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Introduction: Eutrophication due to nitrogen (N) loss from sloping farmland has a
high risk in the Three Gorges Reservoir. Biochar and vegetated filter strips (VFS)
are used to control nutrient runoff and increase soil water-holding capacity, soil
nutrient retention, and crop yield. However, surface biochar application has
limited ability to control N loss, especially from sloping farmland.

Methods: In this study, different widths of ridged biochar permeable reactive
barrier (RB-PRB) with VFS were employed to intercept N loss in runoff from
sloping farmland. Adsorption characteristics of biochar for nitrate and
ammonium N were evaluated using isothermal and kinetic adsorption models
before field experiments. N index values for ammonium (NH4

+), nitrate (NO3
−),

dissolved N (DTN), particulate N (PN), and total N (TN) lost through runoff were
monitored from April 2019 to January 2020.

Results: NO3
− and NH4

+ sorption on biochar was predominantly physical
adsorption with a maximum capacity of 4.51 and 4.12 mg g-1, respectively.
During the research period, the dominant transportation pathway of N loss
involved dissolved total N movement through subsurface flow, which
accounted for 65.55% of the total loss. TN loss for CK was 1954 g·hm-2, while
RB-PRB and VFS decreased N loss from sloping farmland by 36.7%. The
interception efficiency of RB-PRB was highest at 0.3 m width. VFS successfully
intercepted particulate N and reduced it by 32.75%. In terms of soil nutrients, the
RB-PRB and VFS interventions led to a substantial 41.69% increase in the TN
content of the soil at a 0.4 m width.

Discussion: The findings suggest that biochar has a favorable adsorption effect
on NH4

+ and NO3
−, an appropriate width of RB-PRB with VFS could effectively

reduce nitrogen loss from sloping farmland. Simultaneously, it enhances the
water and fertilizer retention capacity of sloping cropland soil; however, the long-
term implications necessitate further validation.
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1 Introduction

Sloping farmland is the dominant type of arable land in hilly purple
soil areas in Southwest China (Guo et al., 2019). Within these areas,
gently sloping farmland (15°–25°) has a high percentage of 23.8% of the
country’s total farmland area. Precipitation events can result in the
transport of large quantities of nutrients via overland flow and interflow,
ultimately leading to the introduction of these nutrients into the Three
Gorges Reservoir (TGR), which is the largest reservoir in China (Liu
et al., 2016). Nitrogen (N), serving as a pivotal element in soil ecosystem
nutrient cycling, exerts a profound influence on soil quality and
regulates nutrient dynamics. Being indispensable for plant growth
and soil fertility enhancement, soil N loss from soil via runoff can
result in significant land degradation and in diminished land
productivity (Li et al., 2022). In cases of N deficiency in the soil,
plant growth and reproduction are impeded, leading to decreased
vegetation cover and heightened soil erosion (Peng et al., 2019).
Moreover, Eutrophication and ecological harm can occur when N
leached from farmland enters water bodies, making it a major
contributor to non-point source pollution from agriculture (Ibrikci
et al., 2015). Notably, the issue ofN surface source pollution through soil
erosion is particularly acute in southwestern China, because of the
shallow soil depth and limited fertility retention capacity of cultivated
land on purple soil sloping farmland (Wang et al., 2023). Therefore,
controlling N loss from sloping farmland surrounding the TGR
watershed is important and urgent.

N loss from farmland has received significant global attention, and
specialised research was conducted: it was assessed that, in general, soil
N is lost from farmland through volatilization, vertical leaching, runoff,
and sediment transport (Zhao et al., 2015). Furthermore, the main
routes for nutrient and sediment loss of nitrogen from sloping farmland
are through runoff and soil erosion (Lemma et al., 2017; Tuo et al.,
2018). Soil N can enter the runoff through two pathways: firstly,
nutrients from chemical or organic fertilizers may dissolve in the
soil solution and then be carried by surface runoff via water
exchange. Secondly, N may adsorb onto the soil particle surface and
be transported by runoff through desorption, which may also result in
sediment erosion (Wang et al., 2022). While numerous studies have
concentrated on surface runoff (Libutti andMonteleone, 2017; Lee et al.,
2018), only a few have explored subsurface flow, which is critical in
runoff and which contributes to groundwater and reservoir
contamination (Holly et al., 2018). As reported, subsurface flow can
account for 63% of total runoff and is the main driver of N leaching in
hilly regions (Zhu et al., 2009). Therefore, it is critical to find a way to
control N loss via subsurface runoff from sloping land
surrounding the TGR.

Various techniques are used to prevent and control soil nutrient
loss. Based on ameta-analysis, Shen et al. reported that the overall effect
of ecological ditches was a 38.7% reduction in total nitrogen (TN),
which indicates the great application potential of ditches in removing
TN (Shen et al., 2021). However, ecological ditches do not perform well
at low temperatures, and theymay even becomeN sources (Wang et al.,
2017). Luo et al. reported that the average removal rate of total nitrogen
(TN) from agricultural surface runoff on farmland in constructed
wetlands was 29.64% (Luo et al., 2022). Additionally, during heavy
rainfall events, thismethod does not have a good effect to the elevatedN
concentrations (Wei et al., 2020). Vegetated filter strips (VFS),
designated areas of land intended to create a buffer between

agricultural land and ecologically significant aquatic or terrestrial
environments. They demonstrated efficacy in intercepting
agricultural non-point-source pollution before it enters a water body
(Prosser et al., 2020; Tang et al., 2021). Research consistently
demonstrates that VFS can efficiently capture a substantial portion
of the total phosphorus and nitrate load in field runoff, preventing its
entry into surface water (Janssen et al., 2018; Lyu et al., 2021). Notably,
the VFS contributes to the reduction of surface runoff and associated
solute and particle transport. However, VFS application is still limited
due to a high requirement of large reactor volumes or large areas of land
(Gene et al., 2019).

Biochar is a type of charcoal that is produced from organic
materials through a process called pyrolysis, and is considered a
favorable soil amendment. When applied in appropriate amounts in
agricultural production, it can boost soil microbial populations, enhance
soil pH, stimulate soil enzyme activity, increase porosity and macro-
aggregates, expand soil nutrient availability, and facilitate soil infiltration
and plant absorption of accessible N (Wu et al., 2018; Chen et al., 2020).
Meanwhile, apoplastic matter from growing vegetation also contributes
to the increase in TN of soil (Wu et al., 2022). However, there have been
somenegative comments in previous investigations. The entrainment of
NH4

+ biochar particles was washed out by the surface flow and caused
led to increased NH4

+ loss fluxes, due to their minute size and low
density (Huang et al., 2020). Since for sloping farmland N is mainly lost
through runoff caused by rainfall, the interception of N by surface-
applied biochar is believed to be limited (Wu et al., 2022). In conclusion,
the extent of runoff prevention and control technologies is limited by
land use, topography and other factors, and therefore, there is an urgent
need for more effective and high-capacity measures for removing N in
rainfall runoff from sloping farmland.

Based on the characteristics of runoff from sloping farmland
surrounding the TGR, a new in situ remediation technique, ridged
biochar permeable reactive barrier (RB-PRB) combined with VFS, was
explored for preventing N loss from sloping farmland (Losacco et al.,
2021; Chen et al., 2022). This composite barrier strip adsorbs nitrogen
lost in runoff through the RB-PRB, while the VFS reduces the migration
of particulate matter and total dissolved nitrogen. Nevertheless, the
specific adsorption mechanism of this composite interception zone
remains ambiguous, and its interception efficacy in practical
agricultural systems is yet undetermined. The method may be
effective for intercepting mid-loam flow in purple soils during heavy
rainfall events, but its effectiveness at blocking N was unclear.
Consequently, this study encompassed an indoor simulated
adsorption test and an in situ evaluation of RB-PRB with VFS
implemented in the TGR area. The primary aim was to evaluate the
effects of RB-PRB with VFS on N loss in runoff based on the
characteristics of N adsorption on biochar. The results can provide a
practical solution and scientific support for mitigating N losses from
sloping farmland in the Three Gorges Reservoir area.

2 Materials and methods

2.1 Study site location and climate

Field experiments were performed at Shipanqiu sub-basin
(30°24’~30°30′N, 108°08’~108°12′E), situated in Shibao Town, Zhong
County, Chongqing city of China. This sub-basin is adjacent to the
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middle reaches of the Yangtze River, and the basin outlet confluence
directly enters the Three Gorges Reservoir water body. Figure 1 shows
the location of the test site in the ThreeGorges reservoir Area. The study
area features a hilly mountainous landscape with a humid monsoon
climate type. The basin exhibits an average annual precipitation ranging
from 1,000 to 1,300 mm. Rainfall occurs predominantly during the
rainy season, which spans fromApril toOctober each year and accounts
for around 70% of the annual precipitation. Notably, heavy rainfall
concentrates between June andAugust annually. The weather data were
provided by the weather station in the Experimental Station for Soil and
Water Conservation and Environmental Research in the Three Gorges
Reservoir Region, Chinese Academy of Sciences.

The soils investigated in this study are predominantly classified
as purple soils, formed on purple or purplish-red sandstone and
shale formations. Purple soil is deemed to be highly representative of
the sloping land types found within the Three Gorges Reservoir Area
due to its shallow bedrock, limited soil depth, low fertility retention
capacity, and high susceptibility to erosion. The soil
physicochemical properties of purple soil in sloping farmland
were measured at the beginning of the experiment. The pH of
the soils was measured with a pH-measuring instrument (FiveEasy
Plus pHmeter FP20, Mettler Toledo Co., Ltd., Shanghai, China) in a
soil-water suspension (1:2.5, w/v). The soil bulk density was

determined using the cutting ring method. Water content was
determined by weighing method. Soil organic carbon (SOC) was
determined using the high-temperature exothermic–potassium
dichromate oxidation-volumetric method (James and Haby,
1971). Total N (TN) was determined using the Kjeldahl method.
The soil alkali-hydrolyzed N (AN) was determined using the
alkaline diffusion method (Tsiknia et al., 2014). Nitrate nitrogen
(NO3

−-N) and ammonium nitrogen (NH4
+-N) were analyzed by

using the sulfanilamide colorimetry and indophenol blue
colorimetry, respectively (Dai et al., 2023). The molybdenum-
antimony colorimetric method was used to measure total P (TP)
and available P (AP) (Liu et al., 2017). Total potassium (TK) and
available K (AK) determined using a flame photometer (FP640,
Shanghai Precision & Scientific Instrument Inc., Shanghai, China)
(Yanu and Jakmunee, 2015). The properties of the soils are listed in
Supplementary Table S1. In this region, the standard crop rotation
involves rotating summer maize and winter rape.

2.2 Batch experiment

Isothermal adsorption tests and kinetic adsorption tests were set
up in laboratory experiments. Biochar (0.2 g) was put in a 250 mL

FIGURE 1
Location of the experimental area and diagram of runoff plot on sloping farmland.
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conical flask, and then 100 mL of NH4Cl and NaNO3 solutions (0,
10, 20, 40, 60, 80, and 100 mg L-1) were added. To prevent
evaporation of water, the conical flasks were sealed with plastic
wrap, and flasks were shaken in a water bath shaking chamber at
25°C ± 1 °C with an oscillation frequency of 150 rpm for adsorption.
After shaking for 48 h, 10 mL of each suspension was removed,
filtered through a 0.45 μm Polyethersulfone (PES) filter membrane
to prevent the influence of biochar on absorbance, and the content of
NO3

−-N and NH4
+-N in solution was determined by colorimetric

method (Ruan et al., 2016). Each treatment was repeated in
triplicate.

Similarly, in the absorption kinetic experiment, a quantity of
0.2 g of biochar was blended with 100 mL of a solution containing
100 mg L-1 NO3

−-N and 100 mg L-1 NH4
+-N, with the contact

duration ranging from 0 to 48 h. The experimental parameters
such as stirring rate, temperature, and the quantification of
NO3

−-N and NH4
+-N remained consistent with those employed

in the absorption isotherm investigation.

2.3 Field experiment

Runoff plots were selected and designed for this study based on the
hydrological characteristics of sloping farmland. Each plot,
representative of the study area, was built as a 72 m2 cell (12 m ×
6m in length and width), with a 15° slope and soil depth of 60 cm. A
randomized design was used to allocate six treatments, each with three
replicates. Treatments included a plot without RB-PRB and VFS as a
control (CK), VFS0 (without RB-PRB), VFS1 (with RB-PRB in a width
of 0.1 m), VFS2 (0.2 m), VFS3 (0.3 m) and VFS4 (0.4 m).

To prevent water and nutrient exchange between plots, soils in
each plot were lined with plastic film at the bottom and sides, and
stainless steel plates was inserted into the soil at a depth of 40–60 cm
to isolate each plot individually (Figure 2). At the downslope edge of
every plot, some collection pipe and collecting tanks were set up to
collect runoff and sediment for measurement. Water samples from
the bucket were regularly taken and chemically analyzed.

Biochar obtained from pyrolysis of moso bamboo (Phyllostachys
edulis) that was at least 4 years old and produced at 800°C was
utilized in this study (Suichang Shenlonggu Carbon Industry Co.
Ltd., Lishui, China). BET characterization results showed that, the
average specific surface area, total hole volume, and average pore size
of the biochar were 161.08 m2 g-1, 0.0795 cm³ g-1, and 19.75 Å,
respectively.

Land use and management practices applied within this study
are consistent with local customs. Maize and oilseed rape are used in
a standard crop rotation, where oilseed rape is typically sown in
November and harvested in April of the subsequent year; maize is
sown in May and harvested in September. Depending on the local
conditions, maize and oilseed rape was grown using the burrowing
and light tillage method, with plant spacing and row spacing of
40 cm and 60 cm, respectively. Conventional weed and pest control
practices were implemented in the region. Hybrid giant Napier
(Pennisetum × sinese) was planted in the vegetated filter strip area.
Fertilizer application followed common practices among local
farmers, with a total of 450 kg N ha-1 (urea, N-eq 46%), 240 kg
P2O5 ha

-1 (superphosphate, P2O5-eq 12%), and 225 kg K2O ha-1

(potassium sulfate, K2O-eq 52%) applied. All of the
superphosphate and potassium sulfate were applied as basal
fertiliser. 80% of the urea was applied as a base fertiliser and 20%
as supplemental fertilizer. (Huang et al., 2018).

2.4 Sample analyses

For soil mid-flow and sediment sample collection, runoff collection
buckets were placed in the collection tank below the runoff plots before
starting the test, and rainfall and runoff volumes were recorded at the
same time. In each test, at the end of the runoff period, the runoff water
in each bucket was fully stirred using a clean PVC board.Water samples
were collected at specified intervals into 500 mL polyethylene bottles
and stored at 4°C until analysis. Concentrations of N fractions were
measured within 48 h of collection. The water samples were mixed
thoroughly prior to each measurement.

FIGURE 2
Side sketch (A) and Planar sketch (B) of the experimental design for the sloping farmland runoff plots.
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After mixing, the water samples were adjusted to a neutral pH of
7 and subjected to digestion with K2S2O8 solution. TN was
quantified using UV-Vis spectrophotometry on a UV-5800
(Shanghai Metash, City, China). The remaining water samples
were filtered through a 0.45 μm PES filter membrane and
digested with K2S2O8 solution. Total dissolved nitrogen (TDN),
NO3

−-N, and NH4
+-N were analyzed using an AA1 continuous flow

auto-analyzer (Seal, City, Germany). Particulate nitrogen (PN) was
determined by subtracting TDN from TN. To study the effect of RB-
PRB and VFS on soil nutrients in sloping arable land, soil was
sampled from runoff plots under each treatment in each sloping
arable land in April, July, October and January of the following year.
TN in the soil was determined using the Kjeldahl method.

2.5 Data analysis and statistics

In order to optimize the use of adsorbents, previous studies have
suggested modeling interactions between biochar and N during the
adsorption process (He et al., 2023). NO3

−-N, and NH4
+-N adsorption

kinetics were investigated in this study to explore themechanisms of the
thermodynamic and dynamic adsorption of NO3

−-N and NH4
+-N on

biochar. The Eqs 1–4 kinetics models were employed to evaluate NO3
−-

N and NH4
+-N adsorption on different biochars. These models are

listed as follows (Xiang et al., 2021):

Langmuir equation:
ce
qe

� 1
qmaxb

+ 1
qmax

· ce (1)

Freundlich equation: ln qe � ln Kf + 1/n · ln ce (2)
Pseudo-first-order Lagergren( )model: qt � qe 1 − e−k1t( ) (3)

Pseudo-second-ordermodel: qt � q2ek2t/ 1 + qek2t( ) (4)
where ce (mg·L-1) is the concentration of NO3

−-N, and NH4
+-N in

the mixture at adsorption equilibrium, qe (mg·g-1) is the adsorbed
amount of NO3

− and NH4
+ at equilibrium, qmax (mg·g-1) is the

maximum adsorption amount of NO3
−-N, and NH4

+-N, b (L·mg-1)
is the Langmuir adsorption constant, Kf is a constant representing
the adsorption capacity.

1/n is a constant describing the adsorption strength, qt (mg·g-1) is
the amount of NO3

−-N, and NH4
+-N adsorbed at time t, k1 (h

-1) and k2
(g·mg-1·h-1) are the rate constants of pseudo-first-order and pseudo-
second-order adsorption, respectively, and t (h) is the time of sampling.

The runoff flux of subsurface flow from rainfall events was
calculated by the Eq. 5, which was proposed and modified by Peng
et al. (2016):

Runoffflux mm( ) � V

A
× 1000 (5)

where V represents the volume of runoff fluid collected (L), and A
denotes the surface area of each test block (m2).

N fraction loss flux via subsurface flow was calculated through
the Eq. 6 (Zhu et al., 2009):

Q � ∑n

i
Ci × qi × 10 (6)

where Q represents N loss flux throughout the experimental period
(g·ha-1), Ci represents the concentration of a particular N fraction for
each single rainfall event (mg·L-1), qi represents the runoff flux

(mm), and i = 1 to n is the total number of rainfall events during the
experimental period.

SPSS 24.0 (SPSS, Chicago, USA) was employed to conduct
statistical analysis. ANOVA was used to investigate treatment
effects, while paired T-tests were performed to compare nitrogen
loss difference between interflow runoff. Results with a p-value of
less than 0.05 were considered statistically significant. Moreover,
standard errors were calculated with Excel 2019.

3 Results

3.1 Adsorption characteristics of nitrogen
on biochar

Langmuir and Freundlich models were used to fit the adsorption
data of NO3

−-N and NH4
+-N on biochar, respectively, in order to

investigate the isotherms. Figure 3 presents the fitting curves of the
models, and the corresponding parameters can be found in Table 1.
The results show the adsorption of NO3

−-N, and NH4
+-N by biochar

increased with the addition of solute concentration and then
stabilized slowly. The adsorption of NO3

−-N (6.04 mg g-1) was
slightly greater than the adsorption of NH4

+-N (4.10 mg g-1) as
fitted by the Langmuir model. The Langmuir equation provided
a better fit for the sorption of NO3

−-N (R2 = 0.9588) and NH4
+-N

(R2 = 0.9673) on biochar compared to the Freundlich equation (R2 =
0.8812, R2 = 0.9450, respectively), as indicated by the correlation
coefficient (R2). Moreover, within the framework of the Freundlich
model, the uptake constants 1/n for NO3

−-N and NH4
+-N were

determined to be 0.4850 and 0.5090, respectively (both values being
less than 1).

The effect of contact time on N adsorption by biochar was
investigated for 48 h. The adsorption of NO3

−-N, and NH4
+-N by

biochar showed a trend of fast and then slow (Figure 4). In the initial
stages (0.5–12 h), the amount of adsorption NO3

−-N, and NH4
+-N

increased significantly over time, from 1.52 to 1.32 mg g-1 to
4.36 and 3.96 mg g-1, respectively. In the subsequent adsorption
phase (12–48 h), the adsorption rate slowed down significantly, the
adsorption amount remained almost unchanged, from 4.36 to
3.96 mg g-1 to 4.51 and 4.12 mg g-1, respectively. The fitted kinetic
parameters are listed in Table 2. The apparent sorption equilibrium
of N adsorption on the selected adsorbents was achieved after 12 h.
Both models of pseudo-first-order and pseudo-second-order
provided a good fit to the adsorption data, as confirmed by the
regression coefficient (R2).

3.2 Nitrogen content in runoff from sloping
land over time

Figure 5 shows the rainfall within the runoff plots of sloping
farmland and the temporal variation of TN and TDN
concentrations lost in runoff from the RB-PRB and VFS
interception areas for the corresponding rainfall amounts.
Seasonal variation in rainfall can be clearly seen, which in turn
correlates significantly with seasonal variation in TN and TDN
content in runoff. The trend of high N loss in summer and low loss
in spring was observed. The greatest TN loss reached 81.46 mgL-1
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on August 6. The TN and TDN concentrations in runoff also peaked
in September when the arable crops were replaced. TN loss with
only VFS0 for interception was 1.52–64.24 mg L-1, significantly
lower than TN loss from controls (2.87–81.45 mg L-1).
Meanwhile, TN and TDN in runoff decreased as the RB-PRB
width increased. However, when the RB-PRB width was >0.3 m,
the interception effect did not change significantly.

3.3 Nitrogen interception from
sloping farmland

The interception of various forms of N by RB-PRB with VFS
from sloping farmland is shown in Figure 6. Loss of TN clearly
decreased with increasing width of RB-PRB. Slope runoff N was
mainly in the form of particulate N (PN) and TDN. After the
establishment of runoff plots in April 2019, TN loss from controls
was 1954 g·hm-2. Of this amount, the TDN loss was 1,281 g hm-2

land, accounting for 65.55% of the total loss, indicating that TDN
was the main form of N loss. Compared with CK, the interception
efficiency of VFS0, a treatment with only VFS, was 32.75% for PN,
but only 15.56% for TN, which indicates that VFS could effectively
intercept PN. Compared with VFS0, interception of TN was
significantly higher in VFS2, VFS3, and VFS4 treatments with
increasing RB-PRB width, which was mainly attributed to the

adsorption of total dissolved N by RB-PRB. However,
interception of TN from sloping farmland was not significantly
enhanced when the RB-PRB width was >20 cm.

3.4 Total nitrogen content in soil of
sloping farmland

The results of soil TN content in each treatment plot at
different times during the whole experiment are shown in
Figure 7. TN in the original soil measured in April 2019 was
2,316 mg kg-1, at the beginning of the experiment. The TN
content in the soil varied significantly with the seasons,
showing a trend of high levels in autumn and winter and low
levels in spring and summer. Compared with the CK, the effect of
treatment VFS0 with only VFS setting was not significant on soil
TN nutrients. As the width of RB-PRB increased, the soil TN
content in VFS1, VFS2, VFS3, and VFS4 treatments gradually
increased. The TN content of the VFS4 group measured in
January 2020 was 3,898 mg kg-1, which was 41.69% higher
than that of CK group 2,751 mg kg-1.

4 Discussion

4.1 Mechanism of nitrate and ammonium N
adsorption by biochar

The sorption of NO3
−-N and NH4

+-N on biochar was better
described by the Langmuir equation (RL

2 = 0.9588 and 0.9673) than
the Freundlich equation (RF

2 = 0.8812 and 0.9450). The Langmuir
model describes the adsorption by a monolayer, whereas the
Freundlich model describes non-homogeneous adsorption. The
better fitting results of NO3

−-N and NH4
+-N by the Langmuir

FIGURE 3
Isothermal adsorption of NO3

−-N and NH4
+-N on biochar fitted using Langmuir (A) and Freundlich (B) models.

TABLE 1 Fitting parameters of NO3
−-N and NH4

+-N adsorption on biochar.

Langmuir Freundlich

b qm/mg·g-1 R2 Kf 1/n R2

NO3
−-N 0.0383 6.04 0.9588 0.5718 0.4850 0.8812

NH4
+-N 0.0275 4.10 0.9673 0.3102 0.5090 0.9450
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equation indicate that adsorption of NO3
−-N and NH4

+-N is
dominated by consistent with monolayer physical adsorption
(Kizito et al., 2015). Shin et al. observed that NH4

+ was adsorbed
rapidly on biochar pellets comprised of 9:1 biochar pellet:pig
manure based on kinetic models (Shin et al., 2018). Biochar and
agricultural residues, such as rice husks or plant shells, exhibit an
ammonium removal efficiency of less than 40% at maximum (Kizito
et al., 2015). This is consistent with the results of this study,
indicating that biochar has the potential to rapidly adsorb N
from runoff due to its large specific surface area. The maximum
adsorption of NO3

−-N and NH4
+-N by biochar in this study was

6.04 and 4.10 mg g-1 according to the Langmuir model, which is not
very similar compared to some studies. Zhang et al. found that the
maximum adsorption of NO3

−-N by iron-based biochar was
9.35 mg g-1 (Zhang et al., 2023). Although NO3

−-N and NH4
+-N

sorption capacity can be increased by active modification through
metal ions or acids and bases, biochar modified in such a way may
not be suitable for agricultural purposes due to potential
environmental impacts (Yao et al., 2012; Liu Z. et al., 2016). In
the Freundlich model, the absorption constants 1/n for both NO3

−-
N and NH4

+-N were less than 1, indicating a favorable process. The
results suggest that the biochar surface is heterogeneous, with some
level of physical adsorption taking place (Liu et al., 2010). The
constant values (0 < 1/n < 1) indicate that the sorption process

primarily involves chemical adsorption with slight physical
adsorption (Yao et al., 2013).

Biochar adsorption of NO3
−-N and NH4

+-N reached an
apparent adsorption equilibrium after 12 h. As evidenced by their
regression coefficients (R), the pseudo-first-order and pseudo-
second-order models could be used to fit the adsorption data
well. Previous studies found that a pseudo-second-order model
was suitable for describing NO3

−-N and NH4
+-N adsorption on

biochar (Liu et al., 2010; Wang et al., 2019). This suggests also that
the adsorption of NO3

−-N and NH4
+-N by biochar can be a

consequence of the combined mechanisms of physical and
chemical adsorption, encompassing surface adsorption and
intraparticle diffusion (Stjepanović et al., 2019). The adsorption
mechanism of NO3

−-N and NH4
+-N on biochar can be elucidated as

follows: a rapid adsorption phase within the initial period (0–12 h)
where over 85% of the maximum adsorption capacity for NO3

−-N
and NH4

+-N can be observed. This rapid adsorption is primarily a
physical process driven by mass transfer based on the ionic
concentration gradient between the solid and liquid phases,
coupled with electrostatic interactions between positively charged
radicals and negatively charged biochar surfaces (Zhu et al., 2012).
Subsequently, a slower adsorption phase seem to occur, marking the
conclusion of physical adsorption (12–48 h). This may imply that an
ionic equilibrium between the solid and liquid phases, leading to

TABLE 2 Kinetic parameters of NO3
−-N and NH4

+-N adsorption on biochar.

Actual equilibrium adsorption/mg·g-1 Pseudo-first-order Pseudo-second-order

qe/mg·g-1 k1/h
-1 R2 qe/mg·g-1 k2/g·(mg·h)−1 R2

NO3
−-N 4.51 4.32 0.8067 0.9747 4.66 0.2452 0.9916

NH4
+-N 4.12 3.95 0.9157 0.9805 4.24 0.3093 0.9654

FIGURE 4
Kinetic adsorption of NO3

−-N and NH4
+-N on biochar fitted using pseudo-first-order (A) and pseudo-second-order (B) equations.
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FIGURE 5
Time series of precipitation (A), TN concentrations (B) and TDN concentrations (C) in runoff from sloping farmland. Precipitation and runoff are
directly corresponding to each other. CK stands for untreated. VFS stands for Vegetation Filter Strip for this treatment, followed by the numbers 0, 1, 2, 3,
and 4, which represent the width of the RB-PRB of 0 m, 0.1 m, 0.2 m, 0.3 m, and 0.4 m, respectively. RB-PRB stands for ridged biochar permeable
reactive barrier.
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minor desorption of physically bound NO3
−-N and NH4

+-N. The
enhanced adsorption during this phase is attributable to
chemisorption and a degree of intranodal diffusion, continuing
until the saturation of active sites (Kucic et al., 2013). Both

equilibrium and kinetic data suggest that the adsorption
mechanisms for both NO3

−-N and NH4
+-N on biochar are

dominated by rapid physical adsorption. This makes RB-PRB
suitable for rapid adsorption of N from subsurface runoff from
sloping farmland, but there may be desorption problems that need to
be further explored.

4.2 Effect of RB-PRB with VFS on nitrogen
loss from sloping farmland

In this investigation, it was found that nitrogen loss in sloping
farmland was mainly in the form of dissolved N. The loss of soil N
via runoff pathways, including overland flow and interflow, involves
an interactive process between soil N and runoff water (Wang and
Zhu, 2011). N is highly mobile and can be easily transported by both
pathways. Interflow has been reported as the predominant pathway
for NO3

−-N loss from sloping farmland (Jia et al., 2007), although
conflicting results have been obtained in other studies (Chen et al.,
2024). In this study, TDN was identified as the primary form of N
loss from sloping farmland. Jing et al. found that dissolved organic N
accounted for a significant proportion of TN loss via surface runoff
and interflow, ranging from 24.31% to 57.69% and from 12.28% to
47.81%, respectively, which is consistent with the conclusions of this
study (Jing et al., 2022). This also indicates that controlling the loss
of TDN in subsurface runoff can be the key to intercept N loss from
sloping farmland in the southwest.

It was found that RB-PRB with VFS in sloping farmland can
intercept N via adsorption from surface runoff and subsurface
runoff. Previous studies assessing the effectiveness of vegetated
filter strips (VFS) in limiting nutrient transport to surface waters

FIGURE 6
Particulate nitrogen and total dissolved nitrogen loss fluxes in
runoff plots from sloping farmland under RB-PRB with VFS at different
widths. CK stands for untreated. VFS stands for Vegetation Filter Strip
for this treatment, followed by the numbers 0, 1, 2, 3, and 4,
which represent the width of the RB-PRB of 0 m, 0.1 m, 0.2 m, 0.3 m,
and 0.4 m, respectively. RB-PRB stands for ridged biochar permeable
reactive barrier. PN stands for particulate nitrogen. TDN stands for
total dissolved nitrogen. Different lowercase letters in the same figure
indicate significant differences among the different plantation ages in
the same soil layer at the 0.05 level.

FIGURE 7
Time series of total nitrogen content in soil of sloping farmland under RB-PRB with VFS at different widths. CK stands for untreated. VFS stands for
Vegetation Filter Strip for this treatment, followed by the numbers 0, 1, 2, 3, and 4, which represent the width of the RB-PRB of 0 m, 0.1 m, 0.2 m, 0.3 m,
and 0.4 m, respectively. RB-PRB stands for ridged biochar permeable reactive barrier. Different lowercase letters in the same figure indicate significant
differences among the different plantation ages in the same soil layer at the 0.05 level.
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have typically examined various forms of N (Alemu et al., 2017). As
Harmel et al. reported, VFS significantly reduced total N from swine
feedlots by 81%–86% over a 4-year study, but less effectively trapped
nitrate, which is the most total dissolved form of N (Harmel et al.,
2018). The effectiveness of VFS in removing suspended solids
explains why sediment-bound forms of nutrients are efficiently
removed, and why TN removal is positively correlated with
suspended solids removal (Yang et al., 2015; Alemu et al., 2017).
The literature suggests that VFS may struggle to reduce the
movement of more total dissolved forms of N (e.g., nitrate) and
P into surface waters, although relatively high trapping efficiencies
have been reported for these forms (Yang et al., 2015). In a recent
study, Tang et al. evaluated the long-term effectiveness of different
types and lengths of VFS in reducing suspended solids and nutrients
in agricultural runoff (Tang et al., 2021). They found that VFS (9 m,
13 m) reduced suspended solids to 79% and 84% of the original
amount, in consistence with the findings of the present study.

Our results suggest that the best control of N loss was achieved
with an RB-PRB width of 0.3 m. Increasing the width further led to a
decrease in interception effect, possibly due to excessive biochar
application leading to increased biological fixation of N and reduced
availability of plant N (Wu et al., 2022). This can be detrimental to
the growth of Hybrid Giant Napier and can result in grass root rot.
Meanwhile, agricultural residues decay and enter runoff with
rainwater, which may positively impact soil erosion resistance
but negatively affect soil retention (Hu et al., 2019). For instance,
Wu et al. reported that while the inhibition of soil erosion was
greatest at a biochar content of 50 t hm-2, the amount of N loss
associated with eroded soil doubled when the biochar content
exceeded this level (Wu et al., 2022). In conclusion, RB-PRB with
VFS was effective for controlling N loss from sloping farmland.

4.3 Effect of RB-PRB with VFS on soil
nutrients in sloping farmland

The effects of RB-PRB with VFS on soil nutrient content are
complex (Ali et al., 2020). Numerous studies have demonstrated that
biochar enhances soil physical properties, but the influence of
biochar on soil erosion remains unclear and inconsistent (Jeffery
et al., 2011; Burrell et al., 2016; Głąb et al., 2016). Our current study
showed that RB-PRB with VFS significantly increased soil TN
content in sloping farmland. This is related to the effect of this
interception zone on trapping nutrient loss from sloping farmland,
which allows nitrogen to accumulate in the soil (Yadav et al., 2019).
Meanwhile, this also suggests that biochar may be beneficial for soil
nutrient retention. As previously indicated, biochar can boost soil
microbial populations, enhance soil pH, stimulate soil enzyme
activity, and increase porosity and macro-aggregates. Applied at
optimal rates in agricultural production, biochar is effective in
reducing soil erosion and promoting nutrient accumulation
(Kuoppamaki et al., 2016; Sadeghi et al., 2016).

Other studies have shown that N leaching from soils can be
significantly reduced by moderate application of biochar, and field
experiments showed that leaching of ammonia and nitrate N from
sandy soils was effectively reduced by 14% and 28% respectively when
biochar was added at 25 t hm-2 in the 1–10 cm topsoil layer (Wu et al.,
2022). This could be because the high specific surface area and porosity

of biochar in RB-PRB can promote soil microbial and plant root
growth, leading to enhanced soil microbial reproduction, enzyme
activity, and nutrient cycling. As a result, soil fertility and crop yield
may indirectly improve (Igalavithana et al., 2016; Wang et al., 2016).

Moreover, with a further increase in RB-PRB width to >0.2 m,
the effect of N increase in soil was not significant, and even decreased
at the larger widths. This may be due to quantities of volatile matter
in biochar resulting in a high soil C/N ratio, which could have
reduced soil fixation of N, inhibits soil N cycling, and leads to
reduced N uptake by roots (Jost et al., 2011). Additionally, excessive
biochar resulted in poor root development in Hybrid giant napier,
increasing the likelihood of sediment and nitrogen loss. This may be
due to the negative effect of poor Hybrid giant napier growth on
biological soil particle aggregation, which alters the soil physical
structure, adversely affects soil consistency, accelerates the soil
nitrification process, and increases NO3

− content in soil (Ye
et al., 2012; Hui et al., 2014).

5 Conclusion

In the laboratory experiments conducted within the presented
study, isothermal adsorption equilibrium and adsorption kinetic
data demonstrated that rapid physical adsorption was the main
adsorption mechanism for NO3

−-N and NH4
+-N on biochar. This

suggests that biochar has the potential to rapidly adsorb nutrients
from slope-following ground runoff. Field experiments showed that
N loss from the sloping farmland varied significantly with seasons,
indicating a trend of high levels in summer and low levels in winter.
The main pathway of TN loss was TDN runoff through subsurface
flow. The investigation of TN loss from runoff plots revealed that the
TN loss in the control group was 1954 g·hm-2. However,
incorporating RB-PRB with VFS notably decreased N loss from
sloping cultivated land. When the width was 0.3 m, RB-PRB with
VFS intercepted 34.85% of N, with little change in effectiveness with
increased width. The efficiency of intercepting particulate nitrogen
was 32.75% for the treatment in which only VFS was set. During the
experimental period, RB-PRB with VFS significantly increased the
TN content in the soil of the sloping farmland site, with a maximum
increase of 41.69% compared to the control. These results
demonstrate the potential of RB-PRB with VFS in reducing N
loss and improving soil stability, offering a solution for
mitigating N loss from sloping farmland. Nevertheless, further
experiments are still required to explore the adsorption capacity
of biochar and plant harvesting for VFS.
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