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Recently biochar has widely been reported as carrier of SRFs. However, the performance of SRFs 
synthesized from pristine biochar is still low and could not achieve the significant benefits compared 
to conventional N fertilizers. To overcome this limitation and research gap, BSRFs were synthesized 
using modified / de-ashed biochar as N-carrier. We hypothesized that BSRFs would NUE especially in 
alkaline calcareous soils for whom there is no specific SRF exist previously. In this study, the efficacy 
of BSRF formulated with 1:1 mass ratio of de-ashed biochar and urea was compared with CU and 
CSRF for improving NUE under wheat (Triticum aestivum L.) and maize (Zea mays L.) cropping system 
in two different textured soils. The results showed that compared to CU and CSRF, the addition of 
BSRF significantly increased the retention of soil mineral-N (NH4

+-N, NO3
−-N) which, consequently, 

enhanced the crops’ N-uptake up to 23.71% in wheat and 26.55% in maize. It was further observed 
that SOC contents were increased up to 50.79% in wheat and up to 47.61% in maize at harvest. 
The addition of BSRF enhanced the CEC up to 32.95% under wheat and up to 27.73% under maize, 
compared to CU. Eventually, BSRF significantly increased the grain yield and NUE of wheat by 12.04% 
and 40.44%, while the maize grain yield and NUE increased by 21.06% and 45.56%, respectively. 
This study concludes that BSRFs had a stronger yield-increasing effect than CU alone attributing to 
enhanced N retention and crop uptake in alkaline calcareous soils. It was also found that the de-ashed 
biochar is a strong candidate to formulate new SRFs with improved performance.
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HSD	� Honest significant test
K	� Potassium
N	� Nitrogen
NAE	� Nitrogen agronomic efficiency
NUE	� Nitrogen use efficiency
OM	� Organic matter
P	� Phosphorus
PMAS	� Pir Mehr Ali Shah
RCBD	� Randomized complete block design
SOC	� Soil organic carbon
SOP	� Sulfate of potash
SRFs	� Slow-release fertilizers
SSP	� Single super phosphate

N availability is the most critical factor in alkaline calcareous soils, thereby limiting the optimum crop growth 
and productivity1. More than 70% of N applied through conventional fertilizers remains unavailable to crop 
plants because the conventional N fertilizers mineralized quickly in soil. As a result, plants are unable to absorb 
all released N. Therefore, more than half of N is easily lost through leaching2, volatilization3, and denitrification4. 
Due to these losses nitrogen-use-efficiency (NUE) is decreased significantly, especially in alkaline calcareous 
soils. In addition, the loss of N from soils, these losses pose economic and environmental concerns for society. 
Losses of N from agricultural fields often cause N deficiency and yield drag in crops with high N demand such 
as wheat and maize5.

Therefore, it is imperative to enhance the NUE in agricultural ecosystems, particularly in drylands to address 
challenges about food security, environmental degradation, and climate change6. Alkaline calcareous soils 
are characterized by poor organic matter (OM), high pH, and extreme temperatures. The widespread loss of 
SOM in alkaline calcareous soils is directly interconnected to poor NUE7. SOC which constitutes a significant 
proportion of SOM contributes to the retention of applied N. SOM provides numerous beneficial functions to 
crop production, including a high water holding capacity; the ability to provide, retain and recycle nutrients; 
and the capacity to buffer changes in pH, salinity and other chemical stressors8, suggesting that management 
practices that increase soil C can also reduce fertilizer N loss. There is, therefore, a strong reason to hypothesize 
that blending conventional mineral N fertilizers with organic materials such as composts, manures, lignite, and 
biochar as SRFs could reduce off-site fertilizer N loss since the organic materials occupy huge quantity of SOC / 
SOM9. Such SRFs will reduce the N losses and release the N for extended period of time to fulfill the crop needs 
by enhancing NUE.

Biochar (a carbonaceous material) poses many benefits as a soil amendment because it can improve N 
recycling in soil-plant systems3. Biochar has an extensive surface area, porosity, and a variety of functional groups 
making it capable of adsorbing various nutrient ions, such as ammonium, nitrate, phosphate, and potassium10. 
Recent studies have shown that BSRFs significantly increase the productivity of wheat, maize, rice, etc. while 
enhancing the total NUE2,11,12. However, the response of biochar is variable in acidic and alkaline soils13. 
Bhatnagar and Sillanpää14 indicated that the acid modification of biochar could increase the positive sites, which 
could facilitate to increase in the adsorption of anions15. It is well known that biochar significantly alters soil 
pH; however, its impact on calcareous soil is still unclear. The application of biochar to alkaline calcareous soils 
could have a negative impact due liming effect which could hinder the bioavailability of nutrients16. To overcome 
the alkalinity contributed by biochar, modification of biochar by deashing to remove the alkaline minerals/ ash 
could reduce the pH of biochar17. Additionally, higher recommended rates (20–40 t ha-1) of biochar as a soil 
ameliorant are uneconomical for its application on a large scale9. Therefore, it was hypothesized that de-ashed 
biochar as an N carrier to formulate BSRF is the more feasible and economical to counter N losses in alkaline 
calcareous soils to achieve sustainable crop production and to enhance NUE.

Wheat (Triticum aestivum L.) and maize (Zea mays L.) are the most important cereal crops in the world, 
especially in Pakistan and hence consume most fertilizers applications13. SRFs have the potential to ensure the 
nutrient supply during the entire crop growth period by a single dose, thereby saving the spreading costs and 
reducing the demand for manual labor required for top-dressing fertilizers18. Commercially available SRFs are 
costly which limits their use to only cash crops while only 1% of SRFs are used in large-scale crop production19. 
About 80 million tons of N fertilizers are applied to cereal crops every year worldwide and 50% of this N is 
consumed by wheat, maize, and rice20.

Keeping in view these research gaps and the significance of N fertilizers, it was hypothesized that integration 
of urea with de-ashed biochar as N-carrier could enhance the N retention in alkaline calcareous soils. Since, after 
de-ashing capacity of biochar to hold N was enhanced and its native pH was decreased. It was also hypothesized 
that BSRFs prepared using de-ashed biochar as carrier of N would improve the retention of soil mineral N in 
the soil profile and increase the NUE under two different crops i.e., wheat and maize in two different textured 
alkaline calcareous soils. We conducted two field experiments on wheat and maize as test crops on two different 
texture alkaline calcareous soils with objectives, (1) To evaluate the BSRF effects on the dynamics of soil mineral 
N, and (2) To assess the efficiency of BSRFs regarding crop N uptake, crop yield, and NUE. The experiments were 
conducted in two different soils to validated results under varying conditions.

Materials and methods
Preparation of BSRFs
The BSRFs were produced in this study at the Institute of Soil and Environmental Sciences, PMAS-Arid 
Agriculture University, Rawalpindi, Pakistan. Briefly, BSRFs were prepared by varying biochar-to-urea mass 
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ratio of 1:1, 1:2, and 2:1. The urea solution was impregnated to de-ashed Acacia arabica L. biochar. Then, starch 
and PVA @ 10% of w/w basis was incorporated to urea impregnated biochar as adhesive to formulate pellets 
of BSRFs. XRD, FTIR, SEM characterization confirmed the effective interaction of urea to biochar. N release 
test in two different textured alkaline calcareous soils revealed that formulation of BSRF carrying 1:1 biochar 
to urea ratio was appropriate for crops like wheat and maize on the basis of pattern of N release. The detailed 
formulation procedure and characterizations of the BSRFs, conducted according to standards protocols, are 
reported in our article21. The composition of different N fertilizers used in this study is presented in Table 1.

Description of site
The study was conducted in two different textured alkaline calcareous soils, including (1) Gujranwala (fine-
loamy, mixed, hyperthermic Typic, Haplustalf) and, (2) Pindorian (coarse-loamy, mixed, hyperthermic, Typic 
Haplustalf). Before execution of experiment, surface soil samples (0–20 cm) consisting of 3 sub-samples were 
collected from each location. The collected soil samples were homogenized separately, and then a subsample of 
was sieved (< 2 mm) and analyzed for baseline soil properties (Table 2). The climate of the area falls under a sub-
humid, sub-tropical continental climate. The mean annual rainfall is about 584 mm, most of which falls during 
the monsoon season (mid-June to mid-September) and the remainder in winter (December to March). The 
mean annual temperature is 29.1˚C. Frost occurs during December and January [Reconnaissance Soil Survey, 
Campbellpur,22. The annual average rainfall data was obtained from local meteorological station (Fig. 1).

Experimental set-up
The field experiments were conducted with 6 treatments, 2 soil types, and 3 replications for a total of 36 plots. 
Each plot was 4 m × 5 m, with a buffer zone of 0.8 m between plots and 1.0 m between blocks, arranged in a 
randomized complete block design (RCBD). The coordinates for site-1 were 33°55’55.4"N 72°27’27.6"E, and for 
site-2 were 33°56’06.4"N 72°26’49.4"E. The treatments used in this study were control (CK), conventional urea 
(U100) at 100% recommended dose of N, commercial slow-release fertilizer (C100) at 100% recommended dose 
of N, BSRF (B100) at 100% recommended dose of N, BSRF (B75) 75% recommended of N, and BSRF (B50) 50% 
recommended of N, respectively. The recommended NPK doses developed by Soil Fertility Research Institute, 
Punjab, Pakistan for wheat and maize were used in this study, viz., wheat 120, 100, 60 kg ha− 1, and maize 160, 
120, 60 kg ha− 1. The whole recommended fertilizers were applied as a basal dose in both crops. Conventional 
urea (N 46%) and CSRF (N 26%) were purchased from Fatima Fertilizer Private (Ltd), Pakistan. The basic 
characteristics of soils are presented in Table  2. The recommended doses of N were applied as described in 
treatments while P and K were applied as SSP and SOP. The fertilizers were evenly applied in all plots and then 
incorporated into the top 0–20 cm soil. Generally used local cultivars of wheat (Galaxy) and maize (Pioneer 
3025) were cultivated in the experiments. No extra irrigation was applied to wheat, whereas maize was irrigated 
as per requirement. All the management practices including hoeing, weeding, and pest management were kept 
the same as local farmers.

Soil characteristics Unit Coarse textured Fine textured

Soil particle size distribution %
Sand Silt Clay Sand Silt Clay

53 30 17 19 54 27

Textural class – Sandy Loam Silty clay loam

pH – 7.7 7.6

EC d Sm− 1 1.02 1.11

OC % 0.34 0.41

Total-N % 0.037 0.044

NO3ˉ-N mg kg− 1 7.4 8.1

NH4
+-N mg kg− 1 6.3 7.4

Available-P mg kg− 1 4.7 5.4

Extractable-K mg kg− 1 92 94

CaCO3 % 7.2 10.9

CEC cmol+kg− 1 11.3 13.1

Table 2.  The characteristics of soils used in experiments.

 

Fertilizers N contents (%) pH C (%)

CU 46.0 7.22 –

CSRF 26.0 6.90 –

BSRF 20.5 6.91 26

Table 1.  Characteristics of N fertilizers used in experiments.
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Soil sampling and analysis
For the determination of soil mineral N (NH4

+-N, NO3ˉ-N), soil samples were collected from (0–20  cm) 
periodically at 30, 60, and 90 days after sowing. At harvest, a composite soil sample (3 sub-samples) was collected 
from each plot to quantify the changes in pH, electrical conductivity (EC), soil organic carbon (SOC), and cation 
exchange capacity (CEC). The NO3-N and NH4-N contents were determined by extraction using 2 M KCl (soil: 
solution ratio, 1:10) followed by shaking for 1 h and later analyzing using the distillation method23. Soil pH 
and EC were determined by a 1:10 soil-to-water ratio using the pH and conductivity meter24. The SOC by 1 N 
K2Cr2O7 and H2SO4 extraction following Walkley and Black method is given by Nelson and Sommers25. The 
CEC was determined by 1 N sodium acetate solution, centrifuged at 3000 rpm and the supernatant was discarded 
four times. Then centrifugation was carried out with 33 mL ethanol. Sodium contents in the supernatant will be 
measured by a flame photometer (Digiflam-2000)26.

Plant sampling and analysis
At maturity, wheat and maize were harvested from each plot. The biomass and grain yields were determined. 
Grains and biomass were dried in an oven at 60 °C for 24 h and powdered to determine the N-uptake, NAE, 
and NUE. Total N in plant samples was determined by following the Kjeldahl method, after digestion with 
concentrated H2SO4 and H2O2.

Crop N-uptake
Nitrogen uptake by grain and biomass was calculated by multiplying grain and biomass yields with N 
concentration (%) in grain and biomass, respectively. The equations Eqs. (1), (2) were adopted to estimate the 
crop N-uptake.

	 N uptake by grain (kg ha− 1) = [N content in grain (%) × grain yield (kg ha− 1)]/100� (1)

	 N uptake by biomass (kg ha− 1) = [N content in biomass (%) × straw yield (kg ha− 1)]/100� (2)

N agronomic efficiency and N use efficiency
The crop N contents and N-uptake in grain and biomass of wheat and maize were used to calculate nitrogen 
agronomic efficiency (NAE) and nitrogen use efficiency (NUE)27 by using the Eqs. (3), (4).

	 NAE (kg grain kg− 1N applied) = [Grain yield (kg ha− 1) in N applied plots − −grain yield of control plots]/total N applied� (3)

	 NUE (%) = [(N uptake by the fertilized treatment − N uptake in the control) /total N applied] × 100� (4)

Statistical analysis
The data obtained was compiled and analyzed using Excel 2013. The soil and treatment differences were evaluated 
using a two-way analysis of variance (ANOVA), and the Tukey HSD test was performed for comparisons among 
treatments. All analyses were performed using the p ≤ 0.05 level.

Results
Effect of BSRF on soil chemical properties
The addition of all N fertilizers significantly (P ≤ 0.05) decreased the soil pH in both wheat and maize crops 
under both soils, compared to the control (Fig. 2A–D). However, the decrease in soil pH was more evident in 
BSRFs treated soils compared to CU and CSRF. In wheat, the lowest soil pH (7.54) and (7.61) was observed in 
BSRF-amended soils with 100% recommended N dose in fine and coarse texture soils, respectively. Soil pH, 
on the other hand, in CU-treated soil was 7.60 and 7.69, respectively, in fine and coarse-texture soils. Similarly, 
in maize, the lowest soil pH (7.57 and 7.63) was recorded in BSRF-amended soil with 100% recommended 

Fig. 1.  Rainfall distribution during (A) wheat and (B) maize season.
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N dose in coarse and fine texture soils, respectively, compared to 7.67 and 7.76 in CU treated soils. Soil EC 
was also influenced by all N fertilizers and an increase in EC was noted with the addition of N fertilizers. The 
maximum increase in soil EC in fine and coarse texture soils under both wheat and maize was observed with 
CSRF followed by BSRF-amended soils with 100% recommended N dose which was statistically at par with CU 
treatment. The results showed that application BSRFs significantly (P ≤ 0.05) increased SOC compared to CK, 
CU, and CSRF treatments both in wheat and maize under fine and coarse texture soils (Fig. 3A, B). The highest 
SOC contents 0.64% and 0.63% were recorded in BSRF-amended soils with 100% N dose in fine and coarse 
texture soil, respectively, while the lowest SOC contents (0.41% and 31%) were observed for CU treatment in 
fine and coarse texture soils, respectively, under wheat crop. Similarly, the highest SOC (0.65% and 0.63%) in 
fine and coarse texture soils, respectively, under maize crop were also noted for BSRF-amended soils with 100% 
recommended N dose. The results also showed that introduction of BSRFS significantly (P ≤ 0.05) improve the 
soil CEC in both soils under both crops (Fig. 3C, D). BSRFs increased the soil CEC by 27.67% and 32.95%, 
respectively in fine and coarse texture soils under wheat and 18.73% and 27.73% in fine and coarse texture soils 
under maize crop, compared to CK.

Effect of BSRFs on soil mineral-N retention
The results showed significantly (P ≤ 0.05) higher concentrations of mineral N (NH4

+-N, NO3ˉ-N) in soils 
fertilized with CU, CSRF, and BSRFs compared to CK (Figs.  4 and 5-A–D). However, application of BSRFs 
compared to CU and CSRF enhanced significantly higher quantity of mineral N in both soils under both 
crops. In both soils under both crops, NH4

+-N concentrations decreased with time, however, this decrease was 
significantly faster in CU and CSRF treatments while it was quite slow and gradual in BSRFs treatments. Similarly, 
soil NO3ˉ-N concentrations first increased till the 60th day after application of N fertilizers and then decreased 
significantly in all treatments. But, after 90 days of fertilizer application, it was noticed that BSRFs treatments still 
maintained the critical NO3-N contents (> 20 mg kg− 1) required for optimum crop growth compared to CU and 
CSRF which hardly maintain the critical NO3ˉ-N concentrations till the 60th day of fertilizer application. After 
30 days of fertilizer application, compared to CU, on average, the incorporation of BSRFs increased the NH4

+-N 
contents by 32.49% in fine-texture soil and 26.21% in coarse-texture soil under wheat. In maize, the addition of 
BSRF increased the NH4

+-N contents by 45.20% in fine-texture soil and 47.22% in coarse-texture soil. Similarly, 
BSRFs significantly increased the NO3ˉ-N contents by 6.63% in fine texture soil and 34.27% in coarse texture soil 

Fig. 2.  Effect of N fertilizers on soil pH in fine and coarse texture soils under (A) wheat (B) maize, and on 
soil EC in fine texture and coarse texture soils under (C) wheat (D) maize. Error bars represent the standard 
error of the mean of three replicates and different letters show significant differences among treatments at 
HSD p < 0.05. (CK = control, U100 = 100% recommended N by urea, C100 = 100% recommended N by CSRF, 
B100 = 100% recommended N by BSRF, B75 = 75% recommended N by BSRF, B50 = 50% recommended N by 
BSRF).
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under wheat while, 53.71% in fine texture soil and 56.32% in coarse texture soil under maize, compared to CU 
(Fig. 4A, B, C, D). It was also observed that BSRFs retained more mineral N in coarse-texture soils compared to 
fine-texture soils under both crops.

Effect of BSRFs on wheat and maize grain and biomass yields
The addition of all N fertilizers irrespective of source significantly (p ≤ 0.05) increased the wheat and maize 
grain and biomass yields under both soil types (Fig. 6A–D). However, compared to CU, application of BSRF 
significantly increased the wheat grain yield up to 11.24% in fine texture soil, and 12.01% in coarse-texture soil 
whereas the application of BSRF significantly increased the wheat biomass yield up to 9.90% in fine texture soil 
and 12.24% in coarse texture soil, compared to CU. Similarly, addition BSRF significantly increased the maize 
grain yield up to 19.40% in fine-texture soil and 21.06% in coarse-texture soil, compared to CU. The same trend 
was observed in maize biomass yield and it was observed that BSRF significantly increased the maize biomass 
yield up to 6.91% in fine-texture soil and up to 2.35% in coarse-texture soil, compared to CU. The results also 
showed that the benefits of BSRF were more prominent in coarse-texture soil compared to fine-texture soil.

Effect of BSRFs on crop N-uptake
The data showed that BSRF significantly (p ≤ 0.05) enhanced the N uptake in both crops under both soils, 
compared to CU (Fig.  7A, B). In wheat, BSRF significantly enhanced the crop N uptake up to 20.80% in 
fine texture soil and 23.71% in coarse-texture soil, respectively, compared to CU. Similarly in maize, BSRF 
significantly increased the N uptake up to 26.55% in fine-texture soil and up to 23.32% in coarse-texture soil, 
compared to CU.

Effect of BSRF on NAE and NUE
Nitrogen agronomic efficiency (NAE) and nitrogen use efficiency (NUE) were affected significantly (p ≤ 0.05) 
by the addition of different N fertilizers (Fig. 8A, B, C, D), compared to CK. It is worth mentioning that BSRFs 
significantly improved the NAE up to 31.25% and 34.85% while NUE up to 40.24% and 40.44% in fine and coarse 
texture soils, respectively, compared to CU. Similarly, in maize, application of BSRFs significantly enhanced the 
NAE up to 36.62% and 42.86% while NUE 44.76% and 42.56% in fine and coarse texture soils, respectively, 
compared to CU.

Fig. 3.  Effect of N fertilizers on SOC contents in fine and coarse texture soils under (A) wheat (B) maize, 
and on soil CEC in fine texture and coarse texture soils under (C) wheat (D) maize. Error bars represent 
the standard error of the mean of three replicates and different letters show significant differences among 
treatments at HSD p < 0.05. (CK = control, U100 = 100% recommended N by urea, C100 = 100% recommended 
N by CSRF, B100 = 100% recommended N by BSRF, B75 = 75% recommended N by BSRF, B50 = 50% 
recommended N by BSRF).
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Discussion
For manufacturing SRFs, the scientists have given top priority to feedstock and coating materials. Because, the 
properties of nutrient carriers viz., surface area, porosity, pore volume, and functional groups as well as the 
mixing, encapsulation, or granulation qualities determine the quality and performance of SRFs28. Although 
biochar is the best natural nutrient carrier29, however in addition to biochar, starch30 and rice husk31 were 
also found effective. We chose acacia wood biochar to produce BSRFs because it is rough and porous, with 
visible cracks in the inner layer32. Its porous nature facilitates the entry of urea and water which ultimately 
leads to degradation owing to water uptake2,29. BSRFs can improve soil physicochemical properties21, extend 
N-retention33, crop yield34, and NUE35. It is well-established that biochar is an organic amendment having an 
aromatic structure that can be retained in soils for centuries (Farrell et al. 2014). Biochar can hold higher amounts 
of essential plant nutrients due to its high surface area, porosity, CEC, and surface functional groups36. In this 
study, BSRFs were evaluated to assess their performance in alkaline calcareous soils. Earlier, no specific BSRF 
was synthesized for these soils. The research data regarding improving the NUE in alkaline calcareous soils are 
either limited or unavailable. These soils are confronted with severe issues like poor nutrient and water retention 
and NUE. Therefore, these soils require special research attention as they occupy one-third of the cultivated 
lands. High soil pH, low SOM, and calcareousness are primary challenges/obstacles regarding improving the 
efficiency of applied fertilizer nutrients. This study, therefore, preliminary attempt to test designer slow-release 
fertilizer to combat the challenges of these soils.

Effect of BSRFs on soil chemical properties
In this study, BSRF significantly (P ≤ 0.05) changed the chemical properties (pH, EC, SOC, and CEC) of two 
different textured alkaline calcareous soils. Soil pH substantially impacts the nutrient availability and mobility in 
the root zone37. In the present study, at harvest of both crops BSRFs significantly decreased the pH of both soils. 
The decrease in soil pH is attributed to the excessive release of protons (H+) from the exchange sites of de-ashed 
biochar from BSRFs. In addition, the release of organic acids during the decomposition of organic matter present 
in the soil might also contribute to reduce soil pH38. It has extensively been reported that the addition of biochar 
to acidic soils increases the soil pH due to its liming effect39. However, soil pH decreased after the application of 
BSRFs because de-ashing leached the alkaline components of biochar and enhanced the carboxylic functional 
groups which when used as N carrier reduced the soil pH. Sahin et al.17 confirmed that only acidified biochars 

Fig. 4.  Effect of N fertilizers on (A) NH4
+-N in fine texture (B) NH4

+-N in coarse texture (C) NO3ˉ-N in fine 
texture (D) NO3ˉ-N in coarse texture soil under wheat. Error bars represent the standard error of the mean of 
three replicates. (CK = control, U100 = 100% recommended N by urea, C100 = 100% recommended N by CSRF, 
B100 = 100% recommended N by BSRF, B75 = 75% recommended N by BSRF, B50 = 50% recommended N by 
BSRF).
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are effective in reducing soil pH under calcareous conditions. Soil EC is mainly dependent on ash contents of 
biochar. De-ashing removed the indigenous ash minerals from biochar, therefore, the addition of BSRFs to the 
soil decreased the soil EC significantly. Non-acidified / pristine biochar due to higher indigenous alkalinity 
increased the soil pH and EC for a short time40. This study was conducted in alkaline calcareous soils where 
increasing soil pH and EC was not desirable. Therefore, de-ashed biochar as N carrier was more suitable for 
alkaline calcareous soils. The addition of BSRFs significantly increased the soil CEC compared to CU and CSRF. 
The increase in CEC was attributed to large surface area and porosity of biochar in BSRF. Previously, it was studied 
that a dramatic increase in the CEC of biochar is observed after deashing and ozonization41. Oxygen-containing 
surface functional groups are responsible for higher CEC in low-temperature biochar42. Although CEC is a 
natural and inherent characteristic of any soil, management does not easily change it. However, many studies 
have shown that charred materials like biochar due to the presence of strong carboxylic and phenolic functional 
groups with a negative charge on the surface can promote soil CEC43. In alkaline calcareous soils, high soil pH 
and atmospheric temperature are responsible for the rapid mineralization of SOM. However, during this study 
we found that BSRFs significantly increased the SOC in both soils after harvest of wheat and maize. This increase 
was due to stability of biochar in soil which regulated the SOC in soil by promoting the soil microbial activity44. 
Biochar in soil is very stable against decomposition45. The storage of SOC also increases soil C sequestration 
and helps in sustainable crop production46. Despite the fact, that a precise amount of biochar is added to the 
soil through BSRFs, still a significant increase in SOC has been reported in the literature. Zheng et al.47 found 
that biochar-based nitrogen fertilizers (BBNFs) when applied at 225 kg ha− 1 resulted in a dramatic increase of 
16% in SOC compared to conventional N fertilizers. Similarly, Liao et al.4 revealed that SOC was increased by 
20% by BBNFs compared to urea. It was also assumed that the addition of de-ashed biochar into alkaline soil as 
an N carrier could have ameliorated the soil alkalinity and could have enhanced the C sequestration. Due to C 
sequestration by BSRFs, carbon dioxide discharge may have reduced and improved the SOC contents in alkaline 
calcareous soils13.

Effect of BSRFs on soil mineral-N retention
The application of BBNFs have been considered as the most efficient strategy for extended N retention in the 
soil thereby, enhancing the NUE48,49. In this study application of BSRFs significantly enhanced soil mineral N 

Fig. 5.  Effect of N fertilizers on (A) NH4
+-N in fine texture (B) NH4

+-N in coarse texture (C) NO3ˉ-N in fine 
texture (D) NO3ˉ-N in coarse texture soil under maize. Error bars represent the standard error of the mean of 
three replicates. (CK = control, U100 = 100% recommended N by urea, C100 = 100% recommended N by CSRF, 
B100 = 100% recommended N by BSRF, B75 = 75% recommended N by BSRF, B50 = 50% recommended N by 
BSRF).
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Fig. 7.  Effect of N fertilizers on (A) wheat total N uptake (B) maize total N uptake in fine texture soil and 
coarse-texture soil. Error bars represent the standard error of the mean of three replicates and different letters 
show significant differences among treatments at HSD p < 0.05. (CK = control, U100 = 100% recommended 
N by urea, C100 = 100% recommended N by CSRF, B100 = 100% recommended N by BSRF, B75 = 75% 
recommended N by BSRF, B50 = 50% recommended N by BSRF).

 

Fig. 6.  Effect of N fertilizers on (A) wheat grain yield (B) wheat biomass yield (C) maize grain yield (D) 
maize biomass yield in fine texture and coarse-texture soils. Error bars represent the standard error of the 
mean of three replicates and different letters show significant differences among treatments at HSD p < 0.05. 
(CK = control, U100 = 100% recommended N by conventional urea, C100 = 100% recommended N by CSRF, 
B100 = 100% recommended N by BSRF, B75 = 75% recommended N by BSRF, B50 = 50% recommended N by 
BSRF).
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retention. It was observed that the concentration of NH4-N was increased significantly in all treatments after the 
application of all N fertilizers compared with the CK. However, the increase in NH4

+-N was much higher in BSRFs 
treatments compared to CU. The NO3ˉ-N concentrations, on the other hand, increased the after application of 
N fertilizers, and then decreased. However, NO3ˉ-N decreased moderately in BSRFs while decreasing rapidly in 
CU, confirming the slow release of N from BSRFs. This slower release was likely due to the delayed hydrolysis 
of N from the BSRFs50. Since, the extensive surface area, porosity, CEC, and reactive surfaces contribute to the 
adsorptive nature of biochar, which has been exploited to synthesize BBNFs49. By providing this control, the 
large mineral N pools that can occur following mineral fertilizer application are avoided, thus minimizing N 
loss pathways including denitrification35, leaching51, and volatilization52. Dong et al.48 reported that NH4

+-N 
concentration could be reduced by 55% in percolation water after replacing compound fertilizers with BBNF. 
The conversion of NH4

+-N to NO3ˉ-N is an oxidation process that releases protons in the soil causing a decline 
in soil pH that confirms the process of nitrification53. The continuous release of N from BSRFs increased soil 
NO3ˉ-N contents in the later crop growth stages54. Wang et al.55 also observed that NO3

− leaching loss was the 
predominant pathway of N loss and contributed to 52–96% of total N leached from BBNFs. But compared with 
urea and NH4NO3, NO3

− leaching loss was reduced by over 60% with BBNFs56. In addition, de-ashed (acidified) 
biochar proved effective in decreasing soil pH and increasing the SOC. This decrease in soil pH and increase in 
SOC might be the main reasons for improving N retention by decreasing the NH3 losses in BSRFs treatments.

Effect of BSRFs on wheat and maize grain and biomass yields
Biochar used ingredient of BSRFs which enhanced the wheat and maize biomass and grain yield compared to 
CU. We observed that application of BSRF even at reduced rate (75% of recommended N) for wheat and maize 
yielded statistically similar crop yields compared to CU and CSRF. Therefore, BSRFs has ability to reduce the 
recommended rates of N in alkaline calcareous soils up to 25%. It was also noticed that wheat and maize yields 
were higher in fine texture soil but the benefits of BSRFs were more evident in coarse texture soil compared to 
fine texture soil. Biochar improves crop yields in coarse-textured soils more than in fine-textured soils because 
it improves the soil’s physical and chemical properties. This includes increasing the soil’s water retention and 
nutrient availability. It might be due to improved N utilization due to the extended N bioavailability after the 
application of BSRFs. Because it is a fact that an ample supply of N is crucial to maintain a healthy crop stand. 
The appropriate synchrony between N addition and crop needs was improved by BSRFs which, consequently, 
increased the biomass and grain production. In addition to this, enhanced SOC and CEC after BSRFs could have 
ensured a better supply of other required nutrients as well. Several studies carried out in different agricultural 

Fig. 8.  Effect of N fertilizers on (A) NAE in wheat (B) NAE in maize (C) NUE in wheat (D) NUE in maize in 
fine texture and coarse-texture soils. Error bars represent the standard error of the mean of three replicates and 
different letters show significant differences among treatments at HSD p < 0.05. (U100 = 100% recommended 
N by urea, C100 = 100% recommended N by CSRF, B100 = 100% recommended N by BSRF, B75 = 75% 
recommended N by BSRF, B50 = 50% recommended N by BSRF).

 

Scientific Reports |         (2025) 15:7748 10| https://doi.org/10.1038/s41598-025-90651-7

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


systems also reported that the application of BBNFs enhanced the N availability which increased the dry matter 
yield and N uptake50,52. BSRFs performed better in coarse texture soil.

Crop N-uptake
The addition of biochar to soil could substantially enhance the retention of plant-available nutrients. The present 
study showed that BSRFs addition significantly increased NO3-N and NH4-N concentrations in different soils. 
Crop N uptake is determined by soil available N content, as BSRFs significantly increased the contents of NO3-N 
and NH4-N in both soils under both crops, which increased the N uptake significantly in this study. In addition, 
BSRFs had better potential to maintain better soil moisture which could have also enhanced the N uptake, as the 
shortage of soil moisture, especially during the wheat growing season is a limiting factor in alkaline calcareous 
soils. Gao et al.49 investigated that BBNFs ensure the supply of available N during the late growth stages of crops 
to support growth, thereby promoting N uptake by improving the physical conditions of the soil and greater 
water availability enhanced nutrient-absorption capacity of the crop. Similar findings were presented by Khan 
et al.57 that the capacity of biochar to absorb N reduces the N toxicity in the early stages of plant growth and 
then enhances the N availability in the middle and late stages of plant growth to meet the plant N requirements. 
Furthermore, the biochar also provides N, P, and K to the soil in bioavailable forms, which might have promoted 
plants’ nutrient supply and uptake to elevate the rapeseed growth and yield58.

Effect of BSRF on NAE and NUE
BSRFs significantly enhanced the NAE and NUE of wheat and maize under both soils. The lower NUE of 
conventional N fertilizers not only results in low crop yield but also increases the production cost. Therefore, 
improving the efficiency of fertilizers is of utmost importance for developing sustainable agriculture. In various 
studies it has been proposed that carbon-poor, less fertile alkaline calcareous soils have been the potential 
hotspots where biochar amendments may be used to enhance carbon sequestration and provide additional soil 
fertility benefits59. Lu et al.60 described that the reduced N application may affect severely the plant growth 
and grain yield. A conclusion presented by Ladha et al.61 suggested that the appropriate management of N 
application is compulsory to increase its N uptake. On the other hand, present-day cultivars of wheat and maize 
require a higher N input which contrarily causes a risk of environmental pollution and increases production 
costs. N uptake and efficiency is the measure of how much N is taken up by the crop plants. To ensure ample N 
uptake the N source as fertilizer should regulate the soil N supply to increase NUE62. However, N fertilization 
should be matched with the crop demand as, in our case, the higher agronomic yield was achieved by the new N 
formulations. Hawkesford et al.63 studied that only 33% of the applied N fertilizer is recovered in the harvested 
grains while a huge quantity of 67% of N is lost, which is also a major source of pollution. We found that net 
benefits of BSRFs including NUE were substantially higher in coarse texture soil than fine texture soil. Because 
the water and nutrient holding capacity of coarse texture soil was initially very low due low CEC and clay content 
compared to fine texture soil. BSRFs containing biochar as ingredient improved the soil structure and CEC 
which improved the growth conditions64.

Conclusion
The results of our study demonstrate the significant impact of BSRFs on alkaline calcareous soils. Previously, 
specified SRFs for these soils was an unexplored area of research. The findings reveal that the intervention of 
BSRFs significantly improved the soil chemical properties, including reduced soil pH and improved SOC and 
CEC. Moreover, BSRFs ensured the consistent supply of N throughout the wheat and maize growth cycles, 
leading to increased crop N uptake and grain yields compared to CU due to which NUE enhanced drastically. It 
was concluded that de-ashed biochar is very effective in producing targeted BSRFs for alkaline calcareous soils, 
where N losses are markedly high. Furthermore, de-ashed biochar may offer economic benefits by reducing the 
required quantity of biochar as an N carrier due its higher ability to hold more N. This study provides valuable 
insights of several avenues for future research. During this study we focused on chemical modification of biochar 
with dilute HCl. However, investigating other modification methods of biochar and variable compositions of 
BSRFs could lead to the development of more efficient BSRFs. In addition, assessing the potential benefits of 
BSRFs in non-calcareous soils could expand their applicability and impact. We believe that conducting life cycle 
assessments and cost-benefit analysis would provide a more comprehensive understanding of BSRFs’ viability. 
By addressing these knowledge gaps, future research can further optimize BSRFs and unlock their potential to 
improve soil fertility, crop productivity, and environmental sustainability.
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