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Abstract 

Nitrogen leaching from agricultural soils serves as a main contributor to water pollution and nitrogen losses, posing 
significant challenges to sustainable agricultural practices. However, existing mitigation strategies often exhibit lim-
ited efficiency in reducing nitrate nitrogen (NO3

−–N) losses and enhancing ammonium nitrogen (NH4
+–N) retention 

under varying environmental conditions. To address this, our research investigated the effectiveness of biochar-sup-
ported nanoscale zero-valent iron (nZVI@BC) composites. The combination of nZVI with biochar is driven by the need 
to enhance biochar’s adsorption capacity and provide an additional mechanism for nitrate reduction via the strong 
reductive properties of nZVI. Our findings indicated that nZVI@BC significantly enhanced nitrate reduction and ammo-
nium retention compared to biochar alone, with the nZVI@BC0.6 achieving the best overall performance. The NO3

−–N 
concentration in leachate was reduced by up to 71.31%, while NH4

+–N retention increased by 53.12%, with notable 
improvements in nitrogen retention even in deeper soil layers. The adsorption kinetics revealed that nZVI@BC compos-
ites exhibited both rapid initial adsorption and sustained chemical reduction of NO3

−–N, with the pseudo-second-order 
model verifying the dominance of chemical adsorption for nZVI-enriched treatments. The nitrate nitrogen reduction 
potential of nZVI@BC at various pH levels revealed optimum performance at low pH. Structural analyses (XRD, FTIR, 
and XPS) showed that nZVI incorporation altered the chemical environment of biochar, enhancing its surface reactivity 
and functional group availability, which improved nitrogen immobilization efficiency. This study highlights the potential 
of nZVI@BC composites, particularly nZVI@BC0.6, as an effective and sustainable strategy for mitigating nitrogen leach-
ing, improving nitrogen use efficiency, and addressing agricultural non-point source pollution.

Highlights 

•	 nZVI@BC enhances nitrogen retention and reduces leaching losses.
•	 A significant NO3

−-N reduction was achieved with nZVI@BC composites.
•	 nZVI@BC increases NH4

+-N retention, improving nitrogen content.
•	 Fe–O and C–O functional groups enhance nitrate removal efficiency.
•	 nZVI@BC provides a sustainable solution for nitrogen loss mitigation.
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Graphical Abstract

1  Introduction
Nitrogen refers to one of the most essential mineral 
nutrients for plants and is a key factor influencing crop 
yield in agricultural production (Wu et  al. 2024a). Tra-
ditional fertilization methods primarily aim to increase 
nitrogen application to boost crop productivity (Zhang 
et al. 2024). Ammonium nitrogen (NH4

+–N), an impor-
tant form of nitrogen in the soil, is highly bioavailable 
and directly utilized by plants (Liu et al. 2025). However, 
due to its susceptibility to leaching and nitrification, its 
retention as a viable nitrogen source for plants is often 
compromised (Alami et  al. 2025). Effective strategies 
to retain NH4

+–N in the soil can significantly enhance 
nitrogen use efficiency (NUE), ensuring that this bioavail-
able nitrogen remains available for plant uptake (Li et al. 
2023). On the other hand, excessive nitrogen fertilization, 
particularly in northern China, has led to the formation 
of nitrates due to the action of soil denitrifying and nitri-
fying microorganisms (Guo et al. 2010; Qiao et al. 2015; 
Zhu et  al. 2022). Accumulation of nitrates formed so is 
enhanced by rainfall and artificial irrigation, particularly 
in the leaching zones of intensive agricultural regions in 
China (Cybulak et al. 2021; Zhu et al. 2022). High levels of 
nitrate nitrogen (NO3

−–N) in the soil can lead to serious 
environmental issues such as groundwater contamina-
tion, soil acidification, and the disruption of soil struc-
ture, ultimately affecting soil fertility and health (Chen 

et  al. 2010; Liu et  al. 2021). Furthermore, when nitrates 
enter the human body, they can cause health problems 
such as methemoglobinemia (Dong et al. 2020). Although 
nitrogen fertilizer utilization in China has increased to 
approximately 40%, it still remains significantly lower 
than that in developed countries, namely 70% in Occi-
dent (Liu et al. 2022a). Achieving a rational and efficient 
use of nitrogen fertilizers in China is essential to ensure 
both crop yields and environmental sustainability, but it 
remains a major challenge.

In response to these issues, existing mitigation strate-
gies have focused on reducing NO3

−–N loss and enhanc-
ing NH4

+–N retention (Chen et  al. 2010; Liu et  al. 
2022b). NH4

+–N, in contrast to NO3
−–N, is less suscep-

tible to leaching and is often more readily available for 
plant uptake in certain soil conditions (Cao et al. 2019). 
The immobilization of NH4

+–N in the soil can thus 
serve as an effective strategy to minimize nitrate leach-
ing, improving both NUE and environmental outcomes. 
Recent studies have suggested that the incorporation of 
materials such as biochar can help alleviate nitrate leach-
ing while promoting NH4

+–N immobilization in the soil, 
offering a potential solution to the challenges of nitrogen 
management in agriculture (Chandra et al. 2020; Zhang 
et  al. 2023a; Wu et  al. 2024a). The alkaline functional 
groups, non-traditional hydrogen bonds, and cations, 
such as K+, Fe3+, and Ca2+, on the  biochar surface can 
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adsorb and immobilize nitrate nitrogen via intermolecu-
lar forces and bridge formation (Jin et al. 2016). Addition-
ally, oxygen-containing functional groups on the biochar 
surface give it a high density of negative charges, which 
can firmly adsorb ammonium ions, organic nitrogen and 
enzymes onto its surface under the influence of electro-
static forces (Cao et al. 2019; Hossain et al. 2020). Once 
immobilized via adsorption, it becomes difficult for these 
components to decompose or be catalyze, thereby reduc-
ing the leaching of nitrate nitrogen in the soil. Therefore, 
the use of biochar is important in controlling nutrient 
leaching and thus preventing environmental pollution.

Modified biochar exhibits significantly stronger nitro-
gen adsorption capacity compared to unmodified bio-
char. Chandra et  al. (2020) reported that chemically 
modified biochar (Fe/Al/MgO) could realize a maximum 
NO3

−–N adsorption capacity ranging from 62  mg  g−1 
to 95  mg  g−1, which indicates its considerable poten-
tial for application. Among the modified biochars, 
iron-modified biochar has emerged as a novel material 
with excellent magnetic properties and biological activ-
ity, making it highly promising for soil remediation and 
environmental pollution control (Liu et  al. 2020b; Wan 
et al. 2020). It contains mineral phases such as magnet-
ite, hematite, and zero-valent iron, which typically exist 
in nanoparticle form on the  surface or within the pores 
of biochar (Chen et al. 2024). The physical and chemical 
characteristics of iron-modified biochar are highly vari-
able and affected by factors like magnetic particle type 
and the impregnation method, which in turn affect its 
nitrogen pollutant adsorption mechanism and capac-
ity (Su et al. 2023). Scanning electron microscopy (SEM) 
and transmission electron microscopy (TEM) analyses 
have also shown that surface morphology of iron-mod-
ified biochar is strongly dependent on precursor mate-
rials and synthesis methods (Yi et  al. 2019). A majority 
of iron-modified biochars exhibit smooth surfaces and 
well-developed pore structures, with iron oxides chemi-
cally which are bonded to biochar matrix and always 
distributed within  the pores or on the surface of the bio-
char (Dewage et  al. 2018). Characterization techniques, 
such as X-ray diffraction (XRD) and X-ray photoelectron 
spectroscopy (XPS), have confirmed that the predomi-
nant iron phases in iron-modified biochar are α-Fe2O3, 
γ-Fe2O3, and other iron oxides (Cai et al. 2017).

Previous studies have shown that   due to its strong 
reductive properties, large specific surface area, and cost-
effectiveness, nanoscale zero-valent iron (nZVI) has been 
broadly applied for removing  nitrate from wastewater 
(Afzal et  al. 2024; Guo et  al. 2023). However, nZVI has 
limitations due to several drawbacks such as its suscepti-
bility to oxidation in air, magnetic interference, aggrega-
tion and instability (Xu et al. 2024b). Biochar with large 

pore volume and surface functional groups can serve as 
a support material for nZVI, and effectively alleviate its 
aggregation issues and enhancing its removal perfor-
mance (Wang et  al. 2019). While nZVI-loaded biochar 
is not a new modification approach, several studies have 
explored its use for improving various environmental 
processes (He et al. 2018; Li et al. 2024; Guo et al. 2023). 
However, most of these studies have not focused on opti-
mizing the performance of nZVI@BC by adjusting the 
iron-to-carbon (Fe/C) ratio. This study builds on previous 
work that used K2FeO4 as a modifying agent in combina-
tion with biochar, which enhanced nZVI dispersion and 
surface reactivity (Ma et al. 2021). Unlike earlier studies, 
we aim to investigate the impact of varying the Fe/C ratio 
on nitrate reduction efficiency and nitrogen retention. 
Additionally, our study uniquely addresses the challenge 
of mitigating NO3

−−N leaching, a concern that has not 
been fully addressed in previous research. Through this 
investigation, we hope to provide a more comprehen-
sive understanding of the mechanisms underlying the 
enhanced performance of nZVI@BC composites, offer-
ing a promising strategy for remediating agricultural 
non-point source pollution and advancing sustainable 
nitrogen management.

2 � Materials and methods
2.1 � Preparation of biochar loaded with nano zero‑valent 

iron
The collected corn stover was air-dried, surface soil was 
removed, and  the material was rinsed three times with 
deionized water and dried at 105 °C for 8 h. Subsequently, 
the dried stover was ground using a pulverizer and sieved 
through a 20-mesh nylon screen. It was then pyrolyzed 
at 600  °C to prepare biochar, as previous studies have 
indicated that this temperature provides a balanced yield 
of biochar with a significant surface area and preserves 
critical functional groups essential for nutrient retention 
and pollutant sorption (Sun et al. 2014; Hu et al. 2017). 
Finally, the  biochar was ground and passed  through a 
100-mesh nylon screen, thus obtaining the corn stover 
biochar (BC), and stored for further use. The detailed 
measurement methods are  provided in the supplemen-
tary material.

The corn stover biochar (BC) prepared as described 
above was mixed with four different doses of potassium 
ferrate (K2FeO4) at mass ratios of 0.2, 0.4, 0.6, and 0.8 of 
iron to biochar. The mixture was then put in a zirconia jar 
(500 mL) in a planetary ball mill (YXQM-2L) with zirco-
nia balls (diameter 5 mm, 565 g per jar, ball-to-material 
ratio 20:1). The operation was carried out in ambient 
air, with the ball mill set to a speed of 500 rpm, alternat-
ing between 15  min of forward rotation and 15  min of 
reverse rotation for a total of 30 min (Chen et al. 2024). 
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After milling, the mixed solids were gathered and trans-
ferred to a muffle furnace for secondary calcination. 
Nitrogen gas (N2) was introduced into the furnace at 0.1 
m3  h−1 flow rate, and the temperature was increased at 
at a rate of 5 °C min−1 before reaching 800 °C (Sun et al. 
2014; Hu et al. 2017), at which it was maintained for 2 h. 
Following natural cooling, the black solid was collected, 
rinsed multiple times with deionized water before dry-
ing in 70–80  °C oven. Finally, the solid was ground and 
passed through 100-mesh nylon screen and stored for 
further use, yielding the nano zero-valent iron-loaded 
biochar (nZVI@BC). Samples were labeled as nZVI@
BC0.2, nZVI@BC0.4, nZVI@BC0.6, and nZVI@BC0.8, 
respectively.

2.2 � Characterization
The elemental composition (C, H, O, and N) of the 
materials was measured using an elemental analyzer 
(Vario Micro Cube, Germany). The crystal structure 
of the materials was analyzed using X-ray diffraction 
(XRD, Bruker D8 Advance). Fourier-transform infra-
red spectroscopy (FTIR, Nicolet 6700) with wavenum-
ber range of 400–4000  cm−1 was used to analyze the 
surface functional groups of the materials. 2D-COS 
synchronous and asynchronous spectra were used 
to investigate the chemical interactions and dynamic 
changes of the composite materials, with synchro-
nous spectra revealing frequency interactions and 

asynchronous spectra highlighting property evolution 
(Kong et al. 2021). The design calculations for 2D-COS 
were carried out following the methodology outlined 
by Noda and Ozaki (2004). The analysis was conducted 
using 2D Shige software (Kwansei Gakuin University, 
Japan), with spectral data pretreated by Savitzky-Golay 
smoothing prior to 2D analysis (Zhang et  al. 2023b). 
A surface area analyzer (BET, MicrotracBEL Corp.) 
was applied to measure the  pore size distribution and 
specific surface area of the biochar. The morphology 
of the biochar and its surface elemental composition 
were analyzed using a transmission electron micro-
scope (TEM) and energy dispersive spectroscopy (EDS) 
(JEOL JEM 2100F, Japan).The surface chemical proper-
ties of the materials were measured by X-ray photoelec-
tron spectroscopy (XPS, AXIS Supra, Kratos Analytical 
Ltd). The physicochemical characteristics of pristine 
biochar and nZVI@BC have been given in Table S1. A 
schematic representation of the steps involved in the 
preparation of nZVI@BC is provided in Fig. 1.

2.3 � Nitrate nitrogen removal efficiency of nZVI@BC
2.3.1 � Removal of nitrogen species including nitrate nitrogen 

using nZVI@BC under different pH conditions
A total of 0.1 g of biochar (BC, nZVI@BC0.2, nZVI@BC0.4, 
nZVI@BC0.6, and nZVI@BC0.8) was weighed and added 
into 50 mL centrifuge tubes, and 40 mL of 100 mg L−1 KNO3 
solution was added to each tube. Solution pH was then 

Fig. 1  Flowchart illustrating the preparation processes and characterization of nZVI@BC
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regulated using 0.5 mol L−1 HCl/NaOH to achieve original 
2, 3, 4, 5, 6, 7, 8, 9, 10, 11, and 12 pH values. The specimens 
were shaken at 25  °C constant temperature in  a   shaker, 
at 200  rpm for 24  h. Subsequently, the collected leachate 
samples were immediately filtered through 0.22  µm mem-
branes, which effectively removed most bacteria, includ-
ing mycoplasma (Kim et al. 2023). The resulting filtrate was 
then gathered in 15 mL centrifuge tubes, labeled accordingly, 
and stored at −  20  °C for further analysis. Nitrogen spe-
cies, including nitrate (NO3

−–N), ammonium (NH4
⁺–N), 

and nitrite (NO2
−–N), were quantified using an AA3 Auto-

Analyzer (Bran + Luebbe, Germany). The nitrate removal 
efficiency (Rnitrate), nitrite selectivity (Snitrite), ammonia selec-
tivity (Sammonia), and nitrogen gas selectivity (Snitrogen) were 
calculated using the following formulae (He et al. 2018):

where [NO3
−]i denotes initial concentrations of nitrate 

nitrogen (mg L−1) whereas [NO3
−]f represents final con-

centrations of nitrate nitrogen (mg L−1), and [NO2
−]f and 

[NH4
+]f denote final concentrations of nitrite nitrogen 

and ammonium nitrogen (mg L−1), respectively.

2.4 � Adsorption of nitrate nitrogen by nZVI@BC
Adsorption kinetics experiment: 0.1  g of biochar was 
weighed totally and added into 50 mL centrifuge tubes, 
with 30 mL of 100 mg L−1 KNO3 solution added to each 
tube. Such specimens were then subjected to shaking 
at 200 rpm for various time intervals (5, 10, 20, 30, 60, 
90, 120, 180, 360, 720, and 1440 min) at 25 °C. 0.22 µm 
membrane filter was used to filter specimens, with 
resulting filtrate gathered in 15  mL centrifuge tubes, 
labeled accordingly, and stored at −  20  °C for further 
analysis. An  AA3 AutoAnalyzer (Bran + Luebbe, Ger-
many) was used to measure nitrate nitrogen (NO3

−–N) 
concentrations in the filtrate. To analyze adsorption 
kinetics data, such results were fitted to the pseudo-
first-order model, pseudo-second-order model, and 
intra-particle diffusion model (Elovich) (Ma et al. 2020). 
Kinetic model fitting used the equations as below:

(2-1)Rnitrate(%) =
[NO−

3 ]i − [NO−
3 ]f

[NO−
3 ]i

(2-2)Snitrate(%) =
[NO−

2 ]f

[NO−
3 ]i − [NO−

3 ]f

(2-3)Sammonia(%) =
[NH+

4 ]f

[NO−
3 ]i − [NO−

3 ]f

(2-4)

Snitrogen(%) =
[NO−

3 ]i − [NO−
3 ]f − [NO−

2 ]f − [NO+
4 ]f

[NO−
3 ]i − [NO−

3 ]f

in which Qt (mg g−1) and Qe (mg g−1) stand for amounts 
of nitrate nitrogen (NO3

−–N) adsorbed at time t and at 
equilibrium, respectively; k₁ (h−1) and k₂ (mg g−1 h−1) are 
pseudo-first-order and pseudo-second-order rate con-
stants, respectively; a and b refer to constants pertaining 
to adsorption capacity.

Adsorption isotherm experiment: 0.1  g of biochar was 
weighed totally and added into 50 mL centrifuge tubes, with 
50 mL of KNO3 solution at varying concentrations (20, 40, 
60, 80, 100, 200, 400, 600, 800, and 1000 mg L−1) added to 
each tube. Specimens were shaken at room temperature for 
24 h. Subsequently, 0.22 µm membrane filter was utilized to 
filter specimens, with filtrate gathered in 15 mL centrifuge 
tubes, labeled accordingly, and stored at − 20 °C for further 
analysis.  An AA3 AutoAnalyzer (Bran + Luebbe, Germany) 
was used to measure nitrate nitrogen (NO3

−−N) concentra-
tions in filtrate. To analyze adsorption isotherm data, such 
results were fitted to Langmuir, Freundlich, and Sips (Freun-
dlich-Langmuir) models (Tran et al. 2021). Thermodynamic 
model fitting used the equations as below:

where Ce (mg L−1) represents the equilibrium concentra-
tion of NO3

−–N, Qe (mg g−1) is the equilibrium adsorp-
tion capacity of NO3

⁻–N; Qm (mg g−1) indicates the 
material’s maximum adsorption capacity; KL, KF, KLF, n, 
nLF, and aLF are the constants of the three models men-
tioned above.

2.5 � Migration of nitrate and inhibition of leaching 
by nZVI@BC

2.5.1 � Column migration experiment
The migration experiments were conducted in acrylic 
columns (height: 20.0  cm, diameter: 3.0  cm), which 
were filled with quartz sand. The packing material 
adopted was quartz sand with a 2 mm particle size. The 

(2-5)Pseudo− first− order : Qt = Qe(1− e−k1t)

(2-6)Pseudo− second− order : Qt =
k2Q

2
et

1+ k2Qet

(2-7)Elovich : Qt = a + blnt

(2-8)Langmuir equation : Qe=
QmKLCe

1+ KLCe

(2-9)Freundlich equation: Qe = KFC
1/n
e

(2-10)
Sips (Freundlich− Langmuir) equation

: Qe = KFC
1/n
e
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sand was first rinsed with ultrapure water to remove  
impurities, and soaked in 0.1  mol L−1 NaOH and HCl 
solutions for 24 h each to remove adsorbed metal ions 
and colloidal substances. Afterward, the quartz sand 
was rinsed again with ultrapure water and dried in the 
oven to remove moisture, resulting in purified quartz 
sand. The porosity of the packed column material was 
0.31, and the pore volume (PV) was 43.7 mL.

A schematic representation of column setup is depicted 
in Fig. S1. nZVI@BC with different iron-to-carbon ratios 
(0.2, 0.4, 0.6, and 0.8) was mixed uniformly with the pure 
quartz sand obtained above at a 1% (w/w) addition rate, 
and then packed into the columns. Each treatment was 
performed in triplicate. The local irrigation rate (approxi-
mately 20  mL  min−1) was simulated using a peristaltic 
pump to mimic irrigation conditions. This irrigation rate 
was carefully selected based on typical local agricultural 
practices and the specific soil and crop conditions in the 
region (Yuan et al. 2023).

Effluent from the quartz sand columns was collected 
every 0.25 PV. The absorbance of the solutions from each 
treatment was measured using a UV–Vis spectrophotom-
eter (UV-2700, Shimadzu Corporation, Japan) at wave-
lengths of 192 nm, 198 nm, 209 nm, 227 nm, and 248 nm 
(Fig. S2) to determine the concentration of biochar in the 
effluent and construct breakthrough curves. A standard 
absorbance curve for the biochar suspension was con-
structed using serial dilution, with correlation coefficients 
(R2) of 0.9975, 0.9965, 0.9973, 0.9991, and 0.9974, respec-
tively (Fig. S3).

Following column migration experiment and effluent 
from sand columns was collected, the quartz sand in the 
column was divided into 10 equal sections based on col-
umn height. Every 2  cm of quartz sand was sequentially 
removed and put into a 50  mL centrifuge tube. Then, 
20 mL of deionized water was added, and the mixture was 
shaken for 2 h to release the biochar retained on the quartz 
sand particles. The biochar concentration was measured 
to determine its vertical distribution in the column, and a 
spatial retention curve was constructed.

2.5.2 � Soil column leaching experiment
In this experiment, PVC cylindrical columns with caps at 
both the top and bottom were used to simulate soil leach-
ing columns. Soil specimens adopted in our experiment 
were gathered from greenhouse vegetable field located in 
Wuqing District, Tianjin, China (39°32’ N, 117°3’ E). The 
field is mainly planted with cucumber/tomato or tomato/
leafy vegetable rotation. Soil physicochemical properties 
are illustrated in Table S2. The soil was packed into the col-
umns at approximately 1 g cm−3 fixed bulk density. Before 
the leaching started, deionized water was added to satu-
rate the soil, and after equilibrating for 3  h, the columns 

were put in an incubator at 25  °C constant temperature. 
Leaching was simulated using a peristaltic pump to main-
tain a local irrigation rate of approximately 20 mL min−1. 
Leachate specimens were collected on days 7, 14, 21, 28, 
and 35 of incubation, based on previous studies indicating 
significant cumulative nitrate leaching at weekly intervals 
(Wang et al. 2015; Bae et al. 2019). No samples were col-
lected during the first 7 days to minimize transient variabil-
ity and ensure steady-state conditions (Wang et al. 2015). 
Treatments included: blank control (CK), pristine biochar 
(BC), and nZVI@BC with different iron-to-carbon ratios 
(0.2, 0.4, 0.6, and 0.8), with a 1% addition rate for each. The 
concentrations of NO3

− and NH4⁺ in the leachate were 
measured, and the cumulative distribution (retention) of 
NO3

− and NH4⁺ in different soil layers (0–5 cm, 5–10 cm, 
10–15 cm, and 15–20 cm) was measured.

2.6 � Statistical analysis
The experimental data were organized utilizing Excel 2021. 
Statistical analysis was performed using the “stats” pack-
age in R 4.4.1. One-way analysis of variance (ANOVA) 
was performed to assess significant differences in ammo-
nium nitrogen and nitrate nitrogen concentrations among 
treatments. Post hoc comparisons were conducted using 
both the least significant difference (LSD) test and Dun-
can’s multiple range test at a significance level of P < 0.05. 
Pearson correlation coefficient was used to analyze linear 
correlation among variables. We performed structural 
equation modeling (SEM) using the “piecewiseSEM” pack-
age in R 4.4.1 to investigate direct and indirect influences 
of Fe/C ratio of biochar, physicochemical properties, struc-
tural and functional characteristics, and adsorption capac-
ity on nitrate nitrogen removal efficiency, ensuring that 
the number of data points for each manifest variable was 
consistent and comparable across all variables. All images 
were plotted using Origin 2021 (OriginLab Corporation, 
Northampton, MA, USA).

3 � Results and discussion
3.1 � Potential of nZVI@BC at nitrate nitrogen reduction 

under different pH conditions
The treatments with nZVI@BC at varying pH showed a 
significant reduction in nitrate concentrations whereas 
pristine biochar showed a similar reduction in NO3

−−N 
concentrations (Fig.  2a). This was also evident in the 
NH4

+−N and NO2
−−N concentrations (Fig. 2b, c). nZVI@

BC effectively reduced nitrate to nitrite and ammonium 
nitrogen effectively. The highest ammonium nitrogen con-
centrations were observed at pH 2, reaching 22.01 mg L−1, 
24.94 mg L−1, 41.68 mg L−1, and 43.98 mg L−1 for nZVI@
BC0.2, nZVI@BC0.4, nZVI@BC0.6, and nZVI@BC0.8, 
respectively (Fig.  2b). Similarly, at pH 2, the remaining 
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nitrate concentrations for nZVI@BC0.2, nZVI@BC0.4, 
nZVI@BC0.6, and nZVI@BC0.8 were 16.83  mg L−1, 
12.63 mg L−1, 4.35 mg L−1, and 2.85 mg L−1, respectively, 
significantly less than those of BC treatment (Fig. 2a). The 
enhanced reduction capacity under acidic conditions can 
be attributed to the stronger reduction ability of nZVI in 
acidic environments. This suggests that the presence of 
nZVI dramatically enhances nitrate’s reduction to ammo-
nium nitrogen, especially under acidic conditions, where 
nZVI is more reactive and efficiently facilitates nitrate con-
version. Lower pH reduced its oxidation and promoted 
the stability of nZVI, which in turn accelerates nitrate’s 
conversion to ammonium nitrogen (Tang et  al. 2021). 
Moreover, the increased surface reactivity of nZVI under 
acidic conditions further promoted the reduction reac-
tion (Yuan et al. 2022). However, when the pH increased, 
the reduction capacity of nZVI@BC0.2 and nZVI@BC0.4 
gradually decreased, whereas nZVI@BC0.6 and nZVI@
BC0.8 maintained relatively stable reduction performance 
at pH values above 7. The decline in reduction efficiency 
with increasing pH, particularly for nZVI@BC0.2 and 
nZVI@BC0.4, is likely due to the increased oxidation of 
nZVI under neutral and alkaline conditions, leading to 
the formation of iron hydroxides (such as Fe(OH)3), which 
reduce catalytic activity and inhibit nitrate reduction (Liu 
and Wang 2019). Nevertheless, higher nZVI loading in 
nZVI@BC0.6 and nZVI@BC0.8 improves nZVI disper-
sion and stability, mitigates oxidation effects, and main-
tains more stable reduction performance under alkaline 
conditions (Liu et al. 2024). Additionally, the concentration 
of nitrite nitrogen showed a downward trend as pH for 
all nZVI@BC treatments increases (Fig.  2c). The highest 
nitrite nitrogen concentrations at pH 2 were 16.66 mg L−1, 
16.90 mg L−1, 12.76 mg L−1, and 12.41 mg L−1 for nZVI@
BC0.2, nZVI@BC0.4, nZVI@BC0.6, and nZVI@BC0.8, 
respectively. The decrease in NO2

−−N concentration with 
increasing pH suggests that nitrite, an intermediate prod-
uct of nitrate reduction, is further reduced to NH4

+−N 
more efficiently under acidic conditions. This highlights 
the efficiency of nitrate reduction at low pH. Conversely, 
at higher pH, the nitrate reduction process slows, leading 
to the accumulation of higher nitrite concentrations. These 
findings underscore the significant impact of pH on both 
the efficiency and pathway of nitrate reduction by nZVI@
BC. Furthermore, these interpretations were corroborated 

with   the observation that  the nitrate removal efficiency 
of all nZVI@BC treatments was dramatically higher than 
that of control (BC) across the entire pH range (Fig. 2d). 
The highest nitrate removal rate occurred at pH 2, and the 
values are 83.17%, 87.37%, 95.65%, and 97.16% for nZVI@
BC0.2, nZVI@BC0.4, nZVI@BC0.6, and nZVI@BC0.8, 
respectively. The low pH conditions likely promote elec-
tron transfer and reduction of nitrate (Wei et al. 2018). As 
the pH increased, the nitrate removal efficiency gradually 
decreased, which indicates that the reduction process is 
less efficient under alkaline conditions. This decrease can 
be attributed to the oxidation of nZVI at higher pH as it 
reduces its catalytic efficiency and limits the reduction of 
nitrate (Guo et al. 2015).

Additionally, it can be surmised that an increased 
iron-to-carbon ratio at the same pH leads to higher 
selectivity for NH4

+−N in the reduction products 
(Fig. 2e–h). This suggests that higher nZVI loading and 
iron content improve the nitrate reduction process by 
providing more active sites for electron transfer, which 
favors the production of NH4⁺ (Liu et al. 2022b). On the 
other hand, at the same iron-to-carbon ratio, the selec-
tivity for N2 increased by rising pH, indicating that the 
reduction pathway shifts toward nitrogen gas forma-
tion under more alkaline conditions (Tang et al. 2019). 
This shift is consistent with the known tendency of 
nZVI to reduce nitrate to nitrogen gas in more neutral 
to alkaline environments, where the formation of iron 
oxides is promoted, further altering the reduction path-
way (Zhao et al. 2022).

The primary reaction pathways may involve several 
steps in the nitrate reduction process. At low pH, nitrate 
is first reduced to nitrite, as shown in reaction (1), and 
the resulting nitrite is further reduced to ammonium 
nitrogen, as indicated in reaction (2). These reactions are 
favored under acidic conditions as the increased avail-
ability of protons accelerates the reduction process (He 
et al. 2018).

At higher pH, Fe3O4, Fe2O3 and other iron oxides are 
formed, the reactivity of nZVI may be reduced, and the 

(1)Fe0 + NO−
3 + 2H+ → Fe2+ + NO−

2 +H2O

(2)Fe0 + NO−
2 + 8H+ → Fe2+ + NH+

4 + 2H2O

(See figure on next page.)
Fig. 2  Impact of disparate Fe/C ratios of nZVI@BC on nitrate removal at various pH values. a NO3

−–N concentration; b NH4
+–N concentration; 

c NO2
−–N concentration; d the removal efficiency of nitrate nitrogen (RNO3

–). Different lowercase letters indicate significant differences (P < 0.05) 
among treatments at the same pH level, as determined by one-way ANOVA followed by Duncan’s multiple range test. Note: the insets illustrate 
concentrations of NH4

+–N and NO2
−–N treated by BC. Selectivity of nitrogen species by nZVI@BC with disparate Fe/C ratios at different pH values (e, 

f, g and h)
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Fig. 2  (See legend on previous page.)
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reduction process shifts to nitrogen gas formation, just 
as shown in reactions (3) and (4) (Liu and Wang 2019; 
Mokete et al. 2020).

These results suggest that nitrate is more likely to 
be  reduced to ammonium nitrogen under acidic condi-
tions, whereas it might form nitrogen gas instead at high 
pH values. This pH-dependent shift in the reduction 
products is consistent with the observed trends in nitrate 
removal efficiency and the selectivity for different nitro-
gen species.

3.2 � Effects of nZVI@BC on the adsorption of nitrate 
nitrogen

3.2.1 � Adsorption kinetics
Founded upon above experimental outcomes, it was 
found that RNO−

3
 tended to stabilize when the pH 

exceeded 7 (Fig.  2d). Additionally, since the pH of the 
selected test soil is around 7, batch adsorption tests were 
performed under neutral conditions.

Removing NO3
−−N by nZVI@BC was significantly 

influenced by contact time (Fig. S4a–c). Compared to 
BC, all nZVI@BC treatments demonstrated higher 
removal efficiency, indicating that the ratio of iron to bio-
char and the contact time play a crucial role in NO3

−–N 
removal. As the nZVI ratio increased, the removal effi-
ciency of NO3

−–N also improved, which may be attrib-
uted to the enhanced reduction of NO3

−–N by nZVI 
(Xu et  al. 2024a). The adsorption process followed two 
distinct stages: a rapid initial phase within the first hour, 
then a slower phase reaching (Fig. S4a–c). This suggests 
that adsorption process is initially dominated by sur-
face adsorption, while the later stages may be controlled 
by internal diffusion or chemical reactions of NO3

−–N, 
such as redox reactions with reduced metals like Fe0 and 
Fe2⁺ (e.g., NO3

− reduced to NH4⁺ or NO2
−), or catalytic 

reactions on adsorption surface sites that facilitate the 

(3)
10Fe

0 + 6NO
−
3
+ H2O

Biochar
−−−−→ 5Fe2O3 + 3N2 ↑ + 6OH

−

(4)
18Fe

0 + 10NO
−
3
+ 3Fe

2+ + 2H2O
Biochar
−−−−→ 7Fe3O4 + 5N2 ↑ + 4OH

−

decomposition or transformation of NO3
−–N into inter-

mediate nitrogen species (Hei et al. 2022). Upon reaching 
adsorption equilibrium, the adsorption capacities (Qe) for 
NO3

−–N were 23.91 mg g−1, 34.75 mg g−1, 35.75 mg g−1, 
37.81  mg  g−1, and 38.77  mg  g−1 for BC, nZVI@BC0.2, 
nZVI@BC0.4, nZVI@BC0.6, and nZVI@BC0.8, respec-
tively. This indicates a gradual increase in removal capac-
ity with higher nZVI ratios, likely due to the additional 
reduction sites provided by nZVI, which enhanced both 
adsorption and reduction processes (Yan et al. 2025).

Pseudo-first-order and pseudo-second-order models 
were utilized to analyze adsorption kinetics of NO3

−–N. 
Pseudo-first-order kinetic model provided a better fit for 
the adsorption process of NO3

−–N by BC (R2 = 0.945) 
and nZVI@BC0.2 (R2 = 0.948), which indicated a physical 
adsorption process (Table  1). This is likely attributed to 
the abundant porous structure and large surface area of 
biochar, which facilitate rapid adsorption through physi-
cal interactions, such as van der Waals forces or electro-
static attraction (Qiu et al. 2022; Tan et al. 2021). Good 
fit of pseudo-first-order model suggests that the adsorp-
tion process is initially rapid, with a substantial amount 
of adsorption occurring in a short period, followed by 
stabilization, indicating that physical adsorption domi-
nates in the early stages and equilibrium is reached 
quickly. In contrast, pseudo-second-order model pro-
vided a  better fit for nZVI@BC0.4 (R2 = 0.957), nZVI@
BC0.6 (R2 = 0.969), and nZVI@BC0.8 (R2 = 0.998), sug-
gesting that these materials primarily undergo chemi-
cal adsorption. Introducing nZVI enhanced surface area 
and provided additional adsorption sites through surface 
chemical reactions or electron transfer mechanisms, thus 
promoting chemical adsorption (Awang et al. 2023; Wang 
et al. 2019). The better fit to pseudo-second-order model 
further supports the conclusion that the adsorption pro-
cess is controlled by chemical reactions, with the adsorp-
tion rate slowed as the system approaches equilibrium.

3.2.2 � Adsorption isotherms
The adsorption isotherm results indicated that nZVI@
BC significantly increased the adsorption capacity (Qe) of 
NO3

−–N when the equilibrium concentration (Ce) rose, 

Table 1  Kinetic model parameters for the adsorption of NO3ˉ–N

Treatments Pseudo-first-order Pseudo-second-order Elovich

Qe (mg g−1) k1 R2 Qe (mg g−1) k2 R2 a b R2

BC 23.907 0.090 0.945 26.214 0.006 0.930 12,148.613 0.547 0.439

nZVI@BC0.2 34.175 0.174 0.948 34.554 0.015 0.843 1.748 0.907 0.449

nZVI@BC0.4 34.181 0.110 0.924 35.094 0.004 0.957 167.609 0.282 0.838

nZVI@BC0.6 35.083 0.133 0.935 35.755 0.007 0.969 14,345.009 0.425 0.938

nZVI@BC0.8 34.163 0.092 0.978 36.253 0.003 0.998 13.631 0.195 0.950
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and compared to BC, it demonstrated an improved Qe 
(Fig. S4d–f). The increase can be attributed to enhanced 
surface activity and adsorption sites on biochar after 
nZVI addition, as well as nZVI’s inherent strong adsorp-
tion and reduction abilities (Awang et  al. 2023; Wang 
et  al. 2019). nZVI also releases iron ions that alter  the 
surface charge of biochar, thereby boosting NO3

−–N 
adsorption (Xu et al. 2024a). Previous studies have shown 
that nZVI provides more adsorption sites and enhances 
adsorption through reduction reactions, thereby increas-
ing the overall Qe (Liu and Wang 2019; Tang et al. 2021). 
At equilibrium, the maximum adsorption capacities 
(Qm) for NO3

−–N were 45.63  mg  g−1, 59.740  mg  g−1, 
63.65  mg  g−1, 71.05  mg  g−1, and 84.55  mg  g−1 for BC, 
nZVI@BC0.2, nZVI@BC0.4, nZVI@BC0.6, and nZVI@
BC0.8, respectively, showing an obvious increase with 
higher nZVI ratio. This further confirms that nZVI is 
crucial to improving the adsorption efficiency of biochar.

The Sips model (Freundlich-Langmuir) best described 
the adsorption process (R2 = 0.965–0.998), indicating a 
combination of monolayer and mixed adsorption mecha-
nisms (Table  2). This suggests that NO3

−–N adsorption 
involves surface chemical reactions and physical adsorp-
tion (Heydari et  al. 2024; Liu et  al. 2020a). As nZVI 
content increased, the adsorption capacity improved sig-
nificantly, confirming that nZVI markedly enhanced the 
ability of biochar to adsorb NO3

−–N. It could be ascribed 
to high reactivity and large surface area of nZVI , which 
creates additional adsorption sites and boosts capacity 
(He et al. 2018; Hei et al. 2022). The higher aLF values in 
the Sips model further support this conclusion (Table 2), 
indicating that as nZVI proportion rises, both the driv-
ing force and adsorption capacity of the process are 
enhanced.

3.2.3 � Adsorption mechanism of nitrate nitrogen by nZVI@BC
The XRD analysis revealed significant interactions 
between iron and nitrate in biochar. All nZVI@BC treat-
ments (except BC) showed characteristic diffraction 
peaks of Fe0 (PDF#99-0064) at 2θ = 44.66°, 65.22°, and 
82.54°, with peak intensity increasing as the iron-to-bio-
char ratio rose, indicating higher Fe0 content. (Fig.  3a). 

This suggests that as the iron-to-biochar ratio increases, 
the reduction of iron is enhanced, leading to a higher 
Fe0 content, which in turn strengthens the character-
istic diffraction peaks in the XRD spectra (Gillingham 
et  al. 2022). After nitrate adsorption, the XRD spectra 
showed additional peaks corresponding to Fe2O3, FeO, 
and the complex ((NO)3(NO3))(Fe(NO3)4)2, confirming 
the interaction between iron and nitrate ions (Fig.  3g). 
Particularly, the complex ((NO)3(NO3))(Fe(NO3)4)2 peak 
indicates that iron forms a specific complex with nitrate 
ions, further confirming the successful adsorption of 
nitrate (Perveen et al. 2021). The presence of nZVI in bio-
char enhances nitrate adsorption, stability, and immobili-
zation through complexation, improving its efficiency in 
removing nitrate nitrogen. (Zhang et al. 2020, 2023a).

XPS analysis exhibited immense changes in chemi-
cal states of iron in BC and nZVI@BC before (Fig. 4b–f) 
and after (Fig.3h–l) nitrate adsorption. This observation 
aligns with Wang et al. (2019), who found that Fe3+ made 
up 72% of the total iron in biochar without nZVI, suggest-
ing that iron predominantly exists in the oxidized form 
during preparation, limiting its electron-donating capac-
ity in denitrification. In this study, Fe3⁺ made up 71.38% 
of the total iron in pristine biochar, with Fe2⁺ at 28.62%, 
confirming the limited reduction potential of biochar 
alone. After introducing nZVI, Fe2⁺ in nZVI@BC0.2 
increased to 39.59%, while Fe3⁺ decreased to 60.41%, indi-
cating that nZVI promoted the partial reduction of Fe3⁺ 
to Fe2⁺, enhancing the electron transfer capacity of the 
composite. This result aligns with Liu et al. (2021), who 
reported a 12% increase in Fe2⁺ and a 68% nitrate removal 
efficiency in biochar loaded with 10% nZVI. As nZVI 
loading increased to nZVI@BC0.4, Fe2⁺ rose to 55.96% 
and Fe3⁺ dropped to 35.34%, accompanied by a decrease 
in satellite peak intensity, indicating continued Fe3⁺ 
reduction and inhibition of oxidation. The highest Fe2⁺ 
content of 70.8% was observed in nZVI@BC0.6, indi-
cating that this nZVI loading maximized the reduction 
state of iron. This is consistent with Chen et  al. (2010), 
who reported 72.5% Fe2⁺ at 60% nZVI loading, reflecting 
enhanced redox potential and electron transfer capac-
ity. Increasing the nZVI loading to nZVI@BC0.8 caused 

Table 2  Isotherm model parameters for the adsorption of NO3ˉ–N

Treatments Langmuir Freundlich Sips (Freundlich-Langmuir)

Qm (mg gˉ1) KL R2 KF n R2 KLF aLF nLF R2

BC 46.467 0.015 0.926 6.459 0.297 0.831 2.142 44.397 91.408 0.965

nZVI@BC0.2 66.088 0.011 0.926 6.040 0.355 0.796 1.813 60.477 93.648 0.972

nZVI@BC0.4 63.910 0.001 0.998 5.602 0.381 0.823 1.664 67.088 94.807 0.995

nZVI@BC0.6 83.763 0.007 0.992 3.580 0.444 0.944 0.024 78.284 2.195 0.998

nZVI@BC0.8 86.874 0.003 0.997 1.956 0.586 0.922 0.013 93.114 1.558 0.997
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Fe2⁺ to drop sharply to 16.06%, while Fe3⁺ rose to 71.1%, 
with enhanced satellite peaks, indicating that excess 
nZVI induced Fe2⁺ reoxidation and surface accumulation 

of oxidized iron, impairing nitrate removal. After nitrate 
adsorption, Fe2⁺ decreased and Fe3⁺ increased in all spec-
imens (Fig.  3h–l), indicating Fe2⁺ oxidation to Fe3⁺, and 

Fig. 3  XRD patterns (a) and XPS spectra (b, c, d, e and f) of pristine biochar and nZVI@BC before nitrate nitrogen adsorption. XRD patterns (g) 
and XPS spectra (h, i, j, k and l) of pristine biochar and nZVI@BC after nitrate nitrogen adsorption
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highlighting iron’s role as an electron donor and redox 
mediator in nitrate removal. (Huang et  al. 2021; Fan 
et  al. 2025). In pristine biochar, Fe2⁺ increased slightly 
to 27.95% after adsorption, with Fe3⁺ at 52.82%, show-
ing limited nitrate reduction. In contrast, nZVI@BC0.4 
and nZVI@BC0.6 retained Fe2⁺ at 45.61% and 56.64%, 
respectively, demonstrating that moderate nZVI loading 
prevents iron oxidation, maintains high redox potential, 
and improves nitrate removal. These results align with 
Cao et al. (2019), who found that 40–60% nZVI loading 
preserved over 50% Fe2⁺ content after nitrate adsorp-
tion, supporting sustained denitrification. Conversely, in 
nZVI@BC0.8, Fe2⁺ dropped to 25.64% and satellite peaks 
increased to 41.17%, confirming that excess nZVI pro-
motes surface oxidation, limiting nitrate removal. These 
results emphasize that moderate nZVI loading optimizes 
nitrate removal by enhancing the reduction potential, 
while excessive nZVI promotes oxidative side reactions, 
diminishing efficiency. Fine-tuning the iron-to-carbon 
ratio is therefore critical for optimizing the denitrifica-
tion efficiency of nZVI-biochar composites.

The FTIR analysis (Fig.  4a) revealed that functional 
groups on biochar before adsorption included a broad 
peak at 3430  cm−1 corresponding to the  stretch-
ing vibration of hydroxyl groups (–OH), a peak at 

2973 cm−1 assigned to the stretching vibration of C–H 
bonds in alkanes, a peak at 2167  cm−1 attributed to 
the stretching vibration of C≡N bonds, and  a peak at 
1624  cm−1 associated with the stretching vibration of 
C = C or C = O. Moreover, peaks between 1000  cm−1 
and 500  cm−1 indicated metal–organic interactions, 
such as C–Fe or Fe–O bonds. These functional groups 
provided active sites for interactions including hydro-
gen bonding, van der Waals forces, and π-π interac-
tions during the adsorption process (Tan et  al. 2021). 
The hydroxyl (–OH) groups, in particular, could form 
hydrogen bonds with water molecules or nitrate ions, 
which enhanced the adsorption of water-soluble con-
taminants (Sonal and Mishra 2021). The C–H stretch-
ing vibrations suggested a considerable presence of 
alkyl groups, which aided in adsorbing nonpolar or 
small molecules (Amin et  al. 2016). After adsorption 
(Fig.  4d), significant changes in the functional group 
peaks were found, including appearance of C–O–C and 
Fe–C bonds, which indicated that introducing nZVI 
altered biochar’s surface structure. Incorporating nZVI 
led to metalization of the biochar surface, especially 
formation of C–O–C and Fe–C bonds. The Fe–C bonds 
signified interaction between nZVI and biochar, which 
strengthened nitrate’s adsorption (Zhang et al. 2023a).

Fig. 4  FTIR spectra (a), 2D-COS synchronous spectra (b) and asynchronous spectra (c) of pristine biochar and nZVI@BC before nitrate adsorption. 
FTIR spectra (d), 2D-COS synchronous spectra (e) and asynchronous spectra (f) of pristine biochar and nZVI@BC after nitrate adsorption
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In parallel, surface functional groups on biochar played 
a crucial role in stabilizing Fe2⁺ through coordination 
interactions. The C–O and C = O groups likely acted as 
electron-donating ligands that chelated Fe2+, mitigating 
its rapid oxidation and facilitating continuous electron 
transfer to nitrate ions (Kong et  al. 2021). The synchro-
nous and asynchronous spectra further indicated early 
transformation of polar groups such as C = O and C–N, 
while less polar groups like C–H transformed later 
(Fig.  4c, f; Table  S3, S4), implying a preferential role of 
oxygen-containing groups in initiating nitrate activation. 
The relative stability of Fe–O bonds across treatments 
suggests their role as anchoring sites for nitrate mol-
ecules, enhancing contact between the electron donor 
(Fe2+) and the electron acceptor (NO3

−) (Gao et al. 2022).
To sum up, the coordinated evolution of iron valence 

states and functional groups illustrates a synergistic 
mechanism, wherein moderate nZVI loading enhances 
the redox potential via sustained Fe2+ availability and its 
interaction with reactive surface sites on biochar. In con-
trast, excessive nZVI disrupts this balance by accelerating 
iron oxidation and inhibiting denitrification. Therefore, 
fine-tuning the Fe/C ratio is essential to optimize both 
the structural stability and functional performance of 
nZVI@BC composites in nitrate removal applications.

3.3 � Influences of nZVI@BC upon migration and nitrate 
nitrogen leaching inhibition

3.3.1 � Nitrate nitrogen impact on the migration behavior 
of nZVI@BC

Migration behavior of nZVI@BC is greatly influenced 
by nitrate nitrogen. The breakthrough curve (Fig.  5a) 
showed that nZVI@BC0.6 had the highest effluent 
ratio (0.68) in the presence of KNO3 (50 mg L−1), while 
nZVI@BC0.8 exhibited the lowest ratio (0.25), indi-
cating a stronger migration capacity for nZVI@BC0.6. 
This was pertaining to biochar’s physicochemical prop-
erties, particularly in its larger pore structure, surface 

hydrophilicity, and surface functional groups (Tan et  al. 
2021). nZVI@BC0.6 had a larger specific surface area and 
a more abundant microporous structure (Table S1), pro-
viding more adsorption sites for KNO3, thereby increas-
ing its migration ability by facilitating better contact 
between the biochar and KNO3 molecules in the solu-
tion (Tu et al. 2021). The spatial retention curve (Fig. 5b) 
further revealed the spatial distribution characteristics of 
biochar within the packed column. Biochar exhibited sig-
nificant retention within the 0–8 cm range at the column 
inlet, and as the column depth increased, the retention 
gradually decreased and stabilized. This phenomenon 
is closely related to biochar’s adsorption properties and 
pore structure.

Three-dimensional fluorescence spectra analysis (Fig. 
S4) revealed that nZVI@BC0.6 contained a higher pro-
portion of low molecular weight organic compounds (C1 
and C2; 64.65%), which are highly hydrophilic (Fig.  6c). 
These organic substances improve dispersion and pre-
vent biochar aggregation in water, enhancing its migra-
tion capacity. This finding aligns with Zhao et al. (2018), 
who reported that low molecular weight compounds 
enhance nanoparticle dispersion by increasing surface 
hydrophilicity. In contrast, nZVI@BC0.8 had a lower 
effluent ratio (0.25) due to its smaller surface area, denser 
pore structure, and lower proportion of low molecular 
weight organic compounds. These factors limit its disper-
sion and migration in aqueous solutions. The XPS C1s 
spectrum of biochar showed that the C–C/C = C ratio in 
nZVI@BC0.6 was highest at 67.81% (Fig. S5). This non-
polar structure reduces surface interactions with the sur-
rounding environment (e.g., water and soil), enhancing 
particle mobility in the  medium (Wang et  al. 2019). It 
also minimizes aggregation of nZVI particles on the bio-
char surface, resulting in better dispersion and increased 
mobility of nZVI@BC0.6.

Fig. 5  Breakthrough curves (a), spatial retention curves (b), and 3D fluorescence components (c) of pristine biochar and nZVI@BC in the presence 
of nitrate nitrogen
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3.3.2 � Contribution of nZVI@BC to nitrogen leaching in soil
The leaching column experiment demonstrated that 
nZVI@BC significantly increased the residual NH4

+–N 

and NO3ˉ–N in the soil column compared to the control 
and BC, with nZVI@BC0.6 showing the most remark-
able effects (Fig. 6a–d). This can be primarily attributed 

Fig. 6  Interception effect of nZVI@BC on soil nitrate nitrogen leaching Distribution characteristics of NH4
+–N and NO3

−–N in soil columns (a, b, 
c and d). NH4

+–N and NO3
−-N concentrations in leachate from soil columns (e and f). Disparate lowercase letters stand for considerable disparity 

(P < 0.05) between treatments synchronously according to Duncan test
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to the strong reducibility of nZVI, which inhibits the 
nitrification and reduces the oxidation rate of NH4

+−N 
(Afzal et al. 2024). Meanwhile, porous structure and high 
specific surface area of biochar enhance nitrogen reten-
tion (Zhao et al. 2024). nZVI can lower soil Eh, suppress-
ing nitrifying bacterial activity, while its surface activity 
enhances the adsorption of NH4

+–N (Dissanayaka Mudi-
yanselage et  al. 2020). Simultaneously, biochar weakly 
bonded with nitrogen via carboxyl and phenolic hydroxyl 
groups, enhancing nitrogen fixation efficiency. (Cao 
et  al. 2019). In our work, NH4

+–N content in nZVI@
BC0.6 reached 17.22  mg  kg−1, 17.82% higher than CK, 
while NO3

−–N reached 72.36 mg kg−1, an 8.01% increase 
(Fig. 6a, b). Notably, in the 15–20 cm soil layer, the resid-
ual NH4

+–N and NO3
−–N contents were 4.88  mg  kg−1 

and 18.10  mg  kg−1, respectively, highlighting enhanced 
nitrogen retention (Fig.  6c, d). It has been previously 
reported that biochar can enhance nitrogen adsorp-
tion and fixation by improving cation exchange capac-
ity (CEC) and altering the pore structure of deeper soils 
(Hossain et  al. 2020). In summary, nZVI@BC0.6 exhib-
ited remarkable advantages in reducing nitrogen leaching 
losses and enhancing soil nitrogen retention capacity.

The leaching experiment revealed that nZVI@BC treat-
ments significantly mitigated nitrogen losses in the lea-
chate, with the nZVI@BC0.6 treatment exhibiting the 
most notable performance due to its strong synergis-
tic effects of adsorption and reduction of nitrate nitro-
gen (Fig. 6e, f ). On day 7, NO3

−−N concentration in the 

leachate of nZVI@BC0.6 was 26.44% lower than that 
of CK (390.56  mg L−1 vs. 530.92  mg L−1), due to nZVI 
lowering the Eh, inhibiting nitrification, and biochar’s 
adsorption of NO3

−–N, thereby preventing its further 
loss into the leachate (Jin et  al. 2016). By day 14, the 
NO3

−–N concentration of nZVI@BC0.6 decreased by 
71.31% compared to CK (78.85  mg L−1 vs. 274.81  mg 
L−1), with nZVI facilitating abiotic denitrification 
through electron transfer and biochar enhancing soil 
cation exchange capacity (CEC), which stabilized nitrate 
retention (Rushimisha et al. 2024). Additionally, a tempo-
rary increase in NH4

+−N on day 21 (21.45 mg L−1) may 
have resulted from competitive ion exchange or desorp-
tion (Meng et al. 2022), but the concentration stabilized 
at 8.69 mg L−1 by day 28, indicating the system’s self-reg-
ulating capacity, where re-adsorption and nZVI re-oxida-
tion enhanced NH4

+–N retention (Pei et al. 2024). While 
previous studies have demonstrated the individual effects 
of nZVI and biochar on nitrogen retention, our results 
show that the nZVI@BC composite, particularly nZVI@
BC0.6, achieves superior performance by integrating 
reduction and adsorption mechanisms. Zhang et  al. 
(2023a) showed that nZVI effectively reduced nitrate 
concentrations in contaminated water through its reduc-
tive capabilities, while Wang et  al. (2019) demonstrated 
that biochar significantly improved nitrogen retention in 
soils by adsorbing ammonium and nitrate ions. In com-
parison, our study highlights the synergy between nZVI 
and biochar, showing that the combined nZVI@BC 

Fig. 7  SEM revealed direct and indirect influences of Fe/C ratio, physicochemical properties, structural–functional characteristics, and adsorption 
capacity of biochar upon nitrate nitrogen removal efficiency. a Pathway model. Positive and negative associations are indicated by solid and dotted 
lines, respectively. Numbers on the lines are path coefficients (λ). λ ranges from 0 to 1, the greater the coefficient, the stronger the relationship 
between the two variables. The R2 represents proportion of variance explained. Levels of significance: *P < 0.05, **P < 0.01, and ***P < 0.001. b The 
correlation matrix showed the relationships between the indicators
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composite has enhanced potential for mitigating nitrogen 
leaching in agricultural systems compared to these earlier 
approaches.

While these results demonstrate the effectiveness of 
nZVI@BC in reducing nitrogen leaching and enhancing 
nitrogen retention, the long-term stability and potential 
ecological risks in real complex soil environments require 
further investigation. Future research should focus on 
assessing the material’s persistence, potential toxicity, 
and interactions with soil microorganisms to evaluate its 
long-term viability and environmental impact in large-
scale applications.

3.4 � SEM analysis of nitrate removal efficiency in nZVI@BC 
systems

The structural equation model (SEM) and correlation 
matrix analysis collectively revealed the influence of 
the Fe/C ratio of biochar, physicochemical properties, 
structural and functional characteristics, and adsorption 
capacity on nitrate nitrogen removal efficiency (Fig.  7a, 
b). The SEM results indicated that the Fe/C ratio signifi-
cantly enhances adsorption capacity (R2 = 0.95) by regu-
lating physicochemical properties (path coefficient = 0.78, 
P < 0.001) and structural and functional characteristics 
(path coefficient = 0.65, P < 0.001) (Fig. 7a). This, in turn, 
improved nitrate nitrogen removal efficiency (path coef-
ficient = 0.43, P < 0.05) and product selectivity (path coef-
ficient = 0.45, P < 0.001). Among these factors, structural 
and functional characteristics were crucial to enhanc-
ing adsorption capacity and nitrate nitrogen removal 
efficiency.

The correlation matrix analysis further elucidated the 
effects of different functional groups within structural 
and functional characteristics on adsorption capacity and 
nitrate nitrogen removal efficiency (Fig.  8b). The struc-
tural indices Fe–O, C–O, C1, and C2 all exhibited signifi-
cant positive correlations with adsorption capacity (Qe) 
and nitrate nitrogen removal efficiency (R) (Pnitrate < 0.05). 
Specifically, Fe–O showed a strong positive correlation 
with both Qe (r > 0.67) and Rnitrate (r > 0.67). It indicated 
that the presence of iron oxides contributed to enhanc-
ing Rnitrate of biochar. Similarly, the C–O bond content 
was positively correlated with Qe (r > 0.33) and Rnitrate 
(r > 0.33), suggesting that carbonyl or ester groups facili-
tated the  electron transfer process (Wang et  al. 2023). 
Furthermore, positive correlations between the contents 
of C1 and C2 with Qe and Rnitrate indicated that different 
types of carbon-based functional groups synergistically 
affected adsorption performance and surface catalytic 
activity, and thereby promoted nitrate nitrogen removal 
(Dong et al. 2020).

To sum up, Fe–O, C–O, C1, and C2 within the 
structural and functional characteristics is crucial to 

enhancing adsorption capacity and to improving nitrate 
nitrogen removal efficiency. Such findings further sup-
port the SEM analysis, and highlight the importance of 
structural and functional characteristics in optimizing 
nitrate nitrogen removal performance.

4 � Conclusions and expected contributions
This study demonstrated that nZVI@BC composites 
effectively mitigate nitrogen leaching and enhance nitro-
gen retention, with nZVI@BC0.6 showing the highest 
nitrate removal and ammonium retention. The reduc-
tion of NO3

−−N to NH4
+−N under acidic conditions was 

driven by the synergistic effects of nZVI’s reducibility and 
biochar’s adsorption capacity, with structural character-
istics such as Fe–O, C–O, C1, and C2 playing a key role 
in improving both adsorption and nitrate removal effi-
ciency. nZVI@BC0.6 also exhibited significant nitrogen 
retention in deeper soil layers and maintained stability 
under neutral and alkaline conditions, emphasizing its 
potential for long-term application.

The use of K2FeO4 for modification and secondary cal-
cination results in a relatively low production cost, mak-
ing nZVI@BC composites a cost-effective solution for 
large-scale agricultural applications. Although scalability 
remains a consideration, the technology’s affordability 
and high-performance position it as a promising strat-
egy for mitigating nitrogen losses and improving NUE. 
Future research should focus on optimizing the compo-
sition and assessing field-scale effectiveness to maximize 
its environmental and agronomic benefits.
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