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ARTICLE INFO ABSTRACT
Keywords: Current agricultural practices prioritize increasing crop yields through extensive fertilizer use.
Biochar-supported controlled-release fertilizer However, overreliance on nitrogen (N) and phosphorus (P) fertilizers has led to environmental

Nitrogen and phosphorus use efficiency
Nutrient recovery
Sustainable agriculture

degradation, including eutrophication and inefficient nutrient use, raising sustainability concerns.
This study aims to develop a biochar-supported controlled-release fertilizer (BAPF) containing N
and P, and evaluate its impact on soil nutrient dynamics, nutrient recovery, plant growth, and
yield. BAPF was synthesized by impregnating biochar derived from oat hulls with urea and
diammonium phosphate. An eight-week soil incubation experiment compared nutrient release
dynamics between BAPF, conventional fertilizers (CF), oat hull biochar (OHB), and a control (CT).
BAPF demonstrated consistent nutrient release, maintaining higher N and P availability over time
than CF. By day 60, total N concentration in the BAPF treatment was 6 % higher than CF, while P
availability was consistently 20 % higher. BAPF also exhibited lower ammonification rates
compared to unfertilized treatments, while nitrification rates were 2.6 times greater compared to
OHB and CT, demonstrating enhanced nitrogen conversion efficiency. In a greenhouse trial using
spring wheat as a model plant, BAPF improved growth, nutrient uptake, and grain yield compared
to CF, OHB, and CT. Total biomass and grain yield increased by approximately 15 % relative to
CF, and nutrient recovery rates were significantly higher, with N apparent recovery (ARN) of
55.0 % compared to 36.5 % for CF. Additionally, the apparent P recovery rose from 8.9 % in CF to
18.5 % in BAPF. The findings suggest that BAPF improves nutrient use efficiency and enhances
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grain productivity compared to conventional methods. Its controlled-release properties lead to
longer nutrient availability, better nutrient recovery, and increased crop productivity, even in
high P-fixing soils. Therefore, BAPF offers an effective alternative to reduce reliance on synthetic
fertilizers, enhancing sustainability in agricultural systems.

1. Introduction

Global agriculture faces the dual challenge of increasing crop yields and improving nutritional quality while minimizing envi-
ronmental impacts and reducing costs (Yang et al., 2024). Since the Green Revolution, global crop yields have increased due to ad-
vancements in plant breeding and cultivation technologies (Vandamme et al., 2016). However, this progress has depended mainly on
the extensive use of inorganic fertilizers, particularly nitrogen (N) and phosphorus (P) (Wang et al., 2022). This reliance raises sig-
nificant concerns regarding these practices’ long-term sustainability and resource use efficiency in agricultural systems.

Nitrogen is an essential nutrient for plant growth, playing a critical role in several physiological and biochemical processes,
including photosynthesis, protein synthesis, DNA replication, and enzyme activation (Zayed et al., 2023). Similarly, P is crucial for
energy transfer and genetic processes in plants, as it is a component of nucleic acids, ATP, and membrane phospholipids (White and
Brown, 2010). In agriculture, both N and P are central to promoting crop growth, enhancing the development of vegetative and
reproductive structures, and ultimately increasing biomass production and yields (Anas et al., 2020). In addition, these nutrients also
influence the nutritional quality of crops, including protein content and the accumulation of essential micronutrients (Khalid et al.,
2023). The agronomic importance of N and P often leads farmers to apply excessive amounts of fertilizers to maximize yields (Cormier
et al., 2016). However, this practice comes with significant environmental consequences, such as eutrophication, soil acidification,
greenhouse gas emissions, and the degradation of both terrestrial and aquatic ecosystems (Galloway et al., 2014). The environmental
impacts ultimately threaten the sustainability of agricultural production. An important issue with conventional fertilizers is their soil
nutrient retention inefficiency (Dimin et al., 2014). Mineral forms of N and P are often not retained long enough for plants to fully
utilize them, leading to substantial nutrient losses or fixation (Ciampitti and Vyn, 2014). Over half of the applied N is lost through
leaching and volatilization as ammonia and nitrous oxide gases, while up to 90 % of applied P fertilizer becomes unavailable to plants
due to soil fixation, particularly in soils with high P-fixing capacities like andisols (Lopez-Arredondo et al., 2014; Martinez-Dalmau
et al., 2021). These inefficiencies contribute to economic losses for farmers and degrade the environment (Anas et al., 2020).

A promising approach to addressing these challenges is the development of “smart fertilizers” with controlled nutrient-release
mechanisms, which minimize nutrient losses and improve nutrient recovery by crops (Calabi-Floody et al., 2018). One such mate-
rial that has gained attention is biochar (Bc), a carbon-rich product derived from the pyrolysis of organic materials. The Bc is an
attractive matrix for developing controlled-release fertilizers due to its porous structure, high surface area, and capacity to retain
nutrients, which can improve nutrient use efficiency (Lehmann and Joseph, 2009). Studies have demonstrated that Bc not only en-
hances soil nutrient exchange capacity but also promotes microbial activity (Gul and Whalen, 2016; Xu et al., 2014) improves water
retention (Atkinson, 2018; Gonzalez et al., 2015), and serves as a carrier for delivering nutrients such as N and P (El Sharkawi et al.,
2018). These properties make Bc a strong candidate for mitigating nutrient losses and improving fertilizer efficiency, particularly in
agricultural soils prone to nutrient fixation. Previous studies have demonstrated that combining Bc with N fertilizers can effectively
modify soil N dynamics, reducing losses through leaching and volatilization(Giierena et al., 2013; Li et al., 2018a; Saha et al., 2018).
Similarly, Bc is impregnated with phosphorus sources, which shows the ability to release P more gradually while maintaining nutrient
availability comparable to conventional fertilizers (Liang et al., 2014). Phosphate impregnation into the Bc structure facilitates
controlled P-release, increases carbon stability, and enhances retention within biochar, optimizing its role as a soil amendment
(Carneiro et al., 2018; Zhao et al., 2016).

Despite significant advances in biochar-based controlled-release systems, most studies have focused solely on N release, with
limited research addressing the simultaneous incorporation of N and P into BC matrices (Nayak et al., 2025; Pereira et al., 2022). A
dual-nutrient formulation can substantially improve nutrient use efficiency by providing a balanced and sustained release of N and P,
which is particularly crucial in P-fixing soils where continuous nutrient availability is essential for optimal plant growth and yield (Cui
et al., 2022; Gao et al., 2022)

This study aims to develop a biochar-based controlled-release fertilizer (BAPF) that simultaneously delivers N and P to agricultural
soils. The objectives are to assess the nutrient release dynamics of BAPF in soil, evaluate its impact on plant growth, nutrient uptake,
and grain yield, and compare its performance with conventional fertilization method. It is hypothesized that BAPF enhance nutrient
retention, regulate nutrient release, and improve crop productivity while minimizing nutrient losses. This dual-nutrient approach
distinguishes this study from previous research, which has primarily focused on the controlled release of a single nutrient (Nayak et al.,
2025, 2024; Pereira et al., 2022). Ultimately, this research seeks to contribute to more sustainable nutrient management practices,
addressing the inefficiencies of conventional fertilizers and improving both agricultural productivity and environmental sustainability.

2. Materials & methods
Three independent experiments were conducted to evaluate the effectiveness of a biochar-based controlled-release ammonium

phosphate fertilizer (BAPF) on soil nutrient release dynamics and its role in plant growth, nutrient uptake, and grain yield. The first
experiment involved the synthesis of BAPF by impregnating oat hull biochar (OHB) with urea and diammonium phosphate, followed
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by a comparative analysis of its physical and chemical properties against the original OHB. The second experiment assessed the
changes in N and P dynamics in soil after BAPF application, comparing its performance with conventional fertilization (CF), OHB
alone, and an unfertilized control (CT) during an eight-week soil incubation under controlled conditions. The third experiment
evaluated the agronomic effectiveness of BAPF for plant growth and nutrient uptake in greenhouse conditions, using wheat as the
model plant. Detailed methodologies for each experiment are provided below.

2.1. Synthesis and physicochemical characterization of biochar-based controlled-release ammonium phosphate fertilizer (BAPF, Experiment

D

2.1.1. Biochar production

Oat hull biochar (OHB) was synthesized at Universidad de La Frontera’s Center for Waste Management and Bioenergy. Before
initiating the process, the pyrolyzer was purged with N gas to displace air. The temperature gradually increased at a rate of 3.6°C per
minute until reaching 300°C, a temperature chosen to preserve functional groups in the Bc structure and optimize yield (Tomczyk
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Fig. 1. Preparation and physiochemical characterization of oat-derived biochar (OHB) a) Schematic representation of the preparation of OHB; b), c)
Scanning electron microscopy (SEM) images; d) Chemical composition analysis; e, f) Energy-dispersive X-ray spectroscopy (EDS) with elemental

mapping of carbon (e) and potassium (f); g) Particle size distribution; h) Fourier-transform infrared spectroscopy (FTIR); i) Thermogravimetric
analysis (TGA).
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etal., 2020). After pyrolysis, the OHB was allowed to cool to room temperature in a sealed stainless-steel container to prevent exposure
to oxygen (Fig. 1a).

2.1.2. Preparation of the BAPF

The OHB was milled and sieved through a 0.5 mm mesh (100-mesh sieve). Dry OHB (4 % moisture content) was impregnated with
a mixture of diammonium phosphate (DAP; Productos Quimicos Company, Santiago, Chile) and granulated urea (46 % N, Sociedad
Quimica y Minera de Chile S.A.). The N and P contents were adjusted using a modified method from El Sharkawi et al. (2018) and
Gonzalez et al., (2015). Several ratios of Be, and fertilizers were tested (data not shown), and the optimized formulation was deter-
mined to consist of OHB, DAP, urea, and distilled water in a weight ratio of 1:1.25:1.25:1. The mixture was processed in a 5 L electric
reactor (Tefal, CY505E30, France) under fume hood containment at 100 °C and 1.0 bar pressure (Fig. 2a). The components were mixed
into a uniform paste and evenly distributed within the vessel. Following a 10-minute heating period, the paste was stirred continuously
to prevent solidification, then cooled and dried at 25 °C for 24 hours. The resulting product, designated as Biochar-Based Con-
trolled-Release Ammonium Phosphate Fertilizer (BAPF), exhibited particle sizes ranging from 2 to 4 mm and was stored for future use.
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Fig. 2. Synthesis and physiochemical characterization of biochar-based controlled-release N and P fertilizer a) Schematic representation of the
preparation of BAPF by impregnating OHB with inorganic fertilizers; b), ¢) Scanning electron microscopy (SEM) images; d) Chemical composition
analysis; e, f) Energy-dispersive X-ray spectroscopy (EDS) with elemental mapping of nitrogen (e) and phosphorus (f); g) Particle size distribution; h)
Fourier-transform infrared spectroscopy (FTIR); i) Thermogravimetric analysis (TGA).
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2.1.3. Biochar and BAPF characterization

The effectiveness of the impregnation process was evaluated using multiple physicochemical methods, including scanning electron
microscopy (SEM), particle size distribution (PSD), thermogravimetric analysis (TGA), energy-dispersive X-ray spectroscopy (EDX),
Fourier-transform infrared (FTIR) spectroscopy, and chemical composition analysis.

The morphology of OHB and BAPF was analyzed using SEM (JSM 6380LV microscope, JEOL, USA). PSD was analyzed using a
Shimadzu SALD-3101 DRY laser diffraction particle size analyzer (Kyoto, Japan) under dry mode using compressed air to prevent
agglomeration. The refractive index was 2.00-0.10i (optimized for Bc), with four signal accumulations per count, a two-second
measurement interval, and 64-time signal averaging to enhance accuracy.

Thermogravimetric analysis (TGA) was conducted using a PerkinElmer STA 6000 thermal analysis system (Waltham, Massachu-
setts, USA). Samples (~20 mg) were heated from 30 °C to 120 °C at 50 °C/min and held for 3 minutes to remove moisture. Subse-
quently, the temperature was increased to 950 °C at 100 °C/min under a constant nitrogen flow of 100 mL/min to decompose volatile
matter. After cooling, the samples were reheated to 800 °C for 3 minutes to determine the fixed carbon and ash content.

FTIR spectroscopy was used to analyze surface functional groups, employing an Agilent Cary 630 FTIR spectrometer (Santa Clara,
USA). The FTIR spectrum was recorded with 64 scans per point and a resolution of 2 cm™ , covering wave numbers from 4000 to
500 cm™ .

The chemical composition analysis of both materials included pH determination (1:5) using a Thermo-Orion 3 Star pH meter. A CN
elemental analyzer quantified Total N and Carbon (CE Instruments EA 1108). N content was also evaluated via the Kjeldahl method to
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Fig. 3. a) Experimental setup for soil incubation with control (CT) treatments, oat hull-derived biochar (OHB), conventional fertilization (CF), and
biochar ammonium phosphate fertilizer (BAPF). Incubation was conducted for 60 days with seven sampling points; b) Changes in total nitrogen (N)
throughout incubation; ¢) Evolution of ammonium nitrogen (N-NH+*) during incubation; d) Evolution of nitrate nitrogen (N-NOs") during incu-
bation; e) Evolution of phosphorus (P) during incubation; f) Changes in soil pH from the start to the end of incubation; g) Ammonification and
nitrification rates under different treatments (OHB, CF, biochar ammonium phosphate fertilizer, CT).
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ensure accurate and comprehensive N quantification. The total phosphorus, potassium, calcium, magnesium, and sulfur concentra-
tions were measured using methodologies described by Sadzawka et al. (2006). Additional carbon, oxygen, and potassium analysis was
quantified using EDX with a Quantax XFlash (Bruker, Germany) coupled to the JSM 6380LV SEM.

2.2. Effect of the BAPF on the soil’s N and P dynamics (experiment 2)

The impact of BAPF on soil N and P dynamics was evaluated through soil incubations conducted under controlled environmental
conditions (Fig. 3a). An agricultural volcanic soil with a silty loam texture (Barros Arana series, medial, mesic, typical Hapludand;
CIREN, 2002) was collected in Southern Chile (39°06'S, 72°41'W). The soil was chemically analyzed and physically characterized
following procedures described by Sadzawka et al., (2006) and Sandoval et al. (2012) (Table 1).

The soil incubation experiment employed four treatments: (1) Control (CT) with no added fertilization, (2) OHB, (3) conventional
fertilization (CF), and (4) BAPF. The N applied to CF and BAPF was equivalent to 200 kg N per hectare across treatments. For CF, urea
and triple superphosphate were used as sources of N and P, respectively. OHB was applied in the same amount (weight-to-weight) as
BAPF. Since BAPF contained approximately 3 % P, the same amount was added to CF to match the targeted P dosage.

Soil samples (100 g each) were homogenized and placed into plastic jars (0.25 L capacity). The samples were moistened to 60 % of
their water-holding capacity and incubated in darkness at 25 + 2 °C for eight weeks using an incubator (FOC 225E, Velp Scientifica,
Usmate, Italy). To allow gas exchange, the jars were opened weekly for one hour, and soil moisture was adjusted to maintain consistent
conditions throughout the incubation period. The jars were arranged in a randomized complete block design (RCBD) to minimize
positional effects within the incubator. Air circulation within the chamber was maintained to ensure uniform environmental condi-
tions across all samples.

Destructive sampling occurred at 0, 1, 3, 7, 15, 30, and 60 days, with three replicates selected per treatment at each time point. This
resulted in 12 experimental units per sampling time and 72 units overall. Soil chemical properties were analyzed at each sampling
point following Sadzawka et al. (2006). Available soil N (NOs™-N and NH4*-N) was extracted with 2 M KCl and determined by
colorimetry using a Skalar autoanalyzer. Available P (Olsen) was extracted with 0.5 M NaHCOs and determined using the ascorbic
acid-molybdate method. Soil pH was quantified only on days 1 and 60 using a 1:2.5 soil-to-water solution ratio with a pH electrode.

Net ammonification (NammR) and nitrification (NnitR) rates were calculated using NH4*-N and NOs™-N concentrations as outlined
by Thangarajan et al., (2013):

Nammr = (Naf -Nai)/(af — ai) 1)

Where: N,,..r: Net ammonification rate (mg N kg™ soil d™!), N,¢: Peak NH4*-N concentration (mg NH4*-N kg so0il), N,;: Initial NH4*-N
concentration (mg NHa4*-N kg™ soil); af: Time of peak NH4*-N concentration (days) ai: Initial sampling time (days)

Npitg= (Nnf—Nni)/(nf - ni) 2)

Table 1

Chemical and physical analyses of the soil.
Parameter Value
pH (water) 5.7
pH (CaCly) 5.0
Organic matter (%) 18.1
Nitrate (N-NO3) (mg kg’l) 8.2
Ammonium (N-NH,) (mg kg’l) 58.6
P (Olsen) (mg kg™1) 24
K (mg kg™ 242
Ca (cmol(+) kg ™) 7.35
Mg (cmol(+) kg’l) 1.2
K (cmol(+) kg™ 0.62
Na (cmol(+) kg™1) 0.11
Sum of base cations (cmol(+) kg’l) 9.28
Al (emol(+) kg™ 0.50
CICE (cmol(+) kg™1) 9.98
Al Saturation (%) 7.02
B (mg kg™1) 0.5
Cu (mg kg ™) 2.0
Zn (mg kg™1) 1.3
Al extractable (mg kg™?) 714
Ca/Mg relation 6.13
Relation K/Mg 0.52
Electrical conductivity (mS/cm) 0.070
Textural classification Silty Loam
Field capacity (1/3 atm) (%wt%wt) 74.83
Permanent wilting point (15 atm) (%wt%wt) 50.01
Humidity retention (1/3-15 atm) (%wt%wt) 24.82
Bulk density (mg/m®) 0.73
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Where: Nnitg. Net nitrification rate (mg N kg™ soil d™); Ny Peak NOs™-N concentration (mg NOs™-N kg soil); Np;: Initial NOs™-N
concentration (mg NOs™-N kg™ soil); nf: Time of peak NOs™-N concentration (days); ni: Initial sampling time (days)

2.3. Effect of BAPF application on plant growth, nutrient uptake, and grain yield (experiment 3)

The impact of BAPF on plant growth was evaluated through a controlled greenhouse experiment using the spring wheat cultivar
’Pantera.” The experiment was conducted at the Carillanca Regional Research Centre of the Instituto de Investigaciones Agropecuarias
(INIA-Carillanca) Regién de La Araucania, Chile (38.6951° S, 72.4179° W). The greenhouse maintained an average daytime tem-
perature of 22 + 2°C, nighttime temperature of 15 + 2°C, and relative humidity of 65 + 5 % throughout the experiment. A 16-hour
photoperiod was provided using natural sunlight supplemented with LED lamps, delivering 450 + 50 pmol m~2 s~ photosynthetically
active radiation (PAR) to ensure uniform light exposure. The volcanic soil previously described (see Section 2.2) was used for this trial.
The soil was air-dried, ground to pass through a 5 mm sieve, and thoroughly mixed.

The wheat seeds were surface sterilized by immersing them in 2 % (v/v) sodium hypochlorite for 15 minutes, followed by sowing in
7-liter plastic pots filled with soil and lined with polyethylene (dimensions: 20 x 20 x 25 cm). After germination, the seedlings were
thinned to maintain four plants per pot. Four treatments were established: a control without fertilization (CT), oat hull biochar alone
(OHB), conventional fertilization (CF), and the Biochar-based Controlled-Release Fertilizer with Ammonium Phosphate (BAPF). he CF
treatment consisted of equivalent doses of 200 kg N ha' , 90 kg P-Os ha™ , 120 kg K-O ha! using urea for N, triple superphosphate for
P, and potassium-magnesium sulfate (K-Mag), respectively. All the fertilizers were applied at the plant establishment. To ensure that
both the CF and BAPF treatments received identical amounts of nutrients, the BAPF was supplemented using the same inorganic
fertilizers as in CF. Since BAPF contains about 3 % P, the remaining P needed to match the 90 kg P-Os ha™ applied in CF was provided
using triple superphosphate. This approach guaranteed that the CF and BAPF treatments had equivalent nutrient inputs, enabling
comparisons. Prior to the harvest, visual changes induced by the treatment were documented using RGB photography facilitated by a
Canon Rebel camera, (Tokyo, Japan).

The plants were harvested at Zadok growth stage 9.1, approximately seven months after planting. Grains were manually separated,
and the shoots were washed thoroughly with Milli-Q water. The washed shoots were then oven-dried at 70 °C until a constant weight
was achieved, which took 48 hours. Once dried, the samples were ground into a fine powder for further analysis.

Total nitrogen (N) concentration was determined using the Dumas combustion method with a Velp Dumas-701 analyzer. For
phosphorus (P) analysis, the samples were ashed at 550 °C and digested with a mixture of distilled water (H20), hydrochloric acid
(HCI), and nitric acid (HNOs). The phosphorus concentration in each extract was then quantified using spectrophotometry with the
vanadate-molybdate method (Hanson, 1950). N and P uptake was calculated by multiplying their concentrations with the biomass of
shoots, roots, or grains.

The N and P apparent recovery (AR) was calculated as follows:

AR(%) = ((Ey — Ey)/Fy) x 100 3)

Where Ey is the total nutrient extraction with fertilization, Eg is the average nutrient extraction without fertilization (control, CT), and
Fy is the amount of nutrient applied as fertilizer (Syers et al., 2008).

3. Experimental design and statistical analysis

For Experiment 2, a randomized design was employed with three replicates per treatment at each sampling time. Destructive
sampling was conducted at 0, 1, 3, 7, 15, 30, and 60 days (n = 72). One-way ANOVA was performed for each time point, and Tukey’s
post hoc test was conducted when significant differences were found (p < 0.05). Statistical analyses were conducted using Infostat
software (version 2008), with a significance level of p < 0.05.

A completely randomized design was used for the greenhouse pot trial (Experiment 3) with four treatments and three replicates
(n = 12). ANOVA was conducted to assess differences among treatments, with prior testing of residual normality and homogeneity of
variances using Shapiro-Wilk and Levene’s tests, respectively. When significant differences were observed, Tukey’s test was applied for
multiple comparisons (p < 0.05). All statistical analyses were performed using Infostat software (version 2020e), maintaining a sig-
nificance level of p < 0.05.

4. Results

Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX) analyses revealed distinct morphological
differences between OHB and BAPF (Figs. 1 and 2). The SEM analysis showed that OHB possessed a highly porous and fibrous structure
(Fig. 1b and c), whereas BAPF displayed a more compact and uniform surface (Fig. 2b and c).

The particle size distribution highlighted structural differences between both materials (Figs. 1g and 2g). BAPF exhibited a broader
particle size distribution with a greater proportion of fine particles than OHB. Specifically, BAPF showed a decrease in cumulative
volume percentage (Cum Q3 %) from 99 % at 3000 um to nearly zero at smaller particle sizes, indicating the presence of fine particles
(Fig. 2g). In contrast, OHB maintained a Cum Q3 % of almost 100 % down to approximately 575 um, suggesting a dominance of larger
particles with minimal fine material (Fig. 1g).

Thermogravimetric analysis (TGA) revealed that BAPF retained 88 % more moisture and had 1.8 times greater volatile matter
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content than OHB. This suggests that the impregnation process significantly enhances the retention of volatile compounds in BAPF (see
Fig. 2i). In contrast, OHB exhibited a 76 % higher fixed carbon content (see Fig. 1i), while both materials had similar ash content, with
OHB at 9.08 % and BAPF at 7.90 %.

Fourier-transform infrared (FTIR) the confirmed chemical changes due to impregnation (Fig. 1h and h). In OHB, peaks at
3400 cm™! indicated O-H stretching vibrations, while peaks around 2920 cm™' suggested C-H stretching vibrations of aliphatic chains.
In BAPF, a reduction in these peak intensities pointed to nutrient interactions with biochar functional groups (Fig. 2i). New peaks at
1640 cm™ (C=O stretching) and 1100 cm™ (P-O-C stretching) confirmed the integration of N- and P-containing compounds.

Chemical composition analysis also revealed differences between OHB and BAPF, confirming the nutrient incorporation during the
impregnation (Figs. 1d and 2d). Carbon content decreased from 89 % in OHB to 52.4 % in BAPF, while oxygen content increased from
6.74 % to 17.32 %, indicating the introduction of oxygenated functional groups. Nitrogen content in BAPF increased substantially,
from 1.1 % to 21.4 % (Dumas combustion) and from 1.4 % to 28.3 % (Kjeldahl), confirming effective N incorporation (Fig. 2h). P
content increased from 2.1 gkg™ in OHB to 3.3 g kg™! in BAPF, indicating P incorporation, while potassium content rose from
4.8 gkg'to 6.7 gkg?. Conversely, calcium and magnesium contents decreased from 1.0 gkg'and 1.3 gkg'in OHB to
0.4 gkg' and 0.6 g kg™ in BAPF, respectively.

Therefore, physicochemical tests confirmed the N and P impregnation into OHB; however, evaluating its effect on nutrient dy-
namics becomes critical to ensure a controlled release of nutrients in the soil (Experiment 2).

The dynamics of soil N and P revealed distinct release patterns when comparing conventional fertilization (CF) and BAPF (Fig. 3).
CF exhibited an initial rise in NH4*-N concentration on day 1, approximately 4.5 times greater than in the control treatment (CT).
However, by day 3, this concentration decreased by about 77 % (Fig. 3c). After day 7, NH4*-N concentration gradually declined,
reaching its lowest concentration by day 60. In contrast, NOs™-N content in CF steadily increased from day 3 onward, reaching
28 mg kg™ by day 60.

In the CF treatment, the concentration of NOs™-N decreased by 26 % on day 3 compared to the CT treatment. An increase followed
this in NOs™-N levels on day 7, which reached 5.6 times higher than on day 3 and continued to rise until day 60 (Fig. 3d)

The BAPF have a more controlled and sustained N release than CF (Fig. 3d). The peak NH4*-N concentration for BAPF occurred on
day 7, higher than in the unfertilized treatments (OHB and CT) but approximately 20 % lower than in CF (Fig. 3c). The NHs*-N
concentration in BAPF gradually decreased, reaching 12.7 mg kg™ by day 60. In contrast, NOs™-N content in BAPF increased
throughout the incubation period, showing a 4.2-fold increase by day 60 compared to day 1 (Fig. 3d). Total inorganic nitrogen (Ntota))
indicated that BAPF outperformed CF during the later stages of incubation, with BAPF having 6 % more Nty than CF by day 30 and
3 % more by day 60 (Fig. 3a).

Minimal release of NH4*-N and NOs™-N was observed in the unfertilized treatments (OHB and CT). The OHB treatment displayed a
slight increase in NH4*-N on day 3 before decreasing to minimal levels by day 30, while NOs™-N concentrations gradually increased
from 69 mg kg™ on day 1-151 mg kg™ by day 60. The CT treatment followed a similar trend, with slight fluctuations in NH+"-N and a
gradual increase in NOs™-N levels (Figs. 3b, 3c and 3d).

BAPF consistently increased P concentrations by approximately 15-25 % for soil P dynamics compared to CF, OHB, and CT
treatments. The highest increase was observed on day 15, where BAPF resulted in a 25 % higher P concentration than CF and CT and a
10-18 % improvement compared to OHB (Fig. 3e).

Differences in ammonification and nitrification rates were also observed among treatments (Fig. 3g). The unfertilized treatments
(CT and OHB) showed higher ammonification rates than CF and BAPF. Specifically, the CT treatment had ammonification rates
approximately 3.9 and 6.4 times higher than CF and BAPF. A similar trend was observed in the OHB treatment, with net ammoni-
fication rates 2.7 and 4.4 times greater than in CF and BAPF, respectively. Nitrification rates were higher in fertilizer treatments. The
BAPF had nitrification rates that were 2.6 times greater than those in the CT and OHB treatments, while CF had rates approximately 2.3
times greater than in unfertilized treatments (Fig. 3g).
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Fig. 4. Effect of the addition of oat hull-derived biochar (OHB), conventional fertilization (CF), and biochar-based controlled-release fertilizer
(BAPF) on shoot dry weight, spike weight, N and P nutrient uptake, and grain yield of spring wheat (Triticum aestivum L. cv. Pantera), compared to
the control (CT). Photos were taken during the Z6.0 growth stage.
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A decrease in soil pH was observed in N-fertilized treatments compared to unfertilized ones (Fig. 3f). Specifically, the pH dropped
by 0.48 units in N-fertilized soils, while reductions of approximately 0.13 units were observed in the OHB and CT treatments.

The interaction of BAPF in the soil-plant continuum was evaluated under controlled conditions (experiment 3). The application of
BAPF resulted in a 34 % and 14 % increase in shoot biomass production compared to the CT and CF, respectively. Consequently, the
total aboveground biomass in the BAPF treatment was 24 % higher than CT and 16 % higher than CF (Fig. 4).

The unfertilized treatments had similar N and P concentrations and uptake (Table 2). The average grain N concentration in un-
fertilized treatments was about 2.4 %, resulting in a total aboveground N uptake of 360 and 424 mg for CT and OHB, respectively. The
CF treatment increased grain N concentration by approximately 38 % compared to CT, with P concentration being approximately 28 %
higher (Table 2). Total aboveground N and P uptakes in CF were 58 % and 39 % higher than in CT, respectively. However, BAPF
treatment surpassed CF in terms of N and P uptake. Although the grain N concentration under BAPF was 3.14 % (similar to CF), it
developed higher aboveground biomass; hence, N uptake under BAPF was about 12 % higher than CF, resulting in a 19 % increase over
CF (Fig. 4 and Table 2).

The apparent N and P recovery (ARN and ARP, respectively) also varied across treatments (Table 2). Plants treated with BAPF
exhibited the highest ARN at 55.0 %, outperforming CF (ARN of 36.5 %). Differences between fertilizers were even more pronounced
for P recovery, with BAPF achieving ARP values 1.1 times higher than those observed for CF (Table 2).

5. Discussion

The study presents a novel method for synthesizing a nutrient-enriched biochar-based controlled-release fertilizer. It evaluates its
effectiveness from synthesis to its impacts on soil nutrient dynamics, plant growth, and yield. Several physicochemical analyses
confirm that nutrients were effectively integrated into the Bc, making BAPF a promising approach for improving nutrient recovery and
boosting agricultural productivity.

Scanning Electron Microscopy (SEM) analysis revealed structural changes from the impregnation (Figs. 2 and 3). The OHB
exhibited a morphology typical of lignocellulosic-derived materials (Gonzalez et al., 2017). It displayed porosity and surface area of
3.24 nm and 0.16 cm?, respectively, which are associated with high adsorption capacity, indicating suitability for use as a soil
amendment in productive agricultural soils and degraded areas (Curaqueo et al., 2014; Meier et al., 2017). In contrast, BAPF presented
a more compact surface structure, reflecting altered pore and surface characteristics due to nutrient permeation into the Bc matrix
(Fig. 2b and c).

Particle Size Analysis (PDA) provided quantitative confirmation of these structural changes, revealing a broader and finer particle
size distribution in BAPF compared to OHB (Figs. 1g and 2g). Previous studies have indicated that nutrient impregnation alters the Bc’s
physical properties, including particle size, and improves functionality (Langella et al., 2024; Rubangakene et al., 2023). Smaller Bc
particles are linked to an increased cation exchange capacity (CEC), which enhances the biochar’s ability to retain and gradually
release nutrients, thereby improving nutrient availability for plant uptake (Dimin et al., 2014), which is related to the effect of BAPF
promoting plant growth (experiment 2, see above).

Fourier-transform infrared (FTIR) spectroscopy provided further evidence of successful impregnation by revealing changes in
functional groups associated with nutrient bonding. Specifically, the reduction in peak intensities at 3400 and 2920 cm™! (associated
with O-H and C-H stretching vibrations, respectively) indicated interactions between the Bc’s functional groups and the impregnated
nutrients (Gonzalez et al., 2017). The presence of new peaks around 1600 cm™ may indicate the formation of amide groups,

Table 2

Concentrations and extractions of nitrogen (N) and phosphorus (P) in tillers, grains, and roots, along with the apparent nutrient recovery in the wheat
cultivar ’Pantera’, evaluated under four soil treatments: CT (control, no amendment); OHB (oat hull biochar applied at the same weight-for-weight
dose as BAPF); CF (conventional fertilization equivalent to 200 kg N ha™!); and BAPF (biochar ammonium phosphate fertilizer). According to Tukey’s
multiple comparison tests (p < 0.05), different letters in the row indicate significant differences among treatments.

cT OHB CF BAPF
N concentration (mg g~1)

Shoots 0.36 + 0.02" 0.40 + 0.01° 0.77 + 0.07° 0.69 + 0.07°
Grains 2.28 + 0.06" 2.52 + 0.09° 3.14 + 0.02° 3.14 + 0.07°
Roots 0.99 + 0.05° 1.21 + 0.04° 1.34 + 0.08% 1.47 + 0.03°

N extraction (mg pot™ ')

Shoots 42.0 + 2.6" 49.1 +3.3° 100.1 + 3.5° 107.8 +11.1%
Grains 276.9 +10.8° 308.84 + 25.6° 409.20 + 22.6° 465.2 + 9.1
Roots 40.7 + 3.8° 32.6 + 2.9 60.1 + 5.9° 65.9 + 3.4°

N apparent recovery (%) e e 36.5 + 5.9 %" 55.0 % + 2.8 %*
P concentration (mg g~ 1)

Shoots 0.02 + 0.002° 0.03 + 0.004° 0.05 + 0.003% 0.05 + 0.005°
Grains 0.45 + 0.01° 0.49 + 0,01° 0.57 + 0.02° 0.60 + 0.01°
Roots 0.11 + 0.02% 0.10 +0,01% 0.11 + 0.01° 0.13 + 0.01°

P extraction (mg pot 1)

Shoots 2.6 +0.3° 3.7 +0.5° 6.9 + 0.5 7.9 + 0.6°

Grains 54.1 +2.1¢ 59.7 + 4.2 74.0 + 5.9%° 88.9 + 1.9°
Roots 5.0 £ 0.5% 2.35 + 0.1° 5.1 + 0.6 5.6 + 0.4%

P apparent recovery (%) JR— — 8.9% + 3.6 % 18.5 % + 1.0 %*
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potentially resulting from the reactions between urea and the Bc matrix (Gonzdlez et al., 2017). Additional bands at 1450 and
1150 cm™ were linked to C-N axial deformation (Barbosa et al., 2022), and the peaks at 1200-1100 cm™ were attributed to the
chelation of phosphate groups during adsorption (El Sharkawi et al., 2018; Shakoor et al., 2021).

The chemical characterization also confirmed differences in elemental composition between OHB and BAPF (Figs. 1d and 2d). Oats’
high potassium (K) content is due to their nutrient distribution, as they retain over 90 % of absorbed potassium in the straw (Fulton and
Findlay, 1965). Other elements, such as calcium (Ca) and magnesium (Mg), were lower in BAPF than OHB, potentially due to dilution
effects resulting from substantial N and P additions or interactions during the impregnation process that affected biochar’s mineral
composition.

Finally, the thermogravimetric Analysis (TGA) also provided essential insights into the stability and retention of nutrients within
BAPF. The TGA results showed that BAPF retained more moisture and exhibited a higher volatile matter content than OHB. This
suggests that the nutrients were effectively bound to the biochar matrix, altering its thermal stability (Pandian et al., 2024). The
increased retention of volatile compounds and the shifts in decomposition temperatures further indicate the successful integration of
nutrients into the Bc structure (Albalasmeh et al., 2024).

The functional-release properties of BAPF were evident during the eight-week incubation study. Unlike conventional fertilizers
(CF), which exhibited irregular NH4*-N release patterns, especially during the initial incubation days (Fig. 3), BAPF demonstrated a
gradual and sustained release of both NH4"-N and NOs™-N. This controlled-release behavior can be attributed to the adsorption and
gradual desorption of NH4* ions within the porous structure of biochar (Yao et al., 2012). The high surface area, porosity, and
functional groups in biochar help retain NHa4"-N, thus slowing its release into the soil solution compared to CF, which has been
described by previous reports (Liu et al., 2018; Woolf et al., 2010).

The steady increase in NOs™-N concentrations in the BAPF treatment indicates enhanced nitrification over time, likely due to the
controlled release of NH4*-N, which provided a substrate for nitrifying bacteria (Gao et al., 2019). Similar results were reported by
Nguyen et al. (2017), who found that Bc improved soil aeration and moisture, enhancing nitrifier activity. This effect was more
pronounced when Bc was combined with ammonium-based fertilizers, which offered an increased substrate for nitrification. Addi-
tionally, Mandal et al. (2016) reported a 6.5 % increase in total N content with biochar-based fertilizers after 8 weeks of incubation,
while Nguyen et al. (2017) observed that biochar-amended soils had 5-8 % higher total nitrogen content compared to control and
conventional fertilizer treatments after two months. Furthermore, Gao et al. (2019) reported a 7.2 % increase in total N content with
BC-based fertilizers after 60 days, suggesting a more consistent nutrient supply.

Differences in ammonification and nitrification rates were observed, highlighting the impact of N sources on soil nutrient dynamics
(Fig. 3g). Treatments without added N (CT and OHB) exhibited higher ammonification rates, likely due to the absence of external N
inputs, prompting microorganisms to increase organic matter mineralization to meet their N demands. These observations are
consistent with previous findings that soils lacking N fertilization rely more heavily on the mineralization of organic matter for nutrient
supply (Clough and Condron, 2010; Nelson et al., 2011; Wang et al., 2022, 2018; Zhang et al., 2015). The study was conducted on
Andisol, a soil known for its high organic matter content (Table 1), which may explain the high mineralization rates observed (Matus
et al., 2014). The interaction between organic compounds and allophane minerals typical of Andisols likely promoted these miner-
alization dynamics (Curaqueo et al., 2021; Matus et al., 2014). On the contrary, treatments with added N (CF and BAPF) exhibited
higher nitrification rates compared to unfertilized ones (CT and OHB), suggesting that initial N addition stimulates nitrification activity
(Fig. 3g). Elevated NH4* concentrations from fertilization provide more substrate for nitrifying bacteria, enhancing NOs~ formation.
This is consistent with findings that inorganic N fertilization, particularly ammonium-based fertilizers, promotes nitrification in acidic
soils (Li et al., 2018b). Furthermore, biochar-based fertilizers improved soil properties such as porosity, oxygen availability, and
water-holding capacity, fostering an environment conducive to nitrifying bacteria (Gul et al., 2015; Verheijen et al., 2010).

The higher available P concentrations observed in BAPF treatments likely resulted from phosphate adsorption onto biochar surfaces
and subsequent gradual desorption (Cui et al., 2011; Glaser and Lehr, 2019; Nelson et al., 2011; Wang et al., 2012). Functional groups
in biochar, such as hydroxyl and carboxyl, may temporarily bind phosphate, acting as a slow-release source of P (Nelson et al., 2011).
This mechanism helps reduce P fixation, particularly in volcanic soils with high phosphorus sorption capacity, thereby enhancing P
recovery (Curaqueo et al., 2013; Seguel et al., 2017). These findings align with the BAPF characterization from Experiment 1, where
structural and physicochemical analyses confirmed modifications in BAPF that contribute to its controlled nutrient release. Addi-
tionally, thermogravimetric analysis demonstrated improved moisture retention, explaining how BAPF influences nutrient solubili-
zation based on soil moisture levels. This framework clarifies why BAPF achieved 6 % higher N- controlled release and 20 % greater
phosphorus availability than conventional fertilizers by day 60, highlighting the link between biochar properties and its ability to
regulate nutrient availability over time. Beyond nutrient controlled release, BAPF also influenced soil pH dynamics, particularly
through its interaction with nitrification processes. During nitrification, ammonium (NH4*) oxidation to nitrate (NOs") releases
hydrogen ions (H*), leading to acidification (Ni et al., 2023). In BAPF-amended soils, increased nitrification activity resulted in slight
acidification (Fig. 3f), correlating with quantified nitrification rates (Fig. 3g). However, the biochar component in BAPF likely miti-
gated extreme pH declines through its alkaline functional groups (e.g., phenols) and carbonate content, buffering pH fluctuations
despite similar nitrification intensity as conventional fertilizers (Hina et al., 2010; Zhang et al., 2016).

Maintaining soil pH within the optimal range (5.5-6.5) is particularly crucial for P solubility in Andisols (Curaqueo et al., 2021).
Conversely, unfertilized treatments showed minimal acidification, consistent with natural soil acidification processes (Borie and
Rubio, 2003). The ability of BAPF to buffer soil pH suggests it can contribute to more favorable conditions for plant growth, reducing
the risks associated with soil acidification (Silber et al., 2010).

BAPF demonstrated significant agronomic effectiveness, improving plant growth, nutrient uptake, and grain yield more efficiently
than conventional fertilizers (CF) and unfertilized controls (Fig. 4). This suggests a synergistic interaction between biochar and
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inorganic fertilizers, optimizing nutrient availability and uptake.

Nutrient dynamics analysis (Table 2) highlights BAPF’s superior performance. BAPF-treated plants showed significantly higher
root nitrogen concentration (p < 0.05), indicating better nutrient acquisition and rhizosphere interactions. For phosphorus, BAPF
enhanced grain P extraction significantly (p < 0.05) compared to CF and unfertilized treatments, which is important in high P-fixing
Andisols.

BAPF-treated plants also had higher nitrogen and phosphorus uptake, with apparent N recovery (ARN) at 55.0 %, a 50.7 % increase
over CF (36.5 %, p < 0.05). Phosphorus recovery (ARP) also doubled (18.5 % vs. 8.9 %), although variability in CF reduced statistical
significance. These gains are likely linked to higher yields, as nutrient release better matched the crops’ physiological needs
throughout their growth stages.

Prior studies have shown improved nitrogen recovery with biochar-urea mixtures across various crops, reporting ARN increases
between 10 % and 60 % compared to conventional fertilizers (Banik et al., 2023; Cao et al., 2021; Cui et al., 2022; Liao et al., 2020;
Ning et al., 2022). Specifically, (Shi et al., 2022) found a net ARN increase of 10-20 % in wheat, while (Ghorbani et al., 2022) reported
a 14 % increase when biochar was combined with urea. Few studies, however, have evaluated the efficiency of biochar as a phosphorus
carrier until full plant maturity. (Pogorzelski et al., 2020) found an increase of 10-20 % in P recovery efficiency using biochar enriched
with triple superphosphate, which closely matches our study’s results.

Notably, the effectiveness of BAPF was demonstrated in an Andisol (Barros Arana Series), a volcanic soil with exceptionally high P-
fixing potential (>75 %) due to its allophanic mineralogy and strong ligand exchange mechanisms (Borie and Rubio, 2003). The
observed improvement in P availability under such conditions suggests that BAPF could also be effective in soils with lower sorption
capacities.

While this study was conducted in a high P-fixing soil, BAPF performance may vary depending on soil physicochemical properties.
In calcareous soils (pH >7.5), where P availability is primarily constrained by Ca-phosphate precipitation rather than Al/Fe sorption
(Hui et al., 2019; Luo et al., 2023), BAPF might exhibit altered release kinetics but could still enhance P availability through localized
acidification at the biochar-soil interface (Majeed et al., 2015; Narayanasamy et al., 2023). Conversely, in sandy soils with low cation
exchange capacity and minimal P fixation, BAPF could potentially reduce P leaching while maintaining nutrient availability (El
Sharkawi et al., 2018). However, further investigations are needed to assess BAPF performance across different soil types to determine
its effectiveness under varying pedological conditions and optimize formulations for distinct agricultural systems.

Finally, the superior performance of BAPF over CF can be attributed to the synergistic effect between biochar and inorganic fer-
tilizers. Biochar enhances soil cation exchange capacity, reduces nutrient leaching, and ensures a steady nutrient supply for plants. It
also improves soil aeration and water retention and supports microbial activity, creating favorable conditions for root development
and nutrient uptake. By fostering microbial activity, biochar promotes nutrient cycling and makes nutrients more accessible for plant
uptake. This combination improves nutrient availability and consequently enhances plant growth and yield. Incorporating biochar
with inorganic fertilizers facilitates a controlled, gradual nutrient release that aligns with plant requirements, reducing nutrient losses
and improving overall efficiency (Gao et al., 2019; He et al., 2022; Shi et al., 2022). Despite equivalent nutrient doses, BAPF’s superior
performance compared to CF indicates that integrating biochar enhances fertilizer effectiveness by improving nutrient retention, soil
structure, and microbial activity. BAPF’s controlled-release properties improved nutrient retention compared to conventional fertil-
ization, reducing potential N and P losses over time. BAPF’s controlled-release properties improved nutrient retention compared to
conventional fertilization, reducing potential N and P losses over time. In volcanic Andisols, where P fixation is high and N leaching
remains problematic, BAPF facilitated a more gradual nutrient release, enhancing availability while minimizing residual losses. The
observed nitrification patterns suggest a more synchronized conversion of N into plant-available forms, reducing susceptibility to
leaching. These findings highlight BAPF’s potential as a sustainable strategy to enhance soil fertility, plant growth, and agricultural
productivity.

6. Conclusions

This study developed a biochar-based controlled-release fertilizer (BAPF) by impregnating oat hull biochar with urea and dia-
mmonium phosphate. Physicochemical characterization confirmed successful nutrient integration, with carbon content decreasing by
nearly 40 %, nitrogen increasing twentyfold, and notable structural modifications observed in FTIR spectra and particle size
distribution.

Soil incubation experiments demonstrated that BAPF sustained higher nutrient availability, maintaining 6 % higher total nitrogen
and over 20 % more available phosphorus than conventional fertilization by day 60. Nitrification rates were twice as high as in un-
fertilized treatments, suggesting a more efficient nitrogen conversion process that reduces susceptibility to losses.

In greenhouse trials, BAPF-treated wheat exhibited improved growth, nutrient uptake, and grain yield. Total biomass and grain
yield increased by approximately 15 % compared to conventional fertilization. Apparent nitrogen recovery increased by over 50 %,
while phosphorus recovery more than doubled, reinforcing BAPF’s potential to mitigate phosphorus fixation in volcanic soils. BAPF
also increased nutrient uptake, with nitrogen uptake improving by 16 % and phosphorus uptake by 30 % compared to traditional
fertilizer, highlighting its efficiency in nutrient delivery.

These improvements can be attributed to the combined effects of biochar’s nutrient retention properties and the controlled-release
mechanism of the nutrients. Overall, BAPF shows potential as a sustainable fertilization strategy by enhancing nutrient use efficiency,
reducing nutrient losses, and supporting crop productivity. This approach could contribute to more sustainable agricultural practices
by reducing fertilizer inputs and minimizing environmental impacts.

Future research should evaluate the effectiveness of BAPF under field conditions over multiple growing seasons. Long-term field
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studies must assess BAPF’s impact on soil quality, nutrient dynamics, and crop productivity under varying environmental conditions
and agricultural management practices. Additionally, such studies would provide valuable insights into the economic viability and
practical application of biochar-based controlled-release fertilizers in sustainable agriculture.
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