 % faster 
degradation kinetics than conventional methods through enhanced mi
crobial electron transfer processes.

2.3.2. Physicochemical remediation
Physicochemical methods provide rapid and effective solutions for 

contaminant remediation, with various materials demonstrating signif
icant potential in enhancing the efficiency of degradation processes. 
Beyond adsorption-based approaches, ultraviolet (UV) photolysis and 
advanced oxidation processes (AOPs) represent cutting-edge strategies 
for atrazine mineralization. UV degradation alone achieves 40–60 % 
atrazine decomposition within 24 h via direct photolytic cleavage of 
C–Cl and C–N bonds, and the optimal half-life is even shorter than 5 
min, though efficiency is highly matrix-dependent (e.g., reduced by 
dissolved organic matter) (Héquet et al., 2001). Coupling UV with oxi
dants dramatically enhances efficacy: UV/H₂O₂ systems generate hy
droxyl radicals (•OH) that achieve >90 % degradation in 1–2 h through 
non-selective oxidation, while UV/persulfate activates sulfate radicals 
(SO₄•− ) with 2–3× faster kinetics than conventional persulfate oxidation 
(Huang et al., 2018).

Among adsorption-focused methods, biochar and its modified forms 
have garnered considerable attention due to their dual roles in adsorp
tion and enhancement of microbial degradation. The inherent porosity 
and large surface area of biochar render it an ideal material for removing 
atrazine from contaminated environments. For instance, Chen et al. 
(2024) developed a nano-hydroxyapatite-modified biochar that not only 
enhanced soil pH buffering within the range of 6.8–7.2 but also upre
gulated the expression of atzABC genes, achieving a degradation effi
ciency of 85.13 %, which represents a 50 % improvement over 
conventional biochar.

Beyond biochar, photocatalytic innovations leverage light energy to 
generate active free radicals, thereby degrading atrazine. For example, 
Ag/LaTiO₃ nanowire catalysts achieved 90 % degradation efficiency 
along with a 60–75 % reduction in metabolite ecotoxicity (Shawky et al., 
2020). However, the high cost of materials and the substantial energy 

requirements associated with photocatalysis pose major limitations, 
restricting its broader application. In this context, Rocha et al. (2024)
introduced a more sustainable approach by utilizing green Ag nano
particles supported on waste-derived carriers. This method achieved 
92.4 % photodegradation efficiency while promoting environmental 
sustainability through the reuse of waste materials. Additionally, per
sulfate activation has been explored as a viable option for atrazine 
degradation, achieving 85–95 % degradation under alkaline conditions 
(pH > 9). While effective, the formation of chlorinated byproducts in 
groundwater remains a concern, underscoring the need for further 
optimization of this technology to minimize potential environmental 
risks.

2.3.3. Co-remediation strategy
Co-remediation strategy leverages synergistic effects to enhance 

degradation performance, with current approaches primarily focusing 
on integrating physical materials with microorganisms or enzymes. This 
strategy combines the strengths of different methods to address the 
complexities associated with contaminant degradation. For instance, 
microorganisms are frequently paired with adsorbents such as biochar 
or clay to increase biodegradation efficiency, while enzyme immobili
zation techniques are increasingly utilized to stabilize and enhance 
catalytic activity. The reaction mechanism of atrazine degradation 
through the combination of microorganisms and biochar is illustrated in 
Fig. 2, where microorganisms degrade atrazine by secreting a variety of 
enzymes, and biochar facilitates microbial degradation by adsorbing 
atrazine. Zhang et al. (2011) developed an integrated clay-straw co- 
pyrolysis biochar combined with strain DNS10, achieving a 42.6 % in
crease in atrazine removal and elevating soil available nitrogen and 
phosphorus by 35.2 % and 28.7 %, respectively. Song et al. (2020)
implemented a dual-membrane electrokinetic-microbial system that 
achieved 1.8-fold higher degradation for Pb-atrazine co-contaminated 
soils while restoring enzymatic activity to 85–90 % of uncontaminated 
controls. Cutting-edge research by Zhang et al. (2024) established a 
biochar-biofilm system using Acinetobacter lwoffii DNS32, reducing the 
degradation half-life from 14.3 to 5.2 days via enhanced nitrogen 
cycling and microbial resilience. Recent breakthroughs in enzyme 
immobilization include Jia et al. (2024), who developed a novel laccase- 
HBT-Pd/BC co-immobilized biocatalyst achieving complete atrazine 
degradation (50 mg/L) within 5 h at pH 6.0, with LC-MS analysis con
firming an 85 % reduction of cyanuric acid derivatives. The composite 
maintained 91 % efficiency after 10 reuse cycles, demonstrating po
tential for continuous-flow wastewater treatment. Emerging technolo
gies include nano-bioremediation approaches, where Fe₃O₄/MOF-199 
nanocomposites coupled with Sphingomonas sp. achieved 97 % atrazine 
removal in 6 h through combined adsorption-biodegradation mecha
nisms (Wang et al., 2022). These advancements underscore the impor
tance of integrated remediation strategies combining biological, 
chemical, and physical processes for comprehensive atrazine 
management.

Techno-economic analyses indicate that bioremediation costs are 
significantly lower than those of thermal desorption. Although biolog
ical processes require longer durations (30–90 days compared to <24 h 
for advanced oxidation achieving >90 % degradation), future research 
must address interfacial effects in hybrid systems and long-term 
ecological impacts, particularly the bioaccumulation risks of metabo
lites in food chains. A comparative summary of key remediation tech
nologies—adapted primarily from atrazine-focused studies but broadly 
reflective of structurally similar herbicides—is presented in Table 3.

3. Contamination remediation and risk assessment of 
nicosulfuron

3.1. Physicochemical properties and action mechanism

Nicosulfuron is a sulfonylurea herbicide that functions as a selective 
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systemic conductive agent, primarily utilized in corn fields for the 
control of annual and perennial grasses as well as broadleaf weeds. With 
the chemical formula C₁₅H₁₈N₆O₆S and a molecular weight of 410.41 g/ 
mol, it displays high water solubility (9.7 g/L at 25 ◦C) and low vapor 
pressure (1.2 × 10− 9 mPa at 25 ◦C), characteristics that enhance its 
environmental mobility. Notably, its soil adsorption coefficient (Koc: 
14–40) indicates weak soil binding affinity, particularly in soils with low 
organic matter content (<2 %), thereby increasing its leaching potential.

The herbicidal mechanism of nicosulfuron involves the specific in
hibition of acetolactate synthase (ALS), a critical enzyme in the 
biosynthesis of branched-chain amino acids (valine, leucine, isoleucine). 
This inhibition disrupts plant cell division by interfering with DNA 
synthesis and the development of meristematic tissue. Differential plant 
sensitivity to nicosulfuron arises from species-specific variations in ALS 
isoforms and metabolic detoxification capacities. Environmental 
persistence is influenced by pH-dependent degradation kinetics; acidic 
soils accelerate degradation via hydrolysis (DT₅₀ = 15–20 days), 
whereas alkaline conditions extend persistence due to reduced microbial 
activity (DT₅₀ = 190–250 days). Emerging evidence suggests that major 
metabolites, such as 2-amino-4,6-dimethoxypyrimidine (ADMP) and N, 
N-dimethyl-3-pyridinecarboxamide, retain phytotoxic properties, 
underscoring the need for comprehensive metabolite monitoring (Cheng 

et al., 2022).

3.2. Environmental behavior and risk assessment

3.2.1. Environmental distribution and transport
The environmental fate of nicosulfuron is influenced by its physi

cochemical properties and application practices. Field monitoring 
studies conducted in major corn-producing regions, such as Northeast 
China and the USA Midwest, reveal substantial vertical transport, with 
detectable residues observed at depths of 90 cm within 90 days post- 
application. Incidents of groundwater contamination in permeable 
soils have reported concentrations exceeding 0.1 μg/L, approaching the 
European Union (EU) threshold for pesticide levels in drinking water. 
Hydrological modeling predicts that 12–18 % of applied nicosulfuron 
may infiltrate into high-permeability aquifers, posing potential chronic 
exposure risks to groundwater-dependent ecosystems. In aquatic sys
tems downstream of agricultural areas, nicosulfuron exhibits bio
accumulation potential, with bioconcentration factors (BCF) ranging 
from 12 to 45 in macrophytes (e.g., Lemna minor) and benthic organ
isms. This transport pathway poses a threat to aquatic primary pro
ducers, as evidenced by 48-h EC₅₀ values of 0.007–0.015 mg/L for green 
algae (Scenedesmus quadricauda), which indicates high ecotoxicological 

Fig. 2. Schematic diagram of co-remediation of atrazine contamination by biochar and microorganisms.

Table 3 
Comparative evaluation of atrazine remediation technologies across environmental media.

Remediation method Medium Efficiency 
(%)

Cost estimate (USD/ 
m3)

Field 
scalability

Key limitations Bibliography

Bioremediation 
(consortium)

Soil 70–100 5–10 High Slower rate, sensitive to pH/temp (Singh and Singh, 
2016)

Biochar + bacteria Soil 90–96 8–12 High Need soil amendment infrastructure (Huang et al., 2022a)
UV photolysis Water 40–60 15–25 Medium Matrix interference; low mineralization (Mu et al., 2021)
UV/H2O2 Water >90 30–50 Medium High H₂O₂ consumption; •OH scavenging (Poonia et al., 2022)
UV/persulfate Water/ 

groundwater
85–98 40–65 Medium SO₄•− quenching by carbonates; Cl−

byproducts
(Liu et al., 2022)

Photocatalysis Water ~90 30–50 Low High cost, energy intensive (Dantas et al., 2024)
Fenton oxidation Water 80–95 25–40 Medium Sludge generation; pH-dependent 

efficiency
(Cheng et al., 2016)

Persulfate oxidation Groundwater 85–95 23–35 Medium Toxic byproducts possible (Chen et al., 2018)
Enzyme-immobilized Pd/ 

BC
Water ~100 50–70 Medium Reusability issues, synthesis cost (Jia et al., 2024)
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sensitivity (Li et al., 2024).

3.2.2. Degradation pathways and metabolites
The degradation of nicosulfuron occurs through three primary 

mechanisms: microbial degradation, plant-mediated degradation (phy
todegradation), and chemical hydrolysis. Key bacterial genera involved 
in microbial degradation, such as Pseudomonas, Bacillus, and Strepto
myces, produce acetolactate synthase (ALS)-degrading enzymes and 
sulfatases that mediate C–N/S bond cleavage. Secondly, phytode
gradation involves transgenic crops expressing modified ALS enzymes, 
which exhibit enhanced metabolic capacity. These crops reduce soil 
residues by 40–60 % compared to conventional cultivars. During 
chemical hydrolysis, pH-dependent cleavage of sulfonylurea bridges 
predominates in acidic environments (pH < 6), producing low-toxicity 
intermediates such as ADMP and CO2. In contrast, alkaline conditions 
favor the formation of persistent sulfonamide derivatives (Grey and 
McCullough, 2012). The specific degradation pathways are shown in 
Fig. 3. Notably, the metabolite 2-(aminosulfonyl)-N,N-dimethylnicoti
namide retains approximately 30 % herbicidal activity, necessitating its 
inclusion in comprehensive risk assessments (Rai et al., 2020).

3.2.3. Toxicology and risk assessment
Quantitative risk assessment utilizing species sensitivity distribution 

(SSD) models identifies aquatic ecosystems as the most vulnerable, with 
5 % hazard concentration (HC5) values of 0.0032 mg/L for freshwater 
communities. Chronic exposure (21-day LOEC = 0.05 mg/kg) reduces 
soil microbial biomass carbon by 28 % and nitrogenase activity by 41 %, 
thereby impairing nutrient cycling functions (Cheron et al., 2022). Crop 
rotation studies demonstrate carryover effects in alkaline soils (pH >
7.5), where residual nicosulfuron at 0.1 mg/kg causes 65 % germination 
inhibition in oilseed rape (Brassica napus), 42 % biomass reduction in 
sugar beet (Beta vulgaris), and 30 % yield loss in subsequent wheat crops 
(Ahmadi et al., 2017). Emerging concerns focus on sublethal effects: 90- 
day exposure to 0.01 mg/L alters the emergence timing of aquatic 

insects and reduces fecundity by 18–25 % (Cheron et al., 2022). Regu
latory frameworks now incorporate probabilistic risk assessment 
models, estimating a 23 % probability of exceeding ecological thresh
olds in intensive-use regions.

In addition to its direct toxicological impacts, nicosulfuron may 
induce broader ecological effects on non-target organisms and key 
ecosystem functions. Due to its high water solubility and weak adsorp
tion to soil particles, it is highly mobile and prone to leaching and runoff, 
thereby increasing its environmental bioavailability. Studies have 
shown that nicosulfuron exposure inhibits photosynthesis in green algae 
by disrupting chlorophyll biosynthesis, which may suppress primary 
productivity in aquatic ecosystems. In soil systems, repeated application 
has been linked to reductions in microbial diversity and functional gene 
abundance, particularly among nitrifying bacteria and phosphorus- 
solubilizing taxa, potentially impairing soil fertility and nutrient 
cycling (Filimon et al., 2015). These ecological disturbances emphasize 
the need to incorporate microbial functionality and aquatic food web 
stability into environmental risk assessments for sulfonylurea 
herbicides.

3.3. Advances in pollution abatement technology for nicosulfuron

3.3.1. Bioremediation
Microbial remediation has emerged as the most promising strategy 

for nicosulfuron elimination, with recent advancements in strain 
screening and metabolic pathway engineering. Chryseobacterium sp. 
LAM-M5, isolated by Ma et al. (2022), demonstrates exceptional 
degradation efficiency (92.39 % within 7 days) through hydrolase- 
mediated cleavage of the sulfonylurea bridge, reducing metabolite 
toxicity by 78 % compared to the parent compound. The discovery of 
Pseudomonas sp. LAM1902 further validates this approach, exhibiting 
dual functionality: 92.5 % herbicide degradation while upregulating 
antioxidant enzymes (SOD and CAT activities increased by 35–42 %) in 
sorghum roots, effectively mitigating phytotoxicity (Li et al., 2020). It is 

Fig. 3. Pathways of hydrolysis of nicosulfuron in the environment (Zhong et al., 2023).
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worth noting that engineering microbial consortia has significantly 
enhanced degradation efficiency. Yang et al. (2024) developed a com
posite bacterium ES58, consisting of Klebsiella oxytoca ES5 and grimontii 
ES8, achieving 90.84 % degradation via complementary enzymatic 
systems (sulfonylurea hydrolase and cytochrome P450), with the half- 
life reduced to 4.3 days. Wang et al. (2024b) introduced bacterial col
ony A12, comprising Serratia marcescens A1 and Bacillus cereus A2, 
which exhibits soil adaptability, degrading 91.2 % nicosulfuron in un
sterilized soil while increasing dehydrogenase activity by 28 %, a critical 
indicator of soil functional recovery.

3.3.2. Physicochemical remediation
In the realm of nicosulfuron degradation methods, physicochemical 

techniques such as photocatalysis have gained prominence. Photo
catalysts exposed to light generate holes that subsequently produce 
hydroxyl radicals and superoxide anions, which react with and degrade 
nicosulfuron, as illustrated in Fig. 4. Zhu et al. (2022) developed 
graphdiyne-modified biochar demonstrating dual adsorption- 
degradation capacity, achieving Qmax = 98.6 mg/g and 90 % photo
catalytic degradation via OH radical generation, reducing acute toxicity 
to Daphnia magna from LC50 = 12.4 mg/L to 46.8 mg/L. Xie et al. (2024)
utilized acid-modified and nano zero-valent iron-loaded biochar, 
enhancing fomesafen adsorption (88 % in 6 h) through improved elec
tron transfer, with adsorption capacity increased by 40 % compared to 
raw biochar. Persulfate activation exhibits pH-dependent efficiency, 
achieving >95 % degradation under alkaline conditions via SO₄−

dominance, outperforming conventional UV/H₂O₂ systems.
Nonetheless, these technologies face significant practical challenges, 

including high energy demands, catalyst regeneration requirements, and 
limited demonstrations under real agricultural field conditions. In 
addition, the environmental safety of reaction intermediates and po
tential impacts on soil biota have not been systematically assessed.

3.3.3. Co-remediation strategy
Immobilization technology integrates biological and physicochem

ical mechanisms. Zhai et al. (2023) achieved a breakthrough by utilizing 
corn stover biochar to immobilize Klebsiella jilinsis 2N3, shortening the 
herbicide's half-life from 22.8 days to 5.1 days in non-sterile soil and 
achieving a maximum degradation rate of 92.62 %. This approach not 
only accelerates degradation but also improves soil microbial activity, 
aligning with circular economy principles. Zhang et al. (2023) devel
oped an immobilized bacterial formulation of Aspergillus terreus DT2, 
achieving an 85 % reduction of soil nicosulfuron residues within 14 days 
through coupled biosorption and synergistic laccase production. While 
co-remediation technologies offer synergistic advantages, their repro
ducibility and performance under variable edaphic conditions (e.g., pH, 
CEC, organic matter) remain underexplored.

Crop rotations is an important method to reduce the contamination 
of nicosulfuron. For instance, maize-sorghum rotation systems enhance 
microbial degradation by 40–60 % compared to monoculture, with root 
exudates (e.g., 2.3 μM/g phenolic acids) stimulating degrader abun
dance. Concurrently, biochar amendment (5 % w/w) in these systems 
increases soil cation exchange capacity (CEC) by 29 % and water-stable 
aggregates by 18 %, creating microhabitats for degradative consortia 
(Yang et al., 2023).

4. Contamination remediation and risk assessment of fomesafen

4.1. Physicochemical properties and action mechanism

Fomesafen, a diphenyl herbicide, is predominantly utilized in the 
cultivation of soybean, peanut, and cotton crops for controlling broad
leaf and grass weeds. Its chemical formula is C15H10ClF3N2O6S, with a 
molecular weight of 438.76 g/mol and water solubility of 1.79 mg/L at 
25 ◦C. Its soil adsorption coefficient (Koc) ranges from 200 to 500, 
indicating strong adsorption properties in soils containing ≥2 % organic 
matter.

Fig. 4. Schematic diagram of photodegradation of nicosulfuron.
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The herbicidal mechanism of fomesafen involves the inhibition of 
protoporphyrinogen oxidase (PPO) in plant cells, leading to an abnormal 
accumulation of protoporphyrin IX in the cytoplasm. This protopor
phyrin IX is subsequently photoactivated to generate reactive oxygen 
species (ROS), which induce lipid peroxidation. This process results in 
increased cell membrane permeability (50–80 % increase in conduc
tivity), electrolyte leakage (K+ loss up to 3.5 mmol/g FW), and ulti
mately water loss and wilting of target weeds. Notably, glutathione-S- 
transferases (GSTs) present in crop tissues facilitate the conjugation of 
fomesafen with glutathione, forming low-toxicity metabolites. This 
conjugation represents a critical mechanism contributing to the com
pound's selective toxicity.

Fomesafen induces visible symptoms such as chlorosis and necrosis 
typically within 3–7 days post-application. Its trifluoromethyl and 
chloroaromatic moieties confer notable chemical stability, resulting in a 
DT₅₀ of approximately 60–120 days in soils with pH 5–7. Under low 
temperature (<10 ◦C) and low humidity (<30 %) conditions, degrada
tion rates decline by 40–60 %, leading to the persistence of residues 
primarily in the top 0–5 cm of soil. Field studies indicate that residues 
may remain at 10–15 % of the applied dose in soils under continuous use 
and suboptimal degradation conditions (Cobucci et al., 1998).

4.2. Environment behavior and risk assessment

4.2.1. Environmental distribution and transport
The environmental fate of fomesafen is primarily characterized by 

strong soil sorption and low mobility. Following field application, over 
80–90 % of the herbicide remains confined to the top 0–5 cm of soil, 
particularly in clay-rich or organic matter-enriched soils. Its high soil 
adsorption coefficient and low water solubility (0.11 mg/L at 25 ◦C) 
result in minimal leaching under standard agricultural conditions. 
However, in coarse-textured soils or under heavy rainfall, trace amounts 
may leach to depths of 15–30 cm. Fomesafen is largely immobile in 
aquatic environments due to its strong affinity to soil and sediment 
particles. Partitioning to suspended matter is moderate (Kd ≈ 50–120 L/ 
kg), and photolysis in surface water is relatively slow, with a reported 
half-life of >20 days under natural light. Therefore, fomesafen is not 

considered a significant contaminant in surface waters under standard 
application scenarios. Its main environmental concern lies in the 
persistence in surface soil under cool or dry conditions, where degra
dation may be inhibited, prolonging residue retention (Cobucci et al., 
1998).

4.2.2. Degradation pathways and metabolites
The degradation of fomesafen in the environment is predominantly 

governed by microbial processes, while photolysis plays a minor role, 
and hydrolysis is considered negligible. Aerobic soil microbe
s—especially species within the genera Pseudomonas, Rhodococcus, and 
Sphingomonas—are known to metabolize fomesafen via oxidative deal
kylation and ring cleavage pathways. The major transformation product 
identified in soil is desmethyl-fomesafen, which has markedly reduced 
herbicidal activity and environmental persistence (Fig. 5).

Photolytic degradation in natural surface waters is slow, with half- 
lives typically exceeding 20 days under sunlight. Studies confirm that 
sunlight generates hydroxylated metabolites in trace amounts, without 
producing highly toxic or persistent photoproducts. Chemical hydrolysis 
under environmental pH (5–9) remains insignificant, confirming the 
structural stability of fomesafen across typical agricultural settings. 
Under anaerobic or waterlogged conditions, especially in paddy soils, 
fomesafen degradation is significantly suppressed. DT₅₀ values have 
been recorded in the range of 150–200 days, accompanied by accumu
lation of desmethyl and hydroxylated metabolites (Wang et al., 2024b).

4.2.3. Toxicology and risk assessment
The long-term application of fomesafen in agricultural soils raises 

notable concerns regarding its sublethal effects on soil health, microbial 
function, and non-target organisms. Laboratory and field investigations 
have demonstrated that fomesafen residues may suppress soil microbial 
activity, particularly affecting enzyme functions essential for nutrient 
cycling. For example, significant reductions in soil dehydrogenase (− 35 
%) and urease activity (− 48 %) have been reported after 60 days of 
exposure to fomesafen at field-relevant concentrations (0.1–0.2 mg/kg), 
especially at low temperatures and under low organic matter conditions. 
Metagenomic analysis showed that the relative abundance of nitrogen- 

Fig. 5. Degradation pathways of fomesafen in soil (Zhao et al., 2023).
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fixing genera (Rhizobium, Sinorhizobium) recorded after repeated use of 
fomesafen was reduced, as was the abundance of nifH genes in the inter- 
root of plants (Chen et al., 2025). However, these shifts were transient 
and partially reversible after a single growing season without herbicide 
exposure, suggesting a non-persistent ecological disturbance.

Crop phytotoxicity remains a relevant issue, particularly in sandy 
soils. Sugar beet (Beta vulgaris L.) is especially sensitive to fomesafen 
residues, with 50 % inhibition of primary root elongation observed at 
soil concentrations above 0.025 mg/kg. Gibberellin pathway suppres
sion has also been implicated, with fomesafen exposure downregulating 
GA20ox expression by up to 37 % in root tips. To mitigate risk, 
recommend rotational intervals of ≥12 months for maize following 
fomesafen use in sandy soils, and ≥8 months in clay soil (Li et al., 2025).

In aquatic systems, fomesafen displays moderate to high acute 
toxicity toward invertebrates and fish. The 48 h-LC₅₀ for Daphnia magna 
is 0.01–0.03 mg/L, while for zebrafish Danio rerio, the 96 h-LC₅₀ ranges 
from 1.8 to 3.0 mg/L. Sublethal effects include increased oxidative 
stress, developmental delays, reduced motor behavior, and cardiac 
developmental defects associated with exposure to low concentrations 
in D. rerio (Jumel et al., 2002). As a PPO inhibitor, fomesafen disrupts 
chlorophyll biosynthesis and cell membrane integrity. While this mode 
of action is highly specific to target weeds, unintended impacts on 
plant–microbe symbiosis and aquatic primary producers highlight the 
need for cautious application in ecologically sensitive zones.

4.3. Progress in pollution abatement technologies

4.3.1. Bioremediation
Bioremediation has emerged as a pivotal approach for mitigating 

fomesafen contamination, primarily through microbial degradation and 
phytoremediation mechanisms. Notably, Pseudomonas aeruginosa FB5, 
isolated by Yang (2014), exhibited robust degradation capabilities to
ward fomesafen, achieving an 86.75 % degradation efficiency within 28 
days under controlled laboratory conditions. This strain significantly 
reduced the herbicide's half-life from 93 to 30 days, thereby alleviating 

soil phytotoxicity and enhancing microbial diversity in contaminated 
soils. Further investigations revealed that degradation efficiency corre
lates with the metabolic activity of cytochrome P450 enzymes, which 
facilitate the cleavage of fomesafen's ether bonds. Similarly, Bacillus sp. 
FE-1 demonstrated complete mineralization at 20 mg/L through N- 
dealkylation and aromatic ring cleavage, with strong tolerance to 
environmental fluctuation (Cui et al., 2018).

Phytoremediation of fomesafen-contaminated soils is primarily 
mediated by plant-microbe interactions in the rhizosphere. Root exu
dates—comprising organic acids, phenolics, amino acids, and sugar
s—act as both carbon sources and signaling molecules, stimulating the 
growth and enzymatic activity of contaminant-degrading microbial taxa 
such as Pseudomonas, Arthrobacter, and Nocardioides (Zhao et al., 2022). 
These microbes, in turn, express key degradative enzymes including 
oxidoreductases, laccases, and cytochrome P450s, enhancing herbicide 
transformation rates.

Although direct studies on fomesafen are limited, recent experiments 
using Zea mays and Medicago sativa demonstrated that rhizosphere soils 
planted with these species showed significantly higher dehydrogenase 
activity and faster herbicide dissipation—up to 50–60 % reduction in 
soil residues compared to unplanted controls (Tarla et al., 2020). These 
effects are attributed to both microbial recruitment and rhizosphere 
oxygenation. Fig. 6 illustrates the mechanism of plant degradation of 
fomesafen, highlighting several metabolic transformations occurring 
after root uptake. In addition, plant presence improved soil nitrogen 
cycling and organic carbon storage, suggesting co-benefits in soil 
restoration.

Fomesafen, as a diphenyl ether herbicide, shares structural motifs 
with other PPO inhibitors. Therefore, rhizosphere-enhanced degrada
tion observed for similar compounds (e.g., acifluorfen) may be extended 
to fomesafen. However, current evidence remains indirect. Controlled 
experiments with isotope-labeled fomesafen, transcriptomic profiling of 
rhizosphere microbes, and time-resolved metabolite tracing are needed 
to definitively establish plant-assisted degradation pathways. Until then, 
phytoremediation should be regarded as a promising but under- 

Fig. 6. Schematic diagram of phytodegradation of fomesafen.
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validated approach for long-residual herbicide remediation.

4.3.2. Physicochemical remediation
Physicochemical methods are more prominent in the treatment of 

fomesafen due to their high efficiency and applicability. Yang et al. 
(2020) developed a solar-driven Fenton system using Fe3+-loaded bio
char, achieving 94 % fomesafen degradation within 2 h via hydroxyl 
radical (•OH) generation. This method reduced maize kernel residues to 
0.05 mg/kg (below EU MRLs) while increasing crop yield by 22 % 
through iron micronutrient supplementation. Similarly, Wei (2023)
engineered a g-C₃N₄/TiO₂ photocatalyst that degraded 84 % fomesafen 
under visible light, with intermediates (e.g., 2-chloro-4-fluoroacetophe
none) exhibiting negligible ecotoxicity (EC₅₀ > 100 mg/L). Despite their 
high degradation efficiencies, these methods often face limitations 
related to energy input, catalyst recovery, and reaction byproduct 
management.

4.3.3. Co-remediation strategies
Co-remediation strategies combining biological and physicochem

ical mechanisms have shown promise in improving fomesafen degra
dation efficiency and adaptability to complex environments. 
Biochar–microbe systems are among the most studied, where pyrolyzed 
biochar (typically at 400–500 ◦C) provides porous surfaces and electron- 
buffering capacity, facilitating colonization by degraders and enhancing 
biofilm formation. These systems have demonstrated up to 3-fold ac
celeration in fomesafen dissipation compared to single-strain inocula
tion (Zhao et al., 2022). Enzyme-based approaches also contribute to co- 
remediation progress. Recent studies reported that laccase immobilized 
on magnetic graphene oxide retained over 85 % catalytic activity after 
multiple cycles and enhanced fomesafen removal through combined 
adsorption and oxidative degradation (Wong et al., 2021). However, 
these systems are primarily tested under lab-scale, pH-controlled con
ditions, and their scalability remains uncertain.

Overall, co-remediation offers operational flexibility and synergy, 
but future work should focus on optimizing material–microbe compat
ibility, reducing system complexity, and validating long-term ecological 
safety in real-world scenarios.

5. Contamination remediation and risk assessment of 
imazethapyr

5.1. Physicochemical properties and action mechanism

Imazethapyr, a member of the imidazolinone class of herbicides, is a 
systemic and selective herbicide widely employed for pre- and post- 
emergence control of broadleaf weeds and certain grass weeds in legu
minous crops such as soybeans (Glycine max), peas (Pisum sativum), and 
oilseed rape (Brassica napus). Its chemical formula is C₁₅H₁₉N₃O₃, with a 
molecular weight of 289.33 g/mol. The compound exhibits water sol
ubility of 140 mg/L at 25 ◦C and a soil adsorption coefficient (Koc) 
ranging from 100 to 200, indicating its high mobility in low-organic- 
texture soils and susceptibility to leaching into groundwater.

Imazethapyr exerts its function by inhibiting the synthesis of 
branched-chain amino acids (valine, leucine, and isoleucine) in target 
plants through the suppression of acetolactate synthase (ALS) or ace
tohydroxyacid synthase (AHAS). This inhibition disrupts protein syn
thesis and cell division, leading to cessation of plant growth and 
eventual plant death. The selectivity of imazethapyr between crops and 
weeds is attributed to differential metabolism and the presence of 
insensitive ALS isozymes in tolerant species. Despite its relatively low 
application rate (50–100 g/ha), the environmental persistence of ima
zethapyr is concerning, with a half-life ranging from 30 to 120 days in 
most soils and extending up to 150 days under alkaline conditions 
(Laskar et al., 2024). This persistence has led to its classification as a 
persistent organic pollutant in certain agricultural regions.

5.2. Environment behavior and risk assessment

5.2.1. Environmental distribution and transport
The environmental fate of imazethapyr is primarily determined by its 

physicochemical properties, particularly its water solubility and soil 
sorption characteristics. In soils with low organic matter content (<1.5 
%), imazethapyr exhibits high mobility, with leaching potential being 
more pronounced in sandy and loamy soils (Liu et al., 2024). Recent 
studies employing 14C-labeled imazethapyr have shown that approxi
mately 60–70 % of the applied herbicide remains within the top 30 cm of 
soil, while 10–15 % may leach to deeper soil layers within 60 days post- 
application. In saline-alkaline soils, the mobility of imazethapyr is 
significantly enhanced due to reduced adsorption capacity, thereby 
increasing contamination risks in arid and semi-arid regions.

5.2.2. Degradation pathways and metabolites
The environmental degradation of imazethapyr occurs through three 

primary pathways: photolysis, microbial degradation, and chemical 
hydrolysis. Fig. 7 illustrates the complex interplay between microbial 
degradation, photolysis, and hydrolysis pathways in the environmental 
fate of imazethapyr, highlighting the formation of various intermediate 
and terminal metabolites. Photodegradation is most efficient under 
strong UV irradiation (λ > 290 nm), with a half-life of 15–20 days under 
natural sunlight, producing low-toxicity metabolites such as 2-hydroxyi
mazethapyr and imazethapyr acid. However, this process is significantly 
slower (DT50 > 60 days) under shaded or low-light conditions, partic
ularly in no-till farming systems.

Microbial degradation, primarily mediated by soil bacteria such as 
Pseudomonas sp. and Bacillus sp., plays a crucial role in imazethapyr 
breakdown through demethylation and ring cleavage reactions, the 
degradation pathway in soil is depicted in Fig. 8. The major microbial 
metabolites include N-methylimidazole-2-carboxylic acid and 5-ethyl-3- 
pyridinecarboxylic acid, both of which exhibit reduced phytotoxicity 
compared to the parent compound. Chemical hydrolysis of imazethapyr 
is pH-dependent, with degradation rates being 5–7 times faster in acidic 
soils (pH 5.0–6.0) compared to alkaline conditions (pH 7.5–8.5) (Huang 
et al., 2022b).

5.2.3. Toxicology and risk assessment
The ecological impacts of imazethapyr residues extend beyond its 

herbicidal activity, significantly affecting soil microbial communities 
and biochemical processes. Long-term application (>5 years) has been 
shown to reduce soil dehydrogenase activity by 40–60 % and alkaline 
phosphatase activity by 30–50 %, indicating substantial disruption to 
microbial metabolic functions (Vishwakarma et al., 2023). Recent 
metagenomic studies have revealed shifts in microbial community 
structure, with a notable decrease in nitrogen-fixing bacteria (Rhizobium 
sp.) and mycorrhizal fungi populations in imazethapyr-treated soils. 
Furthermore, its environmental behavior—particularly its mobility and 
persistence in soil—can lead to indirect ecological effects under field 
conditions. Residual imazethapyr has been reported to alter root 
exudate profiles, affecting the structure of rhizosphere microbial com
munities. This may result in decreased abundance of plant growth- 
promoting rhizobacteria, with potential consequences for crop perfor
mance (Liu et al., 2020).

In aquatic ecosystems, while the acute toxicity of imazethapyr to 
macrophytes is relatively low (EC₅₀ > 10 mg/L), chronic exposure at 
sub-lethal concentrations (0.1–1.0 mg/L) has been shown to inhibit 
photosynthesis in phytoplankton communities by 20–40 %. Besides, 
chronic low-dose exposure in aquatic environments has been linked to 
shifts in benthic macroinvertebrate diversity, suggesting subtle but 
ecologically relevant food web disruptions. These findings point to a 
need for long-term ecological evaluations that extend beyond organism- 
level acute toxicity assays (Fowlkes et al., 2003).

The human health risks associated with imazethapyr exposure are 
primarily mediated through two pathways: consumption of 
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contaminated drinking water and dietary intake of agricultural prod
ucts. Chronic exposure has been linked to hepatotoxicity and nephro
toxicity in animal models, with observed no-effect levels (NOEL) of 2.5 

mg/kg body weight/day. Recent epidemiological studies suggest po
tential neurotoxic effects, including impaired cognitive function, at 
exposure levels exceeding 0.1 mg/kg/day (Costa et al., 2022). The 

Fig. 7. Microbial degradation, photolysis, and hydrolysis of imazethapyr.

Fig. 8. Metabolic pathway of imazethapyr degradation (Kaur and Kaur, 2022).
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establishment of maximum residue limits (MRLs) for imazethapyr in 
various crops (0.05–0.5 mg/kg) and drinking water (0.1 μg/L) by reg
ulatory agencies reflects these health concerns.

5.3. Progress in pollution abatement technologies

5.3.1. Bioremediation
Bioremediation has emerged as a pivotal strategy for mitigating 

imazethapyr contamination, leveraging microbial degradation and soil 
microbiome modulation. Tang et al. (2024) demonstrated the efficacy of 
Bacillus marcorestinctum YN1, achieving 88 % degradation efficiency of 
imazethapyr within 15 days while significantly enhancing soil microbial 
diversity and functional gene expression related to xenobiotic meta
bolism. This aligns with findings by Cheng et al. (2023), who reported 
that cow dung-corn stover organic fertilizer augmented imazethapyr 
degradation by 30 % through enriching Proteobacteria and Actinobacteria 
populations, which are associated with herbicide metabolism, while 
simultaneously improving soil nutrient dynamics (e.g., organic carbon 
and nitrogen cycling). Further advancements include the isolation of 
Brevibacterium sp. IM9601 by Xu et al. (2024), which achieved 90.08 % 
degradation efficiency under response surface-optimized conditions 
(pH 7.2, 30 ◦C, 1.5 % inoculum). This strain's enzymatic machinery, 
particularly cytochrome P450 monooxygenases, enables rapid cleavage 
of imidazolinone rings, a critical step in detoxification.

5.3.2. Physicochemical remediation
Physicochemical methods offer rapid and scalable solutions for 

imazethapyr removal, particularly in heterogeneous soil and aquatic 
environments. Kaur and Kaur (2020) pioneered the use of low molecular 
weight chitosan-β-cyclodextrin biocomposites (LCD) synthesized via 
ultrasound, achieving 59.42–99.44 % herbicide removal efficiency 
depending on soil texture and organic matter content. Adsorption 
mechanisms involve electrostatic interactions and hydrogen bonding 
between LCD's functional groups and imazethapyr's polar moieties. 
Nanomaterial-based strategies have also gained traction: Ag-C₃N₄ pho
tocatalysts degrade 95 % of imazethapyr within 2 h under visible light 
by generating hydroxyl radicals (•OH), while persulfate activation in 
alkaline soils (pH > 8) achieves 85–90 % efficiency via sulfate radical 
(SO₄•− ) oxidation (Kaur and Kaur, 2024). Membrane technologies 
modified with TiO₂ nanoparticles exhibit >90 % removal in aqueous 
systems through size exclusion and hydrophobic interactions. Despite 
their efficiency, these physicochemical strategies raise concerns 
regarding nanoparticle leaching, high energy consumption, and sec
ondary pollution, particularly in poorly buffered soils or aquatic 
habitats.

5.3.3. Co-remediation strategies
Synergistic approaches combining biological and physicochemical 

methods have shown superior performance in imazethapyr manage
ment. A landmark study by Miao et al. (2025) immobilized Bacillus ce
reus MZ-1 on corn stover biochar, achieving 79.85 % removal efficiency 
while reducing phytotoxicity to oilseed rape (Brassica napus). The bio
char carrier enhanced bacterial viability by 40 % through pH buffering 
and nutrient retention, illustrating the dual role of adsorption and 
biodegradation. Similarly, β-cyclodextrin-chitosan composites coupled 
with Pseudomonas sp. accelerated degradation kinetics by 2.5-fold 
compared to standalone treatments, attributed to microbial utilization 
of chitosan-derived oligosaccharides as growth substrates (Kaur and 
Kaur, 2020).

6. Comparative analysis of four herbicides behavior and 
remediation strategies

6.1. Environmental modulators of herbicide fate and remediation 
efficiency

The fate and remediation performance of long-residual herbicides 
are influenced not only by their molecular structures but also by intri
cate interactions with environmental variables, such as soil texture, 
organic matter content, pH, redox potential, and climatic conditions. For 
example, fine-textured soils with high clay and organic carbon content 
often enhance herbicide sorption, thereby reducing bioavailability while 
simultaneously limiting mobility and microbial access. In contrast, 
sandy or low-organic soils may increase leaching risks and reduce 
retention time for degradation. In addition to abiotic variables, plant 
species identity also modulates rhizosphere degradation potential. 
Leguminous crops such as Medicago sativa can enhance microbial 
recruitment and enzymatic activity through root-secreted flavonoids 
and organic acids, particularly enriching degraders like Pseudomonas 
and Arthrobacter (Jiang et al., 2023). The success of co-remediation 
approaches is therefore highly context-dependent, necessitating site- 
specific evaluations.

In addition to modulating microbial enzyme activity, fertilization 
practices may facilitate complex interactions within the rhizosphere, 
especially in the context of nutrient competition. High levels of nitrogen 
or phosphorus inputs can alter microbial community dynamics by pro
moting fast-growing copiotrophic taxa while inhibiting specialized de
graders, thereby inducing antagonistic effects that diminish 
bioremediation efficiency (Geisseler and Scow, 2014). Conversely, 
moderate nutrient availability may foster synergistic interactions by 
supporting both plant growth and microbial metabolism, thereby 
enhancing root exudation and microbial enzyme induction. These 
nutrient-mediated interactions often vary across soil types and climatic 
regimes, influencing herbicide persistence and mobility. For instance, in 
coarse-textured soils or under high rainfall, nutrient leaching may 
indirectly suppress microbial activity and herbicide degradation (Huang 
et al., 2014). Therefore, comprehending nutrient–microbe–plant feed
backs under diverse fertilization scenarios is essential for refining 
rhizosphere-driven remediation strategies.

These plant-soil interactions also modulate herbicide behavior in 
distinct compound-specific ways across soil-climatic gradients. Atrazine, 
due to its moderate sorption and chemical persistence, accumulates 
more readily in low-organic, high-rainfall soils, where microbial activity 
may be delayed due to nutrient saturation or altered root exudation 
profiles. Nicosulfuron is more readily degraded, yet its transformation is 
sensitive to soil pH and microbiome composition, which can be desta
bilized in intensively farmed systems. Fomesafen's strong affinity for 
organic matter makes it more stable in clay-rich soils, yet its phytotox
icity may increase in root zones with reduced aeration. Imazethapyr 
exhibits high mobility in alkaline, sandy soils with low cation exchange 
capacity, making its leaching more likely under irrigation or rainfall 
events, especially when root nodulation is impaired.

Furthermore, the intensity of agricultural practices, including tillage, 
cropping systems, and fertilizer application, can indirectly affect her
bicide persistence and toxicity by modifying soil structure, rhizodepo
sition patterns, and microbial community resilience. These effects are 
additionally modulated by climatic factors; for instance, atrazine 
photolysis predominates in low-latitude regions, whereas microbial 
degradation is significantly reduced under temperate conditions, 
thereby enhancing carry-over effects and toxicity to non-target organ
isms. Consequently, a systems-level understanding of how biotic and 
abiotic stressors converge on herbicide fate is critical for achieving 
effective field remediation (Kaur and Kaur, 2022).

It is noticed that a variety of tools are available for predicting the 
environmental transport and impacts of herbicides. Recent advances in 
predictive modeling, such as machine learning (e.g., Random Forests, 
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Generalized Boosted Regression) and chemometric approaches (e.g., 
Partial Least Squares regression), offer promising tools to integrate these 
multifactorial interactions for real-time of herbicide transport and 
persistence. For instance, binomial-gamma hurdle models and LASSO 
regression models have demonstrated high accuracy in detecting atra
zine concentrations in water by taking into account soil properties and 
spatial autocorrelation (Beaulieu et al., 2020). Similarly, ensemble 
methods like Boosted Regression Trees can handle non-linear relation
ships between atrazine degradation rates and edaphic-climatic vari
ables, enabling dynamic risk assessments across heterogeneous 
landscapes. Future frameworks could leverage such tools to optimize 
remediation strategies by predicting metabolite mobility and long-term 
residue accumulation under varying agricultural practices.

6.2. Cross-herbicide comparison of key properties and risks

The four herbicides reviewed—atrazine, nicosulfuron, fomesafen, 
and imazethapyr—share long-residual characteristics but differ signifi
cantly in environmental behavior, toxicity, and treatment responsive
ness. As shown in Table 4, they exhibit moderate-to-high persistence 
(DT₅₀ = 35–150 days), but diverge in leaching potential, metabolite 
types and their risk profiles, and sorption behavior. Atrazine and ima
zethapyr are relatively mobile in aqueous environments, while fome
safen tends to sorb tightly to soil particles, reducing leaching but 
prolonging residue retention. These comparative traits inform 
compound-specific remediation approaches and highlight the need for 
metabolite-focused toxicity monitoring and regulatory evaluation across 
diverse environmental settings.

In terms of ecotoxicity, atrazine poses considerable risks to aquatic 
organisms, while nicosulfuron and imazethapyr primarily affect rhizo
sphere microbes and sensitive crops. Increasing evidence shows that 
certain metabolites of long-residual herbicides can exhibit higher 
toxicity, mobility, and persistence than their parent compounds. For 
instance, DACT (from atrazine) and ADMP (from nicosulfuron) are more 
water-soluble, increasing the risk of groundwater leaching and long- 
distance transport. Hydroxyatrazine, though less acutely toxic, demon
strates high persistence in soil–water matrices. These metabolites may 
also bioaccumulate in aquatic food webs, particularly under continuous 
herbicide application or in irrigation-intensive regions. However, cur
rent data on bioaccumulation factors, biomagnification, and chronic 
endocrine effects remain sparse.

Beyond environmental persistence, metabolites of herbicides also 
pose potential risks through bioaccumulation and trophic transfer in 
food chains. Due to their increased water solubility and membrane 
permeability, metabolites such as DACT and ADMP can be absorbed by 
aquatic invertebrates, benthic organisms, and even crop root systems, 
entering food webs through irrigation or sediment contact.

However, systematic studies on bioaccumulation factors (BAFs), 
bioconcentration factors (BCFs), and biomagnification across trophic 

levels remain scarce. Most available data focus on acute toxicity end
points, while chronic low-dose exposure via drinking water or contam
inated produce—especially in regions with intensive herbicide 
use—remains under-investigated. These data gaps hinder the imple
mentation of science-based regulatory thresholds. To address this, multi- 
trophic bioaccumulation models, coupled with targeted metabolite 
monitoring in agricultural products, are urgently needed. High- 
resolution tools such as metabolomics and stable isotope tracing may 
support better risk evaluation of herbicide-derived residues in food 
systems. Furthermore, Regulatory frameworks (e.g., EPA, EFSA) often 
lack compound-specific guidance values for metabolites, creating blind 
spots in exposure monitoring. Future risk assessments must address this 
gap through dedicated studies and international harmonization of 
metabolite monitoring protocols.

6.3. Strengths and limitations of remediation technologies

Different remediation strategies offer distinct advantages and con
straints, shaped by environmental conditions and compound properties. 
Bioremediation is low-cost, sustainable, and suitable for in situ appli
cations in biologically active soils. It excels in rhizosphere-rich systems, 
particularly under neutral to slightly alkaline pH and moderate tem
perature conditions (25–35 ◦C), which support optimal microbial 
metabolism and enzyme activity. However, it performs poorly in 
nutrient-depleted, saline, or acidic soils, where microbial viability and 
catabolic gene expression are often suppressed. Low redox potential (e. 
g., waterlogged fields) may also limit oxygen-dependent degradation 
pathways.

Physicochemical techniques—including photocatalysis, persulfate 
oxidation, and zero-valent iron activation—enable rapid and high- 
efficiency degradation, especially under well-aerated conditions with 
sufficient redox potential, which favor oxidative mechanisms. Advanced 
oxidation processes (AOPs) perform best in environments with neutral 
to slightly acidic pH, which enhances radical formation and catalyst 
stability (Héquet et al., 2001). Photocatalysis further requires adequate 
light intensity and temperature to activate semiconductors like TiO₂. 
Nonetheless, such methods may yield toxic byproducts under certain soil 
chemistries, necessitating careful environmental matching (Wei, 2023).

Co-remediation systems, such as biochar-immobilized bacteria, 
enzyme–nanoparticle hybrids, or plant-assisted consortia, integrate the 
strengths of both biological and physicochemical mechanisms. These 
systems are particularly attractive in heterogeneous field conditions, 
where environmental parameters may fluctuate. For instance, enzyme- 
nano hybrids can maintain catalytic activity across a wider pH and 
temperature range than free enzymes, while biochar matrices buffer soil 
pH and enhance microbial colonization in otherwise suboptimal soil. 
Their multifunctional nature allows for greater flexibility, but robust 
site-specific assessments are still required for performance prediction.

Despite the conceptual appeal of co-remediation strategies—which 

Table 4 
Comparative overview of four long-residual herbicides.

Herbicide DT50 

(soil)
Koc (mL/ 
g)

Leaching 
risk

Ecotoxicity profile Key metabolites & risk Effective remediation 
strategies

Bibliography

Atrazine 35–50 d ~100 High High (RQs > 1 in aquatic species; 
chronic effects)

DEA, DIA, DACT, HA 
(toxic, persistent)

Bioremediation, biochar 
adsorption

(Ralston-Hooper 
et al., 2009)

Nicosulfuron 15–200 
d

<20 High Low-moderate (algae, aquatic 
invertebrates, soil microbes, sensitive 
crops)

ASDM, ADMP (higher, 
more mobile, cytotoxic)

Biochar-assisted 
biodegradation

(Zhong et al., 
2023)

Fomesafen 60–120 
d

60–1467 Low- 
medium

Moderate (soil enzymes affected, 
aquatic low risk)

FHBA (low risk, persistent) Photocatalysis, 
phytoremediation

(Wang et al., 2025)

Imazethapyr 30–120 
d

~150 Medium Medium (soil microbial shifts, aquatic 
algae)

OH-imazethapyr 
(persistent)

Bioremediation, co- 
remediation

(Liu et al., 2024)

Note: Toxicity ranking based on current studies; regulatory thresholds may not fully reflect metabolite-specific risks; HA is hydroxyatrazine, DACT is diamino
chlorotriazine, ASDM is 2-aminosulfonyl-N,N-dimethylnicotinamide, ADMP is 2-amino-4,6-dimethoxypyrimidine, FHBA is 2-(2-fluoro-4-hydroxyphenyl)butanoic 
acid.
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integrate microbial activity with abiotic techniques such as photo
catalysis, adsorption, or oxidation—their functional interactions under 
field conditions remain insufficiently characterized. Evidence suggests 
that synergistic effects can emerge when abiotic processes increase 
pollutant bioavailability (e.g., via desorption or oxidative cleavage), 
thereby enhancing microbial access and enzymatic degradation. For 
instance, biochar amendment not only provides sorption sites but also 
buffers pH and supplies microbial habitats, boosting bacterial survival 
and herbicide breakdown.

However, antagonistic interactions are also possible. Some oxidants 
(e.g., sulfate radicals from persulfate) may damage cell membranes or 
denature microbial enzymes, reducing biodegradation capacity. Simi
larly, metal leaching from nanomaterials can alter microbial diversity or 
suppress sensitive strains. In saline, nutrient-poor, or extreme pH envi
ronments, abiotic agents may exacerbate stress, further limiting bio
logical activity. Therefore, co-remediation system design must consider 
material compatibility, application timing, and soil biological status, 
ideally validated through field-scale pilot studies. Future research 
should incorporate multi-factorial assessments of microbial viability, 
pollutant transformation pathways, and long-term soil functional re
covery in co-treatment contexts.

6.4. Agrochemical co-exposure: an overlooked constraint in field 
remediation

The stability and effectiveness of herbicide remediation systems in 
real-world agricultural soils are increasingly influenced by the simul
taneous presence of other agrochemicals, such as fertilizers (e.g., urea, 
phosphate) and residual pesticides. These co-applied inputs can interact 
at multiple levels—within the spray tank, on plant surfaces, and most 
critically, in the soil—leading to physicochemical interference, shifts in 
microbial community composition, and modulation of degradative 
pathways. Such interactions may yield additive, synergistic, or more 
commonly, antagonistic outcomes, posing significant challenges to the 
predictability and robustness of biotic and abiotic remediation strate
gies. Among these, nitrogen and phosphorus fertilizers have been re
ported to suppress key microbial degradation pathways by altering 
enzyme synthesis or diverting microbial metabolism away from xeno
biotic transformation toward resource acquisition. In contrast, certain 
organic amendments such as composted manure or green manure have 
demonstrated the ability to enhance microbial resilience and functional 
diversity, potentially accelerating herbicide breakdown indirectly. 
Likewise, co-occurrence of multiple pesticide residues—either from 
prior applications or through runoff—may induce competitive substrate 
inhibition, increase oxidative stress, or inhibit horizontal gene transfer, 
collectively reducing the functional capacity of degradation consortia. 
Notably, herbicide–herbicide antagonism has been more frequently 
observed than synergism, emphasizing the compound-specific and 
highly context-dependent nature of these interactions (Barbieri et al., 
2023).

To improve field applicability and ensure ecological safety, future 
research should adopt experimental frameworks that simulate realistic 
multi-chemical exposure scenarios. This includes tracking dynamic in
teractions across different soil types, climatic regimes, and cropping 
systems, while using integrated endpoints such as enzyme activity, mi
crobial functional genes, and compound-specific degradation rates. 
Regulatory assessments should also move beyond single-compound 
ecotoxicology to embrace mixture-based evaluations, in line with the 
environmental complexity encountered in actual remediation sites.

6.5. Evidence quality and critical appraisal in comparative analysis

One critical limitation in drawing cross-study comparisons lies in the 
uneven quality of the existing evidence. In this review, we adopted a 
simplified evidence appraisal approach to reflect differences in study 
design, scale, and methodological transparency. Studies conducted 

under real-world conditions—such as multi-site field trials, long-term 
monitoring programs, and meta-analyses—were treated as high- 
confidence sources. In contrast, conclusions based on laboratory simu
lations, un-replicated experiments, or insufficiently described methods 
were interpreted more cautiously. This differentiation allowed for a 
more nuanced comparative synthesis in Sections 6.1–6.4, where trends 
were highlighted only when supported by consistent, well-documented 
evidence.

Moreover, methodological heterogeneity across the literature, 
including differences in degradation metrics, soil types, microbial 
inoculum formulations, and exposure durations, further complicates 
robust cross-study comparisons. The adoption of standardized reporting 
practices and clearer distinctions between experimental reliability levels 
would substantially enhance future reviews and evidence integration. 
Strengthening these aspects is essential not only for improved scientific 
synthesis but also for guiding evidence-based recommendations in pol
icy and land management.

In summary, while a substantial body of research has advanced our 
understanding of long-residual herbicide behavior and remediation, the 
heterogeneity in study quality and methodological rigor presents a key 
limitation to drawing universally applicable conclusions. Recognizing 
and accounting for this variability is crucial to avoid overgeneralization 
and to support more targeted, evidence-informed remediation strate
gies. This insight also underscores the urgent need to move beyond 
laboratory-based efficacy reports toward addressing the practical bar
riers that constrain large-scale implementation. Accordingly, the 
following chapter shifts focus to these real-world challenges, empha
sizing economic feasibility, technological readiness, and the need for 
more integrative, resilience-based frameworks.

7. Challenges, systemic risks, and future directions in herbicide 
remediation

Despite the progress in understanding the environmental fate and 
remediation of long-residual herbicides, significant challenges remain in 
translating laboratory findings into field-scale applications. Complex 
soil heterogeneity, variable climatic conditions, and the co-occurrence 
of multiple agrochemicals often compromise the consistency and effec
tiveness of current remediation strategies. Moreover, ecological and 
human health risk assessments are still limited by narrow scopes and 
outdated models that fail to capture chronic, system-level impacts.

This chapter critically examines the major technical and practical 
barriers to large-scale remediation (Section 7.1), and evaluates 
emerging tools—economic and technological—that can enhance oper
ational feasibility and monitoring efficiency (Section 7.2). We further 
argue for a paradigm shift toward resilience-based, integrated risk 
assessment frameworks that account for microbial dynamics and envi
ronmental complexity (Section 7.3). The potential and constraints of 
genetically engineered microbial systems are also explored as promising 
yet debated innovations (Section 7.4). In addition, we highlight how 
fragmented analyses and the lack of unified evaluation frameworks 
hinder knowledge integration and comparative assessment in herbicide 
research (Section 7.5). Finally, the chapter concludes by outlining spe
cific research priorities that will be essential for developing robust, 
scalable, and sustainable remediation strategies moving forward 
(Section 7.6).

7.1. Current barriers to field-scale application

While extensive progress has been made in elucidating the envi
ronmental behavior and remediation strategies of four long-residual 
herbicides—atrazine, nicosulfuron, fomesafen, and imazetha
pyr—several critical limitations continue to impede their effective 
management at the field scale. A large proportion of current research 
remains confined to laboratory conditions, where environmental vari
ables such as soil heterogeneity, fluctuating moisture regimes, and 
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microbial community dynamics are either controlled or oversimplified. 
These studies often lack sufficient replication, error analysis, or stan
dardized performance metrics, resulting in inconsistent data and 
reduced comparability across experiments.

Moreover, the diversity of soil types, initial contaminant concen
trations, and experimental protocols across studies hampers the identi
fication of robust and transferable remediation solutions. Cross-study 
comparisons are further complicated by the limited use of formal evi
dence evaluation frameworks (e.g., GRADE), and systematic assess
ments across different herbicides or treatment conditions are still rare. 
This has led to a fragmented evidence base with poor external validity 
and limited guidance for field-scale implementation.

An additional constraint lies in the narrow scope of many studies, 
which primarily focus on the parent herbicides while neglecting their 
transformation products. Notably, only a small fraction—less than 15 
%—of the reviewed literature examines metabolite behavior under field 
conditions. Yet, metabolites such as diaminochlorotriazine (from atra
zine) and ADMP (from nicosulfuron) are known to exhibit greater 
persistence and higher groundwater mobility than their parent com
pounds. Despite their toxicological relevance, ecotoxicity data for these 
metabolites remain scarce, limiting the reliability of current ecological 
risk assessments and potentially underestimating long-term risks to non- 
target organisms.

To bridge these gaps, future work must prioritize the inclusion of 
metabolite monitoring and toxicity profiling within field trials. Estab
lishing a more comparative, evidence-based, and application-driven 
research paradigm will be critical for developing environmentally sus
tainable and scalable remediation strategies.

7.2. Enhancing practical feasibility through economic assessment and 
monitoring tools

While numerous biotic and abiotic remediation strategies have 
demonstrated promising results at laboratory or pilot scale, their field 
applicability remains constrained by practical considerations such as 
cost-effectiveness, process monitoring, and mechanistic resolution. Most 
current studies focus on removal efficiency under controlled conditions, 
often overlooking the economic and operational feasibility of scaling 
these interventions in diverse agricultural settings.

Bioremediation technologies (e.g., microbial community applica
tion, bioaugmentation) frequently exhibit a cost-effectiveness that is 
largely attributable to their site-specific deployment. The avoidance of 
excavation and energy-intensive treatment processes results in cost 
savings, while concurrently enhancing biodiversity and reducing carbon 
emissions. However, it should be noted that input costs encompass a 
variety of expenses, including the preparation of microbial cultures, the 
potential addition of nutrients, and the ongoing monitoring of the pro
cess. Furthermore, their remediation performance may be diminished in 
nutrient-poor soils, which are characterized by a scarcity of essential 
nutrients. In contrast, physicochemical methods (e.g., advanced oxida
tion processes, zero-valent iron, photocatalysis) typically achieve high 
removal efficiencies, but tend to be more energy intensive. These 
methods may require specialized equipment and a continuous supply of 
reagents. The cost-benefit ratio is contingent upon the scale of the 
treatment. On-site applications generally entail higher capital expendi
ture and operating expenditure. Key constraints include the durability of 
the catalyst, energy costs, and the control of toxic by-products. 
Conversely, co-remediation remediation systems (e.g., biochar- 
microbial cascade, enzyme-nanoparticle hybridization technologies) 
are classified as mid-cost. While the integration of multiple technologies 
may result in increased initial capital expenditures, it can also lead to 
substantial improvements in the stability of field applications and the 
breadth of their applicability. For instance, the production of biochar 
can incur costs ranging from approximately $51 to $386/ton (Fang 
et al., 2025). The primary expenses associated with such systems 
encompass the procurement of feedstock, pyrolytic carbonization, 

biochar functionalization, microbial immobilization, and long-term 
performance monitoring.

Cost-benefit analyses are rarely integrated into remediation 
research, yet are essential for determining the viability of technologies 
in resource-limited or large-scale contexts. Factors such as input cost (e. 
g., amendments, microbial consortia), labor, infrastructure, and post- 
remediation land usability should be systematically assessed and 
compared across strategies. Without such evaluation, even highly effi
cient methods may remain academically promising but practically 
unadoptable.

Advanced characterization tools—such as metagenomics, stable 
isotope probing (SIP), and high-resolution mass spectrometry (HRMS)— 
can deepen our understanding of microbial community shifts, metabolic 
pathways, and degradation intermediates. For example, metagenomic 
sequencing allows for the identification of degradative gene clusters and 
keystone taxa involved in herbicide breakdown, even under complex 
environmental backgrounds. SIP enables the direct tracking of labeled 
herbicide-derived carbon or nitrogen through microbial food webs, 
revealing active degraders in situ (Malla et al., 2022). HRMS, when 
combined with non-target screening, can uncover previously unchar
acterized transformation products and metabolic bottlenecks. These 
technologies not only support mechanistic understanding, but also 
enhance process monitoring and optimization—especially when 
embedded into adaptive remediation frameworks. However, their 
application in herbicide-contaminated agricultural systems remains 
sporadic, with limited integration into field-scale monitoring or 
feedback-controlled management. Future efforts should focus on 
combining these tools with real-time environmental data (e.g., soil 
redox, enzyme activity, metabolite flux) to develop dynamic remedia
tion protocols and early-warning systems for functional failure or 
rebound contamination.

To ensure field reliability, real-time and portable monitoring tools 
such as biosensors, smartphone-based detectors, and wireless soil probes 
could be integrated to track remediation progress and detect residual 
contaminants and microbial activity. Such innovations not only enhance 
process transparency but also support adaptive management, especially 
under fluctuating environmental conditions. Moving forward, coupling 
these advanced analytical and monitoring platforms with economic 
evaluation will be crucial for translating laboratory findings into prac
tical, scalable, and regulatory-compliant remediation systems.

7.3. Toward resilient and integrated risk assessment frameworks

As agricultural herbicide application is often seasonal and recurrent, 
effective risk assessment frameworks must extend beyond short-term 
exposure snapshots to account for the resilience and stability of micro
bial and ecological systems involved in natural attenuation. Prolonged 
or repeated herbicide inputs can disrupt microbial community compo
sition, reduce functional redundancy, and impair long-term degradation 
capacity. These ecological shifts, though subtle, can lead to cumulative 
ecosystem dysfunction—particularly in soils with low buffering capacity 
or under intensive monoculture systems.

In this context, ecological resilience—defined as a system's ability to 
resist, adapt to, or recover from chemical stress—should be considered a 
core component of bioremediation performance and risk modeling. 
Incorporating resilience-related metrics such as microbial diversity, 
keystone degrader persistence, or enzymatic recovery trajectories can 
enhance the predictive power and long-term relevance of risk 
assessments.

Moreover, conventional risk assessments often focus narrowly on 
single-chemical toxicity or endpoint concentrations, which may not 
capture the full spectrum of ecological and human health risks associ
ated with long-residual herbicides. Yet, studies show that herbicide 
residues can persist across seasons, influencing microbial succession and 
nutrient cycling. Additionally, the toxicological relevance of herbicide 
metabolites—such as DACT and aminomethylphosphonic acid 
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(AMPA)—is receiving increased attention due to their greater persis
tence, mobility, and in some cases, higher toxicity compared to parent 
compounds. However, systematic studies on their bioaccumulation, 
chronic toxicity, and trophic transfer remain scarce. Most available data 
focus on acute endpoints, while long-term low-dose exposures via 
drinking water or food crops are poorly characterized. Regulatory 
frameworks, including those of the EPA and EFSA, often lack compound- 
specific guideline values for key metabolites, leaving important blind 
spots in environmental and food safety monitoring.

To address these gaps, future risk assessments must integrate 
metabolite-specific monitoring, multi-trophic bioaccumulation 
modeling, and high-resolution analytical tools—such as metabolomics, 
isotope tracing, and ecological network analysis—to improve mecha
nistic understanding and predictive capability. These components 
should not operate in isolation, but rather be incorporated into a unified 
systems-based risk assessment framework that captures chronic expo
sure patterns, mixture effects, non-target responses, and site-specific 
ecological thresholds. Only through such integrative approaches can 
we develop resilient and scalable strategies to manage the long-term 
ecological and health risks posed by herbicide residues and their 
transformation products.

7.4. Technical and ecological challenges in GEMs deployment under field 
conditions

The application of genetically engineered microorganisms (GEMs) 
and synthetic enzymes represents a promising direction for enhancing 
the degradation efficiency of persistent herbicides, especially those with 
recalcitrant chemical structures. Advances in synthetic biology and 
omics technologies have enabled the tailoring of microbial strains to 
express specific degradative pathways or enhance co-metabolic capac
ity, targeting herbicides such as atrazine, sulfonylureas, and imidazoli
nones (He et al., 2022).

Nevertheless, the field application of GEMs faces significant tech
nical, ecological, and regulatory hurdles. Concerns include the ecolog
ical fitness of engineered strains in open environments, horizontal gene 
transfer, and unintended impacts on native microbial communities and 
ecosystem functions. Additionally, stringent biosafety regulations in 
many countries limit the use of GEMs outside contained systems. Similar 
concerns extend to engineered enzymes, which may require stabilization 
strategies (e.g., immobilization or encapsulation) to function effectively 
under variable field conditions.

To balance innovation with safety, future research should explore 
hybrid approaches, such as bioaugmentation with semi-engineered 
consortia, or gene-editing of native degraders to minimize ecological 
disruption. Integrated risk-benefit assessments and environmental fate 
modeling of GEMs are also essential before field-level adoption. While 
the technological potential is undeniable, widespread use of engineered 
solutions in herbicide remediation will depend on both scientific prog
ress and regulatory evolution.

7.5. Fragmented analysis in herbicide research and lack of unified 
frameworks

A major limitation in current herbicide remediation research lies in 
the fragmented, compound-specific approach. Most studies isolate each 
herbicide as an independent entity, overlooking shared environmental 
behaviors, toxicity profiles, and treatment mechanisms. This prevents 
the development of generalizable remediation frameworks applicable to 
multi-contaminant systems, which are common in modern agriculture.

Although comparative traits exist—such as metabolite persistence or 
microbial responsiveness—they are rarely leveraged in remediation 
design. To improve knowledge transfer and practical deployment, future 
research should adopt cross-compound experimental designs and uni
fied evaluation matrices.

7.6. Research priorities

Based on the limitations discussed above, we propose the following 
prioritized directions to guide future work: 

(1) Strengthen field-based validation of remediation strategies, with 
systematic consideration of site heterogeneity, cost-effectiveness, 
and operational scalability under real-world conditions.

(2) Design and optimize adaptable co-remediation systems that 
address co-contamination scenarios and demonstrate stability 
across varying soil types and climates.

(3) Develop integrative ecological and health risk assessment 
frameworks that link herbicide fate, microbial shifts, and 
biomarker-based responses across exposure levels.

(4) Establish standardized protocols and evidence grading systems to 
enhance the comparability, reproducibility, and synthesis of 
herbicide remediation studies.

(5) Extend cross-compound analytical frameworks to enable trans
ferable remediation designs based on shared properties, trans
formation pathways, and risk profiles.

These priorities highlight the urgent need for interdisciplinary, 
implementation-oriented, and data-harmonized research to ensure 
herbicide pollution management aligns with long-term environmental 
and agricultural sustainability goals.

8. Conclusion

Atrazine, nicosulfuron, fomesafen, and imazethapyr are four 
frequently utilized long-residual herbicides in agricultural production, 
which play a crucial role in enhancing crop yields and reducing labor 
costs. However, their persistence and potential ecological risks in soils 
and water bodies present significant challenges to environmental quality 
and human health. Although progress has been made in current tech
nologies for managing their pollution, substantial research gaps remain 
in the optimization of combined remediation strategies, metabolite 
toxicity assessments, and long-term risk evaluations. In the future, it will 
be essential to refine the pollution abatement technology system and 
establish a comprehensive, scientific risk assessment framework through 
multidisciplinary collaboration, thereby achieving efficient manage
ment of long-residual herbicides and promoting the sustainable devel
opment of agroecosystems.
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