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Abstract 

Agricultural herbicide contamination in soil poses a significant challenge to global food security and ecosystem health. 
However, conventional remediation strategies often neglect the co-control of parent compounds and their more mobile 
transformation products, thereby increasing the risks of crop uptake and incomplete detoxification. Here, we have 
developed a novel nitrogen-doped biochar-modified zero-valent iron nanocomposite (NC-ZVI) that enables multi-
interface regulation of pollutants in soil–plant systems, simultaneously promoting soil remediation and safeguarding 
crop health. Engineering of atomic Fe–C and Fe–N coordination along with N-doped active sites modulated the elec-
tronic structure of ZVI, enhancing the surface reactivity and electron capability in NC-ZVI. This enabled rapid removal 
of approximately 90% of acetochlor in soil within 7 d by reinforced interfacial catalytic degradation. NC-ZVI also pro-
moted the release of iron ions, driving the formation of iron plaques on maize root surfaces. These plaques established 
a dynamic protective barrier that reduced the total concentrations of acetochlor and its degradation products in maize 
by 81.2% while maintaining iron nutrient uptake. The multi-interface interaction strategy not only restored maize pro-
ductivity, increasing its aboveground biomass by 208.4%, but also preserved soil microbial diversity, all at a cost-competi-
tive level. Overall, this work advances the understanding of the interactions between biochar-based materials and pollut-
ants in soil–plant systems, providing a powerful tool to tackle soil pollution and enhance food safety.

Highlights 

•	 NC-ZVI enables multi-interface regulation for acetochlor remediation in soil–plant systems.
•	 Approximately 90% acetochlor removal in soil was achieved via enhanced catalytic degradation.
•	 Root iron plaque reduces maize uptake of acetochlor and its byproducts by 81.2%.
•	 The strategy promotes maize growth and preserves soil microbial diversity.
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Graphical Abstract

1  Introduction
The escalating global population and rising food 
demand pose severe challenges to agricultural systems 
(Herrick et al. 2024). These challenges are exacerbated 
by widespread soil contamination caused by agricul-
tural chemicals, including pesticides and antibiotics, 
among others (Tang et  al. 2021; Li et  al. 2025; Zhao 
et al. 2025). According to the United Nations Food and 
Agriculture Organization (FAO), pesticide pollution 
results in annual economic losses exceeding billions 
of dollars and reduces global crop yields by millions of 
metric tons (Food and Agriculture Organization of the 
United Nations. 2015; Leng et al. 2023). Among them, 
the chloroacetamide herbicide acetochlor warrants par-
ticular attention due to its widespread use, with annual 
application exceeding 10,000 tons in China alone, and 
its frequent detection in soil and water systems, driven 
by its high environmental persistence. More critically, 
acetochlor is classified as a B-2 carcinogen by the U.S. 
Environmental Protection Agency and exhibits pro-
nounced phytotoxicity to subsequent crops, represent-
ing a dual threat to ecosystem stability and food safety 
(Li et  al. 2018; Guan et  al. 2020; Hoang et  al. 2021). 
Therefore, it is urgent to develop efficient in situ reme-
diation technologies for such contaminants.

Zero-valent iron (ZVI) exhibits great potential in 
environmental remediation due to its strong reduction 

activity and catalytic capacity (Liu et  al. 2021, 2022; Xu 
et  al. 2024). However, its intrinsic limitations, including 
rapid surface oxidative passivation, particle aggregation, 
and inefficient electron transfer to organic pollutants 
adsorbed by soil, severely limit its agricultural appli-
cation (Li et  al. 2021b; Qu et  al. 2023; Xie et  al. 2024). 
More importantly, agricultural remediation scenarios 
impose stringent time constraints. The brief intervals 
between crop rotations necessitate that remediation 
technologies simultaneously achieve rapid pollutant deg-
radation and crop protection within extremely limited 
timeframes (Zeller et al. 2021; Xie et al. 2023), placing far 
greater demands on the efficiency of ZVI-based materi-
als compared to industrial site remediation. Furthermore, 
ZVI-based technologies often fail to achieve complete 
mineralization of organic pollutants, leading to the gen-
eration of numerous water-soluble degradation products. 
These intermediates are more mobile in the soil matrix 
and can be readily absorbed by plants, potentially caus-
ing secondary contamination within the soil–plant sys-
tem (Huang et al. 2022; Gong et al. 2025; Han et al. 2025). 
Hence, achieving efficient co-management of parent pol-
lutants and their transformation products under real-
world agricultural constraints remains a core challenge 
that must be addressed before ZVI technology can be 
successfully deployed in the field.
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Recent advances in non-metal doping (e.g., S, P, N) 
have established effective pathways to enhance ZVI reac-
tivity by mitigating passivation and facilitating electron 
transfer (Gong et al. 2021; Chen et al. 2024; Wang et al. 
2025). Unlike sulfidation, which primarily improves elec-
tron transfer, or phosphatization, which enhances surface 
stability, concurrent N and C co-doping (N/C-doping) 
offers a more integrated approach by reconstructing the 
atomic coordination environment of iron. Within the 
resulting Fe–N–C structures, Fe–N sites optimize the 
coordination environment around iron atoms, thereby 
lowering the energy barrier for contaminant reduction 
and promoting sustained Fe(II) release (Gong et al. 2021; 
Li et  al. 2023). This structure-specific design not only 
enhances interfacial electron transfer for catalytic degra-
dation of pollutants but also strengthens the hydropho-
bicity required for efficient pollutant capture from soil 
matrices, offering a structurally distinct and mechanisti-
cally superior alternative to existing modified ZVI mate-
rials. However, research on applying such materials in 
soil remediation remains relatively limited. Furthermore, 
emerging evidence indicates that under abiotic stress 
conditions, plant roots can secrete acidic substances that 
synergistically regulate rhizosphere iron dynamics with 
iron oxides (e.g., α-Fe2O3), promoting the formation of 
protective iron plaque (Zheng et al. 2024). This phenom-
enon, which has been extensively documented in wetland 
plants through radial oxygen loss (Wang et al. 2021a; Wei 
et  al. 2022b; Meng et  al. 2024), can now be effectively 
induced in upland by leveraging highly reactive iron-
based material systems that regulate Fe(II)/Fe(III) cycling 
and promote iron dissolution. This novel strategy could 
simultaneously reduce pollutant concentration and bio-
availability while maintaining essential iron nutrition for 
crops. However, the activity of ZVI, particularly multi-
functional non-metal atom-doped ZVI materials, and 
their efficacy in inhibiting crop uptake of contaminants 
and their transformation products by promoting iron 
plaque formation within agricultural systems, remain 
unexplored.

Based on these insights, we have developed a novel 
N/C-doped ZVI nanomaterial (NC-ZVI) to establish a 
“soil catalytic degradation-root iron plaque barrier” strat-
egy for contaminated soil–plant systems (Fig. 1a), aiming 
to simultaneously achieve efficient soil remediation and 
ensure crop health. Given that maize (Zea mays L.), a 
dryland crop, is of great significance in global agriculture 
and has widespread exposure to acetochlor contamina-
tion, it was selected as the model crop for this work (Yan 
et al. 2023). The specific objectives were to (1) synthesize 
and characterize the NC-ZVI and evaluate its efficacy 
in enhancing acetochlor degradation and reducing the 
accumulation of its parent molecules and degradation 

products in maize; (2) elucidate the dual mechanisms of 
catalytic degradation in soil and iron plaque-mediated 
barrier formation on root surfaces in contaminated soil–
plant systems; (3) assess the practical potential of NC-
ZVI by investigating its ecological compatibility with 
soil microbiota and performing a preliminary techno-
economic analysis to gauge its field application feasibility. 
These findings transcend conventional nano-remediation 
by integrating material innovation with soil–plant feed-
back, thereby advancing sustainable development strat-
egies for global eco-environmental protection and safe 
crop production.

2 � Materials and methods
2.1 � Sample preparation
Technical-grade acetochlor (99.0% purity) and its primary 
degradation products (acetochlor OXA, acetochlor ESA, 
acetochlor 2-OH, (2-chloro-N-(2-ethyl-6-methyl phenyl) 
acetamide (CMEPA), 2-ethyl-6-methylaniline (EMA), 
and 2-(1-hydroxyethyl)-6-methylaniline (HEMA)) were 
obtained from Tianjin Alta Technology Co., Ltd. (China). 
The physicochemical properties of these compounds are 
summarized in Table  S1. Maize seeds (Zea mays L. cv. 
Jinyinsu 2) were provided by the Maize Research Institute 
of the Guangdong Academy of Agricultural Sciences. 
Soil samples were collected from a maize field in Guang-
dong, China, which is classified as sandy loam with a pH 
of 5.51 ± 0.02. NC-ZVI and S-ZVI were synthesized via 
mechanochemical ball milling according to a previously 
reported method (Text S1) (Gu et al. 2017; Li et al. 2023). 
Commercial nZVI and mZVI were purchased from Alad-
din Biochemical Technology Co., Ltd. (China). A detailed 
characterization of nZVI, mZVI, NC-ZVI, and S-ZVI is 
described in Text S2.

2.2 � Pot experiments
A predetermined amount of air-dried soil was uniformly 
mixed with an acetone-based acetochlor stock solu-
tion and subsequently placed in a fume hood to allow 
for complete acetone evaporation. The resulting mixture 
was then progressively diluted with fresh soil at a mass 
ratio of 1:10 to achieve the target acetochlor concentra-
tion of 5.0 mg kg−1, as established based on residue levels 
reported in a previous study (Arshad et  al. 2024). Sub-
sequently, NC-ZVI (1.0  g kg−1, optimized through pre-
experiments shown in Fig. S1) was incorporated into the 
acetochlor-contaminated soil. Each pot contained 500  g 
of soil sample, to which deionized water was added to 
achieve a soil moisture content of 60% of its maximum 
water-holding capacity. After equilibration for 24 h, three 
healthy maize seeds were randomly sown into the pre-
pared soil and transferred to a greenhouse at 25 ± 5  °C. 
Each treatment was watered daily to ensure adequate 
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soil moisture levels. All treatments were conducted with 
three independent biological replicates (n = 3), with each 
replicate consisting of three maize plants in the same pot. 
Additionally, a blank control group without acetochlor 
under maize planting conditions and another treatment 
group containing both acetochlor and ZVI materials 
without maize cultivation were established.

2.3 � Plant harvesting and determination of growth 
parameters

On day 21 post-sowing, the maize plants were harvested 
and rinsed three times with deionized water. For each 
pot, the three plants were pooled together to form a 
composite sample as one biological replicate for analysis, 
and the fresh biomass of root and leaf was immediately 

recorded. Leaf chlorophyll content was quantified using 
spectrophotometry as described in Text S3 (Zhang et al. 
2023). Oxidative damage to leaves was evaluated through 
fluorescence analysis and spectrophotometry (Text S4) 
(Radwan. 2012). The total iron content in the maize 
plants was determined via flame atomic absorption spec-
troscopy after acid digestion with HNO3/HClO4/H2O2 
(5:2:1) (Text S5) (Grillet et al. 2018).

2.4 � Determination of acetochlor in soil and plant tissues
Freeze-dried soil (5  g) and plant tissues (0.5  g) were 
extracted using the improved QuEChERS method 
(González-Curbelo et  al. 2015), and the concentrations 
of acetochlor and its degradation products (acetochlor 
OXA, acetochlor ESA, acetochlor 2-OH, CMEPA, EMA, 

Fig. 1  Mechanochemical synthesis and structural features of NC-ZVI. a Schematic of the pot experiment setup. b Schematic diagram of NC-ZVI 
synthesized by mechanochemical ball milling. c XRD patterns of nZVI, mZVI, NC-ZVI, and S-ZVI. d Raman spectra of NC-ZVI. e TEM image of NC-ZVI. f 
XPS spectra of N 1 s for the NC-ZVI particles, and the fitted peaks correspond to pyridinic N, pyrrolic N, and graphitic N. g SEM image of NC-ZVI. h CV 
curves of nZVI, mZVI, NC-ZVI, and S-ZVI
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and HEMA) were quantified via ultrahigh-performance 
liquid chromatography (UPLC-MS/MS), as detailed in 
Text S6. A standard curve (0.01–5.0 mg kg−1) and spiked 
matrix were used to verify the recovery rates of ace-
tochlor and its degradation products in both soil and 
maize tissues (79.4–110.4%; Table S2). Moreover, the tox-
icity of the products to non-target organisms (e.g., green 
algae, daphnia, fish) was speculated using the Ecological 
Structure Activity Relationships (ECOSAR) predictive 
model (Reuschenbach et al. 2008).

2.5 � Desorption‑enhanced degradation of acetochlor 
mediated by NC‑ZVI in soil

The desorption-enhanced chemical degradation mecha-
nism of acetochlor mediated by NC-ZVI was systemati-
cally evaluated through amphiphilicity characterization, 
aqueous-phase adsorption experiments, and soil-phase 
desorption tests (Text S7) (Wang et al. 2024). To quantify 
the microbial contributions to acetochlor degradation, 
degradation experiments were conducted in both steri-
lized and unsterilized soils to examine the impact of soil 
microorganisms on acetochlor degradation, following the 
methodologies specified in Text S8 (Liu et al. 2021).

2.6 � Iron plaque characterization and its role in preventing 
plant uptake of pollutants

The maize root surface was analyzed with the scanning 
electron microscopy coupled with energy dispersive 
spectroscopy (SEM–EDS, Hitachi Regulus 8100), and 
cross-sections of the roots were examined via a biologi-
cal transmission electron microscope (TEM) equipped 
with EDS (Hitachi 7800). The detailed procedures 
are described in Text S9. Moreover, iron plaque was 
extracted from the roots using a dithionite-citrate-bicar-
bonate (DCB) solution (Amaral et al. 2017), and the con-
centrations of acetochlor and its degradation products in 
the iron plaque were quantified (Text S10). To investigate 
the mechanism of iron plaque formation and its role in 
inhibiting maize acetochlor uptake, organic acid content 
in root exudates was measured (Text S11); simultane-
ously, maize plants were cocultured with ZVI materials 
for 21 d prior to transplantation into acetochlor-contam-
inated soil, after which the acetochlor concentration in 
the leaf tissues was measured.

2.7 � Soil microbial community analysis
Microbial DNA was extracted from the soil samples 
via a soil DNA Kit (Omega Biotek), and the opera-
tion protocol is detailed in Text S12 (Bokulich et  al. 
2013; Wang et  al. 2021b). The raw files for the DNA 
sequence extracted from soil samples can be obtained 
from the NCBI Sequence Read Archive (SRA) platform 
via ID PRJNA1193536, and the raw data were processed 

through splicing and filtering to yield valid data. These 
validated datasets were subsequently analyzed by Novo-
gene Bioinformatics Technology Co. Ltd using the 
QIIME2 platform via the DADA2 algorithm, which 
excluded sequences with abundances of less than 5, and 
the amplicon sequence variants (ASVs) were obtained. 
Taxonomic assignment of ASVs was performed against 
the SILVA 138.1 database. The soil microbial α-diversity 
was assessed via the Chao1, Shannon, and Simpson indi-
ces, whereas the principal coordinate analysis (PCoA) 
was used to assess β-diversity. SIMPER analysis was per-
formed via PRIMER-e v7 software (the similarity thresh-
old set at 70%) to identify key phylum contributing to 
variations in bacterial community structure between 
paired treatments.

2.8 � Statistical analysis
The data were analyzed using IBM SPSS 26.0 software, 
and the descriptive statistics are shown as averages and 
standard deviations (mean ± s.d.). A two-tailed unpaired 
t-test was employed at a 95% confidence level to compare 
the mean ± s.d. of two independent groups. To compare 
the mean ± s.d. of a single variable across three or more 
independent groups, the one-way analysis of variance 
(ANOVA) followed by Tukey’s post hoc tests was applied. 
The significant difference was represented by the p value.

3 � Results and discussion
3.1 � Characterization of NC‑ZVI
NC-ZVI was successfully synthesized through a ligand-
assisted mechanochemical approach involving high-
energy ball milling of micron-sized ZVI powder with 
urea-doped biochar (NBC) (Fig.  1b). This process ena-
bled atomic-level N/C doping into the ZVI lattice and 
established strong interfacial interactions between ZVI 
and NBC. X-ray diffraction (XRD) and Raman spectra 
confirmed the formation of Fe–C and Fe–N coordina-
tion bonds in NC-ZVI (Fig. 1c, d) (Gao et al. 2015; Gong 
et al. 2021), with TEM analysis providing direct evidence 
of these atomic-scale interactions (Fig. 1e). Furthermore, 
X-ray photoelectron spectroscopy (XPS) analysis of the N 
1 s spectrum revealed three characteristic peaks at 398.4, 
399.6, and 401.1  eV (Fig.  1f ), corresponding to pyri-
dinic N, pyrrolic N, and graphitic N species, respectively 
(Huang et al. 2022). These nitrogen configurations syner-
gistically enhanced the redox reactivity of NC-ZVI. Spe-
cifically, graphitic N facilitated electron transfer through 
N–C–Fe-driven redox reactions, while pyridinic/pyrrolic 
N coordinated with Fe atoms through lone-pair electron 
donation, collectively optimizing the adsorption and 
degradation capacity of NC-ZVI for reactants (Lin et al. 
2014; Chen et al. 2017).
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SEM images revealed a homogeneous disper-
sion of NC-ZVI particles with a diameter of approxi-
mately 100  nm (Fig.  1g), which is in sharp contrast to 
the significant agglomeration and oxidative morphology 
observed for S-ZVI and nZVI (Fig. S2). The specific sur-
face area (SSA) of NC-ZVI was measured at 18.12 m2 g−1 
(Table S3), representing a 6.6-fold increase compared to 
unmilled ZVI (2.74 m2 g−1). This enhanced SSA provides 
more active sites for pollutant adsorption and degrada-
tion. Electrochemical characterization confirmed the 
modulating effect of N/C doping on the electronic struc-
ture. Cyclic voltammetry (CV) curves showed that both 
NC-ZVI and S-ZVI exhibited significantly increased 
current densities and redox peaks (Fig.  1h), indicating 
the facilitative role of N/C and S coordination atoms in 
promoting electron transfer and redox reactions. Nota-
bly, NC-ZVI outperformed S-ZVI in terms of potential 
difference and cyclic reversibility, which can be attributed 
to the N-doped active sites and alloying heterojunctions 

nanoarchitectures formed on NC-ZVI. Correspond-
ingly, the i-t curve provided evidence of electron trans-
fer between NC-ZVI and acetochlor. The free corrosion 
potentials of NC-ZVI and nZVI were determined to 
be −769 and −494 mV, respectively, with the decrease in 
this potential being associated with an increase in charge 
transfer resistance (Fig. S3). Collectively, these results 
indicate that the N/C-coordination induces the formation 
of a ZVI nanoarchitecture, which may exhibit enhanced 
catalytic degradation activity toward target pollutants.

3.2 � NC‑ZVI mediated maize physiological responses 
and soil acetochlor detoxification

The effects of NC-ZVI, S-ZVI, mZVI, and nZVI at a dos-
age of 1.0  g per kg soil on maize growth in acetochlor-
contaminated soil after 21 d are presented in Fig.  2a. 
The average fresh biomass of maize plants in the control 
group without acetochlor exposure was 10.1 g (Fig. 2b). 
Exposure to acetochlor resulted in a significant 67.9% 

Fig. 2  NC-ZVI enhances maize growth and mitigates acetochlor toxicity. a Photographs of maize plants treated with uncontaminated soil 
(Untreated), acetochlor-contaminated soil (Control), and acetochlor-contaminated soil amended with nZVI, mZVI, NC-ZVI, and S-ZVI (left to right). 
b Fresh maize biomass, c fresh root biomass, d chlorophyll content, e ROS fluorescence images (the deeper the color, the higher the ROS content, 
scale bar = 50 µm), and (f) MDA enzyme activity across all treatments. g Photographs of the maize plants and h maize biomass in ZVI-amended 
uncontaminated soil. i Chlorophyll content and j root iron content under NC-ZVI treatment. ns is not significant
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reduction in maize biomass compared to the control 
group. Notably, the application of NC-ZVI reversed this 
growth suppression and enhanced maize aboveground 
biomass by 208.4% relative to the acetochlor-contami-
nated group. Furthermore, compared with the control 
group without acetochlor, NC-ZVI increased the root 
biomass by 16.2% (Fig. 2c). Meanwhile, acetochlor expo-
sure impaired maize photosynthetic capacity, reducing 
total chlorophyll content by 30.7% relative to the control 
group without acetochlor (Fig.  2d). NC-ZVI treatment 
restored chlorophyll synthesis, increasing the chloro-
phyll content by more than 36.1%, whereas nZVI and 
mZVI showed negligible effects. This recovery in pho-
tosynthetic capacity correlated with attenuated oxida-
tive damage (Fig. 2e), as evidenced by a 31.3% reduction 
in malondialdehyde (MDA) levels in maize compared to 
the acetochlor-exposed group (Fig. 2f ). Concurrent acti-
vation of the antioxidant defense system was observed, 
with total phenolic content and antioxidant capacity 
increasing by 118.1% and 33.1%, respectively (Fig. S4). 
These findings indicate that NC-ZVI exerts significant 
protective effects against acetochlor-induced stress and 
promotes maize growth. The dual growth-promoting 

effect of NC-ZVI surpasses that of S-ZVI, nZVI, and 
mZVI, which can be attributed to its high reactivity 
with acetochlor and enhanced iron bioavailability medi-
ated by improved interfacial interactions between maize 
roots and NC-ZVI (Liu et al. 2021). Similar effects were 
observed when NC-ZVI was applied alone in soil without 
acetochlor, which significantly increased maize plant bio-
mass and root iron content (Fig. 2g–j).

The soil detoxification efficacy of acetochlor was 
quantified through the distribution analysis of ace-
tochlor and its primary degradation products (e.g., 
acetochlor OXA and acetochlor ESA) in maize roots 
and leaves. In the acetochlor alone-contaminated 
control, 80.6% of detected residues remained as par-
ent acetochlor (0.41  mg kg−1), indicating limited deg-
radation (Fig.  3a). NC-ZVI amendment significantly 
reduced root acetochlor accumulation by 80.1%, sur-
passing the performance of S-ZVI (71.0%), nZVI 
(26.2%), and mZVI (13.7%). Additionally, NC-ZVI 
effectively restricted acropetal translocation, decreas-
ing leaf residues by 91.8% compared to 13.8–67.7% 
achieved by other ZVI materials. Crucially, NC-ZVI 
demonstrated exceptional metabolic interception 

Fig. 3  NC-ZVI modulates acetochlor fate in soil-maize systems. a Contents of acetochlor and its degradation products in maize roots and leaves. b 
Proposed degradation pathway of acetochlor in soil-maize systems. c Chronic toxicity and d acute toxicity of acetochlor and its byproducts to green 
algae. Correlation analysis between fresh maize biomass and acetochlor residues in maize (e) root and (f) leaf (n = 15)



Page 8 of 14Zhang et al. Biochar            (2026) 8:48 

capacity and barrier effects against pollutant transfer. 
Specifically, the persistent metabolite of acetochlor, 
CMEPA (2-chloro-N-(2-ethyl-6-methyl phenyl) aceta-
mide), constituted 11.5% of leaf residues in the ace-
tochlor-contaminated control, with its proportion 
decreasing by 96.8% in the NC-ZVI treatment. Toxicity 
simulations confirmed that CMEPA poses compara-
ble phytotoxic and human health risks to parent ace-
tochlor (Fig.  3b–d; Fig. S5), consistent with previous 
reports by Wang et  al., which indicated that CMEPA 
induces apoptosis and poses toxicity risks (Wang et al. 
2023). Moreover, multivariate regression analysis 
revealed a significant negative correlation (R2 = 0.77–
0.91) between maize biomass and the detected concen-
trations of acetochlor and its degradation products in 
maize roots and leaves (Fig.  3e, f; Fig. S6). Therefore, 
it is reasonable to conclude that NC-ZVI effectively 
mitigates the accumulation of both acetochlor and its 
degradation products in maize plants, establishing its 
dual-action remediation mechanism in the soil–plant 
system: (1) degradation of acetochlor in soil and (2) 
iron plaque-mediated barrier blocking root-to-leaf 
transport of acetochlor and its degradation products 
(discussed below).

3.3 � Degradation of acetochlor in NC‑ZVI‑amended soil
The catalytic performance of NC-ZVI for acetochlor 
degradation in maize-cultivated soil systems was sys-
tematically evaluated in both planted and unplanted soil 
systems. As shown in Fig. 4a, b, NC-ZVI achieved 90.7% 
acetochlor removal within 7 d under maize cultivation, 
increasing to 96.7% by day 21, whereas the natural atten-
uation rate was only 32.5% within 21 d for the acetochlor-
contaminated group. Similarly, significant differences 
were also observed in the degradation rates of four types 
of ZVI materials over 21 d in uncultivated soils, ranked 
in descending order as follows: NC-ZVI (88.9%) > S-ZVI 
(75.0%) > nZVI (42.6%) > mZVI (30.7%) (Fig. S7), with 
consistent trends also noted in aquatic degradation 
experiments (Fig. S8). These findings demonstrate the 
superior catalytic degradation capability of NC-ZVI for 
rapid soil detoxification, which can be attributed to its 
strong electron-donating capacity toward acetochlor, as 
confirmed by comprehensive characterization and elec-
trochemical analysis of NC-ZVI.

In general, hydrophobic organic pollutants are eas-
ily adsorbed and retained in soil particles, limiting 
their mass transfer and thereby reducing the catalytic 
performance of remediation materials toward pollut-
ants (Umeh et  al. 2017). In this study, the amphiphilic 
properties of NC-ZVI and its influence on acetochlor 

Fig. 4  Degradation dynamics of acetochlor in soil treated with NC-ZVI. a Contents of acetochlor and its degradation products in maize-cultivated 
soil. b Acetochlor removal rate in maize-cultivated soil. c Desorption efficiency of soil phase-acetochlor for NC-ZVI. d PCoA analysis of microbial 
communities. e Relative abundance of soil microorganisms at the phylum level. f Sterilization experiment
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desorption in soil were first analyzed. The contact angle 
of NBC was 121.9°, whereas that of nZVI was 0°, indi-
cating strong lipophilicity for NBC and pronounced 
hydrophilicity for nZVI (Fig. S9a). NBC and ZVI were 
uniformly dispersed in NC-ZVI through ball milling, 
imparting amphiphilic characteristics to the catalyst. 
The results showed that NC-ZVI was uniformly distrib-
uted throughout the entire water–oil (n-hexane) system, 
whereas bare ZVI was dispersed in the water phase (Fig. 
S9b). As a result, the amphiphilicity of NC-ZVI facili-
tated the mass transfer of acetochlor from the soil phase 
to NC-ZVI, thus promoting its desorption from the soil 
phase because of the strong binding affinity of NC-ZVI 
for acetochlor. Desorption experiments of acetochlor in 
soil indicated that NC-ZVI induced a desorption rate of 
24.1% for acetochlor in soil (Fig. 4c), which was 9.2-fold 
and 22.7-fold greater than those of S-ZVI (2.61%) and 
nZVI (1.06%), respectively. These findings suggest that 
N/C doping significantly enhanced both the mass trans-
fer dynamics and desorption rate of NC-ZVI toward soil 
acetochlor. This trend aligns with the adsorption capac-
ity observed in aqueous-phase-acetochlor adsorption 
tests (Fig. S10), fully demonstrating that NC-ZVI has a 
stronger binding affinity for acetochlor compared with 
soil alone, which leads to the effective desorption of ace-
tochlor from the soil. Consequently, the incorporation of 
N/C heteroatoms can greatly enhance the amphiphilicity 
of NC-ZVI and improve the binding affinity of ZVI, the 
soil desorption capacity, and the migration of acetochlor 
from soil to ZVI materials, thereby efficiently degrading 
acetochlor.

The composition of the microbial species of the har-
vested rhizosphere soil was analyzed to determine its role 
in acetochlor degradation. Principal coordinate analysis 
(PCoA) revealed that the bacterial community structures 
of acetochlor-contaminated soil samples treated with 
NC-ZVI and those exposed solely to acetochlor were 
distinctly separated (Fig.  4d), suggesting that NC-ZVI 
amendment significantly altered the bacterial community 
structure. Particularly, NC-ZVI shifted the soil micro-
bial profile closer to that of the untreated group without 
acetochlor exposure, indicating at least partial restora-
tion of the acetochlor-stressed microbial community to a 
healthier state (Fig. S11a). Furthermore, the abundance of 
Bacteroidota, a dominant dechlorinating phylum, signifi-
cantly increased in response to NC-ZVI treatment dur-
ing maize cultivation; its relative abundance increased by 
14.6% compared to 10.6% in the acetochlor-only control 
group (Fig.  4e). Meanwhile, the known dehalogenating 
genus Dehalogenimonas was significantly enriched in all 
acetochlor-contaminated treatment groups. Its abun-
dance increased from 0.4% in the control group with-
out acetochlor to 1.1% in the acetochlor-only treatment 

group, and its relative abundance further increased 
to 1.8% after NC-ZVI addition, representing a 63.6% 
increase (Fig. S11b). Typical dechlorinating bacteria har-
boring multiple rdh genes, including Dehalogenimonas 
lykanthroporepellens and Dehalogenimonas alkenigign-
ens, have been confirmed to participate in the dechlo-
rination of organic pollutants (Molenda et al. 2016; Qiao 
et  al. 2022). Therefore, it can be speculated that soil 
microorganisms play a crucial role in acetochlor detoxi-
fication. As anticipated, soil sterilization experiments 
quantified microbial contributions, revealing that soil 
microbiota mediated 12.6% of the total degradation of 
acetochlor, while the synergistic effect of NC-ZVI and 
microbes accounted for an additional 22.3% enhance-
ment (Fig. 4f ).

3.4 � Root iron plaques as strong barriers 
against both acetochlor and its byproducts

Crop phytotoxicity and food safety risks from soil her-
bicide residue arise not only from the parent compound 
but also from its transformation products (Sandín-
España et al. 2015). This study systematically investigated 
the dynamics of acetochlor and its degradation products 
(e.g., acetochlor OXA, acetochlor ESA, and CMEPA) in 
the soil-maize system. Unexpectedly, their concentra-
tions in maize leaves treated with NC-ZVI (0.006 mg kg−1 
and 0.003–0.01  mg kg−1) were significantly lower than 
those in the acetochlor-contaminated group (0.08  mg 
kg−1 and 0.03–0.06 mg kg−1). This suggests the presence 
of an active barrier mechanism for plant uptake of ace-
tochlor and its degradation products, which operates 
beyond catalytic degradation within the soil–plant sys-
tem. Previous studies have shown that root iron plaque 
can serve as a primary barrier against pollutant transfer 
from soil to plant roots (He et al. 2024; Yue et al. 2025). 
In this study, the detected concentration of acetochlor 
in NC-ZVI-mediated root iron plaque from the NC-ZVI 
treatment was 0.62  mg kg−1, which was 3.4-fold higher 
than that in the acetochlor-contaminated group (0.18 mg 
kg−1) (Fig.  5a). By contrast, the acetochlor concentra-
tion in maize roots treated with NC-ZVI accounted for 
only 8.6–21.2% of that in root iron plaque; similarly, the 
total concentrations of acetochlor degradation products 
in root iron plaque were significantly greater than those 
in maize roots (Fig. 5b, c; Fig. S12), indicating that root 
iron plaque acts as a primary reservoir for the accumula-
tion of acetochlor and its degradation products. Leverag-
ing this effect of iron plaque, NC-ZVI reduced the total 
concentration of both acetochlor and its degradation 
products in maize by 81.2% compared to the acetochlor-
contaminated group.

SEM and TEM images further revealed a solid aggre-
gate plaque on the surfaces of maize roots treated with 
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NC-ZVI. EDS images obtained from TEM confirmed that 
the aggregate plaque contained iron elements (Fig. 5d–g; 
Fig. S13). Consequently, it was inferred that NC-ZVI 
facilitated the formation of iron plaque on the maize 
root surface. Previous studies have shown that, in addi-
tion to sufficient iron supplementation, iron plaque for-
mation may also be affected by soil iron species and root 
exudates, such as amorphous iron and acidic substances 
secreted by plant roots (Zheng et  al. 2024). Therefore, 
we conducted a systematic analysis of soil physicochemi-
cal properties and root metabolites to further elucidate 
the mechanism underlying iron plaque formation. Our 
results revealed that the content of amorphous iron in the 
soil significantly increased in response to the ZVI materi-
als compared with the acetochlor-contaminated group, 
with contents increasing from 137.0 mg kg−1 to 426.6 and 
318.3 mg kg−1 for NC-ZVI and S-ZVI treatments, respec-
tively (Fig. 5h). This increase in the amorphous iron con-
tent was attributed to iron supplementation from the 
added ZVI materials and the soil’s weak acidic conditions 
(Fig. S14), which collectively created an environment 

conducive to iron plaque formation. As a result, the con-
tent of iron plaque under NC-ZVI treatment also signifi-
cantly increased (Fig.  5i). Furthermore, the increase in 
organic acids, such as malic acid, citric acid, and cis-aco-
nitic acid, within the root metabolic pathways provided 
additional evidence (Fig.  5j), as root acidic metabolites 
have been shown to increase the release of iron ions in 
the soil, thereby regulating iron plaque formation (Zheng 
et al. 2024). Additionally, maize plants were precultured 
in NC-ZVI-treated soil for 21 d and subsequently trans-
planted into acetochlor-contaminated soil for 14 d. The 
results indicated that after pre-cultivation with NC-ZVI, 
the acetochlor content in the iron plaque was higher than 
that in the acetochlor-only treatment, while the ace-
tochlor content in maize leaves decreased by 73.3% (Fig. 
S15). These findings confirm that iron plaque serves as an 
effective barrier to reduce acetochlor uptake by maize.

Based on the above findings, we proposed a novel 
mechanism for the efficient remediation of acetochlor-
contaminated soil using NC-ZVI. The N/C coordina-
tion imparts amphiphilic properties and high surface 

Fig. 5  Iron plaque formation and its barrier effect on pollutant transportation. a Acetochlor, (b) acetochlor OXA, and (c) acetochlor ESA content 
in maize root and iron plaque. d SEM images of the root surface. e TEM images of the intercellular space of roots exposed to NC-ZVI. TEM-EDS 
analysis for (f) Control and (g) NC-ZVI. h Amorphous iron content in soil. i Root iron plaque content. j Root metabolic pathway map
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reactivity to NC-ZVI, thereby enhancing its ability to 
adsorb and degrade acetochlor in soil. Furthermore, 
NC-ZVI synergizes with rhizosphere functional micro-
organisms to achieve efficient chemical and biological 
remediation of acetochlor-contaminated soil, achieving 
96.7% removal for the herbicide acetochlor within 21 d. 
Meanwhile, NC-ZVI mediates the controlled release of 
iron ions, enhances the total iron ion concentration in 
soil, and stimulates the formation of iron plaque on the 
root surfaces of maize plants. This iron plaque effec-
tively prevents the uptake of acetochlor and its byprod-
ucts by maize plants due to its strong adsorption and 
immobilization of organic pollutants. This multi‑inter-
face regulation not only synergistically ensures the 
effective remediation of herbicide-contaminated soil 
but also significantly reduces the uptake of herbicides 
and their degradation products by maize, thereby 
mitigating the adverse effects caused by herbicide soil 
pollution.

3.5 � Ecological compatibility and techno‑economic 
viability assessment of NC‑ZVI

Soil microbiota play pivotal roles in ecosystem functions, 
including nutrient cycling and organic pollutant degrada-
tion (Philippot et al. 2024). Our results demonstrate that 
NC-ZVI restructured the microbial communities under 
acetochlor stress while preserving ecological functions. 
Further quantitative analysis revealed that acetochlor 
exposure reduced soil microbial diversity, with Chao1, 
Shannon, and Simpson indices decreasing by 2.66–9.63% 
relative to the uncontaminated control group (Fig.  6a; 
Fig. S16), indicating the ecotoxicity of acetochlor to soil 
microbes (Hao et  al. 2018). Remarkably, the NC-ZVI 
amendment reversed these adverse effects, increasing 
the alpha diversity index by 5.6–15.0% compared to ace-
tochlor-only treatments. Control experiments confirmed 
the ecological safety of NC-ZVI, showing no significant 
inhibition of microbial growth, consistent with the previ-
ously reported favorable environmental compatibility of 
biochar-ZVI material (Shen et  al. 2025). These findings 

Fig. 6  Long-term application potential and environmental feasibility assessments. a Chao1 index of soil microbiota. b Maize leaf iron content. c 
Pearson correlation matrix of different iron contents and maize yields. The color from green to red represents the Pearson correlation coefficient 
from −1 to 1. d System boundary of NBC-catalyzed mechanochemistry synthesis of NC-ZVI. e Energy consumption for synthesizing NC-ZVI 
from 36 g of ZVI and 4 g of NBC as feedstock. f The cost price of preparing NC-ZVI and nZVI per ton. ns is not significant
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establish NC-ZVI as both an effective remediation agent 
and an ecologically compatible amendment for herbi-
cide-contaminated soils.

The environmental implications of NC-ZVI and its 
impact on iron uptake in crops were systematically evalu-
ated. Although NC-ZVI treatment resulted in signifi-
cant iron accumulation in maize roots, foliar iron levels 
remained unchanged, indicating restricted translocation 
(Fig. 6b). The iron in roots originates primarily from the 
adsorption of iron materials on root surfaces, with mini-
mal uptake resulting from the internalization of iron par-
ticles and the absorption of ionized iron released from 
iron particles and other iron-containing minerals. This 
observation is consistent with previous reports show-
ing root-cell internalization but no upward transport of 
nZVI in poplar and limited translocation of nZVI from 
root to aerial parts of cucumber (Dwivedi et  al. 2018; 
Li et  al. 2021a; Zhu et  al. 2024). In this study, NC-ZVI 
exhibited no phytotoxicity while concurrently enhanc-
ing maize shoot weight and reducing maize uptake of 
acetochlor and its byproducts (Fig. 6c), thereby demon-
strating its dual functionality as both an effective reme-
diation agent and a source of iron nutrition. However, it 
should be noted that although limited transport reduces 
the risk of short-term phytotoxicity and dietary exposure, 
the long-term ecological effects of repeated application 
of NC-ZVI, such as the potential for iron accumulation 
in soil and its impacts on soil ecology and groundwater 
safety, still need to be further studied.

The energy consumption evaluation of NC-ZVI syn-
thesis from a given biomass provides important insights 
for future production scale-up and sustainable appli-
cations. Figure  6d shows the theoretical boundaries 
involved in the mechanochemical synthesis of NC-ZVI. 
Therefore, the main energy process considered is the 
power consumption related to ball milling. As shown 
in Fig. 6e, the unit energy consumption of NC-ZVI was 
77.6% lower than that of S-ZVI under the same process, 
which can be attributed to the increased ball milling effi-
ciency resulting from the addition of NBC (Wang et  al. 
2024). According to the International Energy Agency, 
the carbon emission coefficient of electricity is approxi-
mately 0.5  kg CO2 per kilowatt-hour (Shi et  al. 2024). 
Consequently, from a quantitative perspective, optimiz-
ing NC-ZVI materials can efficiently enhance energy sav-
ings and reduce carbon emissions. This energy efficiency 
is essential for promoting low-carbon milling processes 
and achieving cost control. Notably, the cost of mZVI is 
considerably lower than that of nZVI (Wei et al. 2022a). 
Preliminary estimates indicate that the cost of NC-ZVI 
synthesized by ball milling is less than $1000 per ton 
(Fig.  6f ), which is only one-tenth of the cost price of 
nZVI (more than $10,000 per ton). This cost advantage 

facilitates the large-scale manufacturing of NC-ZVI, 
thereby mitigating the impact of soil organic pollutants 
on crops in farmland. The promising laboratory-scale 
data warrant further investigation into scalable produc-
tion strategies. Future efforts should focus on optimizing 
process parameters for industrial scale-up production, 
conducting a comprehensive life-cycle assessment to 
verify environmental benefits, and evaluating long-term 
field efficacy to fully ascertain the technology’s practical 
potential and economic feasibility.

4 � Conclusions
In summary, the novel NC-ZVI developed in this work 
achieved efficient remediation of herbicide contami-
nation in soil–plant systems and safe crop production 
through multi-interface synergistic modulation. The 
Fe–C and Fe–N coordination, as well as N-doped active 
sites in NC-ZVI, reconstructed the electronic structure 
of ZVI, significantly enhanced its surface reaction activ-
ity and electron transfer efficiency, and strengthened the 
interfacial desorption and catalytic degradation of ace-
tochlor in soil. The formation of the rhizosphere iron 
plaque barrier induced by NC-ZVI effectively prevented 
the maize uptake of acetochlor and its degradation prod-
ucts, thereby reducing dietary risks for maize. This syn-
ergistic strategy of “soil catalytic degradation-root iron 
plaque barrier” breaks through the bottleneck of tradi-
tional technologies that are difficult to balance the rapid 
removal of pollutants and crop safety. Meanwhile, the 
optimization of the material synthesis process further 
highlights the advantages of low energy consumption 
and low cost. These findings provide new insights and 
economical solutions for developing agricultural envi-
ronmental remediation nanotechnologies, contributing 
to the sustainable development of the ecological environ-
ment and ensuring food security. However, the impact of 
NC-ZVI on iron nutrition and the yield of mature crops 
remains unclear. Therefore, future research could focus 
on the transformation of this material in agricultural 
environments and its long-term effects on crop yields in 
contaminated soils to promote its field application.
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