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Abstract

:

Biochar, a carbon-rich material obtained by pyrolysis of organic wastes, is an attractive matrix for loading nutrients and producing enhanced efficiency fertilizers. In this study, poultry litter (PL) was enriched with phosphoric acid (H3PO4) and MgO to produce a biochar-based fertilizer (PLB), which was loaded with urea in a 4:5 ratio (PLB:urea, w/w) to generate a 15–15% N–P slow-release fertilizer (PLB–N) to be used in a single application to soil. A greenhouse experiment was carried out in which a common bean was cultivated followed by maize to evaluate the agronomic efficiency and the residual effect of fertilization with PLB–N in Ultisol. Six treatments were tested, including four doses of N (100, 150, 200, and 250 mg kg−1) via PLB–N in a single application, a control with triple superphosphate (TSP—applied once) and urea (split three times), and a control without N-P fertilization. The greatest effect of PLB–N was the residual effect of fertilization, in which maize showed a linear response to the N doses applied via PLB–N but showed no response to conventional TSP + urea fertilization. Biochar has the potential as a loading matrix to preserve N availability and increase residual effects and N-use efficiency by plants.
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1. Introduction


Soil fertilization is a key factor for agricultural production, both in quality and quantity. Among the nutrients, nitrogen (N) is the most widely applied to maintain soil fertility and crop growth [1]. Synthetic N fertilizer has been a critical component of agriculture, currently accounting for more than 50% of world food production [2,3], while its deficiency results in reduced productivity and losses in production systems [4]. Conversely, N overload leads to environmental pollution and threatens agricultural productivity, food security, and human health [3].



More than 50% of synthetic N fertilizers added to soil are lost through leaching, denitrification, or volatilization [3,5], which negatively impacts the environment. The main factors responsible for these losses include the low N retention capacity of soil, mineralization, and the spatial and temporal incompatibility between the application of fertilizers and crop N demand [6]. These losses collectively cause low N-use efficiency [7] and contribute to low economic efficiency by increasing agricultural production costs [8]. Nitrogen losses can be minimized through some strategies that include the use of enhanced efficiency fertilizers (EEFs) [9].



Various types of EEFs have emerged, including those that use biochar as a support material for nutrient loading [1,10,11]. Biochar is a carbonaceous material obtained from pyrolysis of wood biomass, vegetables, or animal waste at moderate temperatures (350–700 °C) [12]. The stable carbon (C) fraction, surface area, porosity, and functional groups are favorable characteristics of biochar to retain nutrients [12,13,14], which makes it attractive as a fertilizer enhancer.



Biochar-based N fertilizers are promising for sustainable agricultural development, mitigating N losses and increasing soil C stocks [15]. In a recent study, Saha et al. [8] showed that mixing and granulating biochar with urea substantially increased N retention from the fertilizer in the soil, reducing NH3 emissions and N leaching compared with urea alone. Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX) have shown that the coarse and porous microstructure of biochar can effectively absorb NO3−, PO43−, and K+ and form biochar impregnated with these nutrients [11]. Puga et al. [15] used acidified biochar (pH ~3) as an additive for coating urea granules and observed a significant reduction in NH3 volatilization. Shi et al. [16] developed a biochar-mineral urea composite and observed that the release rate of N decreased and the shoots and roots of maize were higher than those of conventional urea, which was attributed to the N retention on the biochar/mineral surfaces and by C bonds from urea to the biochar.



Biochar enriched with P sources was shown to greatly improve C stability [17,18] and showed increased plant P use efficiency in highly weathered soils [19,20]. The addition of MgO with acid P sources reduced the acidity and P water solubility but resulted in similar solubility in citric acid and neutral ammonium citrate + water (NAC + H2O) to triple superphosphate (TSP) [20], which has favorable use in P-fixing tropical soils [19].



The combination of poultry litter with H3PO4 and MgO prior to pyrolysis increases the specific surface area [17] and increases the cation exchange capacity in the resulting biochar [21]. These characteristics favor biochar as a potential carrier of urea N to enhance the efficiency of N–P fertilizers for crops, which might allow a reduction in the frequency of urea application while increasing the N-use efficiency. In this study, we hypothesized that biochar enriched with phosphate and loaded with urea will provide greater N-use efficiency by plants from a single application with a higher residual effect of N and P fertilization for the subsequent crop. The aim of this study was to load urea into a biochar phosphate fertilizer aiming to develop an enhanced efficiency nitrogen and phosphorus fertilizer, which was tested in a greenhouse with a single application for the cultivation of common bean followed by cultivation of maize to evaluate the agronomic efficiency and residual effect of fertilization in Ultisol.




2. Materials and Methods


2.1. Production and Characterization of Biochar-Based Fertilizers


The biochar used in this study was produced from poultry litter collected from a farm near Lavras, Minas Gerais, Brazil (44°58′31″ W). Air-dried and milled (<1 mm) poultry litter was impregnated with phosphoric acid (H3PO4) + MgO. Phosphorus and Mg were mixed in a molar ratio of 1:1 and the feedstock:phosphate ratio was 1:0.5 (w/w). Thereafter, the P-enriched biomass was placed in a hermetically sealed metal reactor (model SPPT-V60) for pyrolysis at 500 °C at a heating rate of 10 °C min−1 and 2 h of holding time for complete carbonization. After pyrolysis, poultry litter biochar (PLB) remained in the reactor until it reached room temperature (~16 h). The produced biochar was identified as PLB and represents poultry litter biochar treated with phosphoric acid and MgO.



Electrical conductivity (EC) and pH were measured in triplicate using 1.0 g of biochar in 20 mL of deionized water and after 1.5 h of shaking [22]. The elemental composition of C was measured in duplicate using an elemental analyzer (model Vario TOC cube, Elementar, Hanau, Germany). The total nutrient content was determined after burning for 8 h at 500 °C in a muffle furnace followed by digestion with nitric acid (HNO3) at 120 °C. Hydrogen peroxide (H2O2) was added at the end of digestion to oxidize organic C [23]. Subsequently, the digested material was dissolved in 20 mL of 5% (v/v) HNO3 solution. Water-soluble P contents, citric acid-soluble P, and neutral ammonium citrate (NAC) + H2O-soluble P were determined according to official P fertilizer methods as described in [24]. The contents of P and Mg and the P fractions in the fertilizer were quantified by ICP–OES (Model Blue, Kleve, Germany).




2.2. Production of Biochar-Based Phosphate Fertilizer Enriched with Urea


PLB was impregnated with N as described in [11]. Briefly, a solution containing N from the dissolution of urea (CO(NH2)2, 45% N) in deionized water was prepared and added to PLB at a 4:5 (w/w) ratio (PLB:urea). The mixture was stirred for 2 h on a bench-top shaker at 100 rpm and then dried at room temperature. The biochar-based phosphate fertilizer enriched with N was thereafter named PLB–N. Urea was selected as a source of N because it is the most commonly used N fertilizer due to its high N content and lower cost when compared with other N sources [25].




2.3. Scanning Electron Microscopy (SEM), Energy-Dispersive X-ray Spectroscopy (EDX) and Fourier Transform Infrared (FTIR) Spectroscopic Characterization Analysis


The microscopic and morphological characteristics were characterized by scanning electron microscopy (SEM) (LEO EVO 40 XVP-Carl Zeiss) equipped with energy-dispersive X-ray spectroscopy (Brunker-Quantax EDX). The samples were dried and coated with carbon prior to measurements using the SEM detector at 100×, 500×, and 1000× magnifications. Fourier transform infrared (FTIR) spectroscopic characterization of urea and PLB was performed before and after urea impregnation with a Varian 600-IR spectrometer with a spectral range of 4000–400 cm−1. Oven-dried samples were ground to a powder, and FTIR spectra with a resolution of 4 cm−1 were collected over an average of 32 scans.




2.4. Greenhouse Pot Experiment


2.4.1. Soil Samples and Preparation


Samples of Argissolo Amarelo (Ultisol) were collected from the top layer (0–30 cm) in a cultivated area after liming on a farm at Country Pimenta in Lavras, Minas Gerais, MG, Brazil (21°16′14″ S and 45°04′07″ W). The soil sample was collected 90 days after the correction of soil acidity with dolomitic limestone, aiming to raise the base saturation to 70%. After collection, the soil sample was air-dried and passed through a 2 mm mesh sieve for chemical and textural analysis [26]; its properties after liming are presented in Table 1.



Finally, 3 kg of air-dried homogenized soil samples were placed in pots (3 L) and fertilized with a nutrient solution with soluble sources to provide the following nutrients and respective contents (in mg kg−1): K, S, Zn, Mn, Fe, Cu, B, and Mo, applied at 100, 40, 4.0, 3.66, 1.55, 1.33, 0.81, and 0.15, following recommendations for pot experiments with plants [27].




2.4.2. Experimental Design and Plant Growth


The experiment was carried out in a completely randomized design with four replications and the pots were randomly reallocated every week. Six treatments were studied, including four doses of N (100, 150, 200, and 250 mg kg−1) via PLB–N that supplied 60, 90, 120, and 150 mg kg−1 of P soluble in NAC+H2O, respectively, a control with triple superphosphate (200 mg kg−1 of P soluble in NAC+H2O) + urea (200 mg kg−1 of N), and a control without P and N fertilization. The doses of N and P via PLB–N fertilizer were fully applied in powder form and incorporated into the entire volume of the soil before sowing. In the conventional fertilizer control, the dose of urea was applied as a solution and split into three fertilizations: 50 mg kg−1 at sowing and 75 mg kg−1 at 15 and 30 days after sowing.



Two successive cultivations were carried out as follows: in the first planting, five bean seeds (Phaseolus vulgaris L., cv BRSMG UAI) were sown in each pot and thinned seven days after emergence, keeping two plants per pot; these plants were grown for forty-five days between December 2018 and January 2019. In the second cultivation, five maize seeds (Zea mays) were sown in each pot and thinned seven days after emergence, leaving one plant per pot, which was grown for fifty days between February and March 2019. All nutrients were supplied as described only before the first cultivation. The greenhouse was supplied only with natural light and the temperature was kept below 35 °C.




2.4.3. Plant and Soil Analysis


After each growth cycle of the beans and maize, the plants were cut at 1 cm above the soil surface and rinsed with deionized water. The plant materials were oven-dried at 65 °C until weight stabilization (~72 h), and the shoot dry mass (SDM) was recorded before grinding in a mill. The N content was determined by the Kjeldahl method [28]. A sample (0.5 g) of plant material was digested in a block digestion system using a concentrated nitric-perchloric acid mixture [29], and the P in the extract was measured by ICP–OES (Model Blue, Germany). The N and P uptake were estimated by multiplying the N or P concentration by the respective shoot dry mass productivity. The relative agronomic effectiveness (RAE) was calculated by comparing the plants used in each treatment to the plants treated with the reference fertilizer (urea), which was added at the same fertilization dose, using the following equation:


   RAE   ( % ) =   (     N   PLB - N       N  urea      )     ×   100   



(1)




where NPLB-N is the dry matter production by plants in a given PLB–N fertilization treatment (g plant−1) and Nurea is the dry matter production by plants in the reference treatment (urea).



After each cultivation, 30 g of soil was collected from each pot to determine the pH in water, electrical conductivity (EC), available resin P [30], which was determined using molecular absorption spectrophotometry [31], and the inorganic forms of N, ammonium (NH4+) and nitrate (NO3−), which were determined by distillation [32].





2.5. Statistical Analysis


All greenhouse data were checked for normal distribution with the Shapiro–Wilk test before further analysis. Subsequently, the data were subjected to analysis of variance (ANOVA), and when significant (p < 0.05) (Table S1, Supplementary Materials), the means were compared using the Scott–Knott test (p < 0.05), and the N doses were adjusted to linear regression models. All statistical analyses were performed using SISVAR software [33].





3. Results and Discussion


3.1. Properties of the Biochar-Based Fertilizers


The selected properties of PL and PLB are shown in Table 2. The pyrolysis of PL enriched with H3PO4 + MgO caused a decrease in the pH of the PLB (from 8.3 in PL to 6.1 in PLB). Normally, pristine pure PL biochar tends to be highly alkaline (pH~11), and when it was impregnated with H3PO4 in combination with MgO, the acidity of the P source was neutralized [17,21]. The total P content increased considerably with the impregnation of H3PO4 and MgO (Table 2), reaching values as high as those in conventional P fertilizers.



The P solubility in citric acid and NAC + H2O in PLB corresponded to 44.4% and 86.6%, respectively, of the total P, while the water-soluble P of PLB was very low (3.7%) (Table 1). During pyrolysis, several reactions between P, Ca, and Mg take place, forming insoluble P compounds such as calcium pyrophosphates (Ca2P2O7) and magnesium pyrophosphates (Mg2P2O7) [21]. In addition, reactions between C and P might also occur during pyrolysis and form stable P structures such as C–O–P or C–P bonds [18].



Reducing the solubility of P in water without decreasing the solubility in NAC + H2O could be a particularly beneficial strategy for P-fixing soils [20] since the availability of inorganic P is limited by rapid immobilization by the mineral fraction rich in iron (Fe) and aluminum (Al) oxides [35,36].




3.2. Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray Spectroscopy (EDX) Analysis


The structure of the PLB surface before and after urea impregnation was characterized by scanning electron microscopy (SEM), and the results are shown in Figure 1. The PLB surface was rough and porous (Figure 1a–c), while after impregnation with urea, the surface of the particles was coated with urea, and the pores were filled (Figure 1d–f). The urea solubilized in water managed to infiltrate the pores of the biochar surface and even formed a coating layer on the surface.



Pores are formed by the decomposition of organic macromolecules and give PLB the ability to accommodate urea molecules [37]. The physical characteristics of biochar such as the number of pores, pore layout, and specific surface area are influenced by the raw material and affect the availability of nutrients in soil [38]. Furthermore, the co-pyrolysis of PL with H3PO4 + MgO increases the surface area and small pores [17] that can potentially promote the link between urea and surface functional groups through chemical reactions.



Energy-dispersive X-ray spectroscopy (EDS) of PLB and PLB–N confirmed that there was, potentially, an impregnation of P in the pre-pyrolysis of the poultry litter (Figure 2b,f). In fact, the comparison of the EDX spectra for PLB (Figure 2e) and PLB–N (Figure 2d,h) shows the successful impregnation of PLB with N. The FTIR results showed that urea interacted with the biochar by reactions with the PLB carboxyl and phenolic groups (Figure 3). The reduced peak intensities and displaced carboxyl and phenolic groups indicate urea loading and the absence of other forms of N (for example, NH4+–N or NH3–N) in the PLB–N structure.



After loading with urea, PLB–N showed absorption bands characteristic of urea at 3428.7 to 3253.3 cm−1, and the doublet was characteristic of primary amides in the NH2 group. The band at 1675.8 cm−1 was characteristic of amide carbonyl; the band at 1675.8 cm−1 was characteristic of amyl carbonyl. The peak at 1625.7 cm−1 was evidence of another common fold in primary amides, which is associated with the C=O bond of the urea molecule, and the bands at 1457.9 and 1149 cm−1 were related to C–N axial deformation [39].




3.3. Crop Productivity and Nitrogen and Phosphorus Uptake


The SDM of common bean and maize is shown in Figure 4a,b. In the first growing cycle, significantly (p < 0.05) higher productivity of SDM was observed for common bean fertilizer with TSP + urea when compared with the treatment of PLB–N and the control without application of N and P (Figure 4a). The response of SDM to N doses via PLB–N was best described by a quadratic model with the maximum productivity obtained by the application of 100 mg kg−1 of N, after which there was a decrease in productivity.



In the second cultivation cycle, the SDM productivity of maize responded linearly to increasing doses of N (p < 0.05, Figure 4a). Residual N fertilization with PLB–N was able to sustain the highest productivities of SDM ranging from 15 to 35 g pot−1 with increasing N doses, while urea at 200 mg kg−1 produced 11 g pot−1 (Figure 4a). These samples had a much higher relative agronomic efficiency (RAE) for PLB–N 285% than those fertilized with urea (RAE of 100%) at the same dose of N (200 mg kg−1). The SDM of the control without N and P fertilization decreased significantly, with the lowest yield (8 g pot−1) in maize.



The decrease in productivity of the common bean over 100 mg kg−1 of N via PLB–N indicates a rapid release profile that saturates the absorption of N by the plant without any additional response in the production of SDM. The physical mixture of PLB with urea was not effective in reducing the N hydrolysis rate in PLB–N fertilizers, which resulted in a marked increase in the soil EC (discussed in the next section), delayed the seedling emergence of the common bean; it also caused injuries that were reflected in reduced SDM productivity (Figure 4a). High concentrations of urea can compromise the seedling and plant growth due to toxicity caused by the high level of NH3/NH4+ [40] and can also induce salt stress due to the high concentration of NH4+ and NO2− ions [41].



Conversely, the residual effect of fertilization for maize was much greater for PLB–N than for urea, and it was linear, likely due to the higher N availability in the soil. Ref. [42] showed that the increase in the cation exchange capacity promoted by biochar particles prolonged the N availability from urea, which might have been the case in this study. The linear growth of maize in response to N caused the total production of SDM (Ʃ production of the dry mass of beans and maize) in the soil treated with PLB–N at all N doses to be equal to or higher than in the samples fertilized with urea only (Figure 4b).



Nitrogen, P, and Mg uptake by bean plants were severely affected by salt stress caused by the increase in N doses via PLB–N (Figure 4c–e). Nitrogen uptake was higher in the common bean plants that received 200 mg kg−1 of N via PLB–N and the equivalent dose via urea. In the subsequent cultivation, N uptake by maize followed a linear trend with N doses via PLB–N (p < 0.05), with values ranging from 1.3 to 8.1 mg pot−1, while in the treatment with conventional urea, the N uptake was 1.09 mg pot−1.



The higher or lower P uptake for both common bean and maize is also directly related to the availability of P (Figure 4d), which in turn is greatly influenced by the soil pH [43]. This might explain the greater P uptake promoted by the control treatment with the application of TSP in the cultivation of common beans and the linear response to the increase in the doses of PLB–N for maize. The decrease in P uptake with the increase in the doses of PLB–N (Figure 4d) might also be related to the increase in ionic strength caused by the increase in N doses applied fully at sowing. The acquisition of nutrients by plants can be interrupted by the excess ions in the solution, either by direct ionic competition or by decreasing the osmotic potential of the solution, which reduces the mass flow of mineral nutrients to the root [44]. Furthermore, the decrease in Mg uptake by bean plants (Figure 4e) can also be attributed to toxicity due to excess NH4+, considering that one of the chemical changes in the plant induced by excess NH4+ includes depression in the uptake of essential cations (such as K+, Ca2+, and Mg2+) [45].




3.4. Soil Conditions after Cultivation


After the cultivation of common beans, the soil pH decreased by 0.35 to 1.36 units due to N doses above 150 mg kg−1 via PLB–N when compared with the control without N (Figure 5a). When the soil pH of urea and PLB–N at the same N dose (200 mg kg−1) were compared, a significant (p < 0.05) but small difference of 0.3 units was verified. It must be highlighted, however, that the N dose (200 mg kg−1) from urea was split three times, while the same N dose via PLB–N was applied only at sowing. Soil acidification due to N addition has also been observed in other studies due to the nitrification process [46,47].



Although the soil pH gradually decreased with increasing N doses after common bean cultivation, there were no significant (p < 0.05) differences among the treatments after the subsequent maize cultivation (p < 0.05; Figure 5b), which means that the soil acidification caused by the N addition was only a transient effect in the studied soil. Soil acidification was mainly due to an increase in the rate of transformation of N, which increased the nitrification of NH4+ [48]. The absorption of N–NH4+ by crops also contributed to soil acidification due to the protons generated and released by the roots of plants to balance the excess absorption of cations and anions [49]. Unlike PLB–N, the impact of N transformations on soil acidification for urea was possibly low due to splitting, and N absorption by the crop was the main driver of soil acidification [47].



Generally, in a short-term experiment, the application of BBFs impregnated with MgO promoted an increase in soil pH around the application point due to the alkaline nature of the fertilizers [20,21]. However, the method of application, combined with the high rates of PLB–N, seems to have prevented the alkaline reaction of the fertilizer and limited its ability to buffer the soil pH. The biochar’s ability to buffer the soil pH is directly related to the CEC contained in this material [50] and may have alleviated the acidification of the soil. The application of hardwood biomass biochar at 500 °C in acid soil contaminated with arsenic (As) and lead (Pb) resulted in an increase of 0.9 units in soil pH. This increase was observed immediately after the addition of the biochar and remained stable over time (after 6 months) potentially reducing metal mobility [51].



The EC values increased significantly with the increase in N, except for the urea treatment, in which the EC was equal to or lower than that of the treatment without N application (p < 0.05; Figure 6a). At the same dose of N (200 mg kg−1), the difference between the EC values of the treatment with PLB–N and that of the control treatment was approximately 6.26 units. Moreover, soil EC values with PLB–N at 200 and 250 mg kg−1 exceeded the tolerance limit (4 dS m−1) for most crops [44]. However, after maize cultivation, there was a marked decrease in soil salinity, which varied from 0.8 to 1.6 dS m−1 with the increase in PLB–N dose (Figure 6b).



The increase in soil salinity with the increase in PLB–N dose in a single application was possibly induced by an increase in the concentration of mineral N and partly by the soluble nutrients in the BBFs. According to the NH4+/NO3− ratio after bean cultivation (Figure 6e), nitrification was significantly reduced with an increase in the N rate, leading to higher concentrations of NH4+–N and lower NO3−–N, except for the highest N dose, which presented the lowest NH4+/NO3− ratio, suggesting an increase in nitrification, which was maintained after the cultivation of corn. A decrease in the NH4+/NO3− ratio was observed, and it was more pronounced at a dose of 200 mg kg−1.



The nitrification of excess N fertilizer led to a large release of protons, and soil acidification may have further induced the direct release of basic cations (Mg2+ and Ca2+), accelerating soil salinization [49]. This result justifies the strategy of splitting urea fertilization to help reduce salt stress due to the high concentration of NH4+ from urea hydrolysis [52] and reduce N losses [53]. The high salinity of the soil inhibits the absorption of N by the root, which explains the decline in N uptake with the increase in the doses of PLB–N (Figure 4c).



Increased soil salinity limits the yield and productivity of crops and is one of the main factors that limit the growth and productivity of common beans [54]. The stress caused by the increase in soil salinity reduces plant growth, including leaf area, which reduces the photosynthetic process and efficiency in the use of nutrients [44]. Saline stress delayed bean seedling growth and contributed to lower SDM productivity (Figure 4a).



The concentrations of mineral N in the soil are shown in Figure 6c and d. The highest levels of NH4+ were obtained with the application of PLB–N at the highest doses of N (200 and 250 mg kg−1), while in the treatment with urea, the levels were equivalent to those in the treatment without N application (Figure 6c). After the cultivation of maize, the levels of NH4+ were higher at doses of 100, 150, and 250 mg kg−1 of N via PLB–N (p < 0.05). The application of N via PLB–N at the same dose as the treatment with urea (200 mg kg−1) resulted in higher levels of NH4+ either after the cultivation of beans or maize.



There were no significant differences between the levels of nitrate (NO3−) in the soil treated with the addition of N after bean cultivation (Figure 6d), except for the highest dose of N via PLB–N, which presented the highest levels of NO3−, both after the first and after the second cultivation cycle. When comparing the levels of NO3− in the soil after the cultivation of beans with the levels after the cultivation of maize, we noticed an increase in the levels of NO3- in the soil only in the samples treated with PLB–N (Figure 6d).



The application of PLB–N kept the amount of mineral N in the form of NH4+ considerably higher, which suggests the role of biochar in increasing the retention of N for a longer period and consequently the absorption by plants, likely due to the high CEC of this material [21]. There was a lack of relationship between the contents of NH4+ and NO3− in the soil, mainly evidenced at the highest dose of PLB–N, in which the contents of NO3− were greater than or equal to the contents of NH4+ (Figure 6c,d). Thus, the availability of NH4+ did not directly influence the concentration of NO3- in the soil fertilized with PLB–N [8].



The addition of PLB–N promoted a significant increase in the levels of P extractable by resin measured in the soil after bean cultivation (p < 0.05, Figure 7a). The magnitude of this increase was proportional to the increase in the application rate, with P levels ranging from 15 to 25.5 mg kg−1, although lower than the treatment with TSP (33.7 mg kg−1). This same trend was observed after the subsequent cultivation with maize (Figure 7b); however, the level of P extractable by resin in the fertilized soil with the highest rates of PLB–N, which provided 120 and 150 mg kg−1 of P, was lower than or similar to that of the control treatment treated with TSP (p < 0.05) and fertilized with 200 mg kg−1 of P. In the treatments with doses of 100 and 150 mg kg−1, the levels of P extractable by resin were greater than or equal to the treatment without fertilization with P.



The amount of P supplied via PLB–N was lower than the amount of P added in the control treatment with TSP, even at the highest application rate. As our goal was to test this fertilizer as a nitrogen and phosphorus source, we chose not to supplement the dose of P supplied via PLB–N with a soluble source such as TSP. In the PLB, low water-soluble P (Table 2) with a slow and steady P release model [19,21], may not benefit short-term crops that require high P absorption as much as a highly soluble P source. Most likely, restricted access to P in the short term was also a limiting factor for the growth of the common beans and contributed to the lowest SDM; these findings are consistent with those of other studies [20,55]. Despite these results, the levels of P extractable by resin in the soil fertilized with PLB–N at doses of 200 and 250 mg kg−1 of N, which provided between 60% and 75% of the dose of P (200 mg kg−1), reached values greater than or similar to those of the soil fertilized with TSP. At the time of cultivation, the acidification of the rhizosphere [56] and the acidity resulting from urea nitrification and NH4+ absorption may have stimulated the solubilization of P from PLB–N, since BBFs impregnated with alkaline sources such as MgO require the sources of soil acidity to be solubilized.



At first, the application of TSP ensured the greatest supply of P and SDM productivity of beans due to the high solubility of this source in water [57]. However, the amount of P that was not absorbed by plants was limited by rapid immobilization by the mineral fraction rich in iron (Fe) and aluminum (Al) oxides and hydroxides in tropical soils [35].





4. Conclusions


In the present study, we investigated the effect of increasing the doses of biochar-based phosphate fertilizer enriched with urea, applied at once at sowing, on the absorption of N and P in the cultivation of beans and maize in comparison with conventional fertilization with urea (split) and a soluble phosphate compound (TSP). The results showed that the nitrogen and phosphorus fertilizer based on biochar did not delay the release of N but affected the predominance of mineral N in the form of NH4+ in the soil. The main effect of PLB–N was residual fertilization, demonstrating that biochar-based phosphate fertilizers have potential as a support material to increase the availability and efficiency of N use by plants. However, in the application of the full dose, it is necessary to control the rate of N release through granulation or pelletization. This control of N release allows the application of the total dose in the furrow without the need for installments, which will facilitate the cultural management of the crop. Future studies should focus on developing a more detailed understanding of the role of engineered biochar-based phosphate fertilizers as urea transporters and the effects of their interactions with various soil types on the dynamics and mineralization of N. Therefore, incubation studies to assess the retention of N from fertilizer in the soil, gaseous emissions, and leaching of N must be conducted.
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Figure 1. Scanning electron microscopy images (SEM) of BBF before (PLB) and after (PLB–N) urea impregnation. (a–c) for PLB and (d–f) for PLB–N, at 100, 500, and 1000 times magnification, respectively. 
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Figure 2. Energy-dispersive X-ray spectroscopy images (EDX) of BBF before and after urea impregnation of PLB (a) and PLB–N (e); SEM-EDS mapping for P (b,f), N (c,g), and NP (d,h). 
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Figure 3. Fourier transform infrared spectroscopy (FTIR) of urea and BBFs before (PLB) and after (PLB–N) urea impregnation. 
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Figure 4. Shoot dry mass (SDM) of bean plants in the first crop and maize plants in the subsequent crop (a); total SDM of the two crop cycles of plants under PLB–N fertilization and urea (b); uptake of N (c), P (d), and Mg (e) by the plant. Total SDM = Ʃ production of the dry mass of beans and maize. Error bars represent standard error (n = 4). 
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Figure 5. Soil pH after the cultivation of common beans (a) and maize (b) under PLB–N and urea fertilization. ns means not significant. Bars followed by the same letters do not differ by Scott–Knott test (p < 0.05); the error bars represent the standard error (n = 4). 
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Figure 6. Electrical conductivity (EC) of the soil after the cultivation of beans (a) and after the subsequent cultivation of maize (b); available NH4+ (c) and NO3- (d); NH4 +/NO3− ratio (e) in the soil under PLB–N and urea fertilization. Means followed by the same letters in the bars do not differ by Scott–Knott test (p < 0.05). The error bars represent the standard error (n = 4). 
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Figure 7. P resin soil levels after the cultivation of beans (a) and after the subsequent cultivation of maize (b) under PLB–N and TSP fertilization. Means followed by the same letters in the bars differ by Scott–Knott test (p < 0.05). The error bars represent the standard error (n = 4). 
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Table 1. Selected properties of the soil after liming and prior to cultivation.
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	Properties
	After Liming





	pH water
	6.3



	Ca2+ (cmolc kg−1)
	2.96



	Al3+ (cmolc kg−1)
	0.06



	H+Al (cmolc kg−1)
	2.35



	Mg2+ (cmolc kg−1)
	1.10



	Resin P (mg kg−1)
	10.8



	P-rem (mg L−1)
	28.2



	K (mg kg−1)
	161



	SB (cmolc kg−1)
	4.45



	t (cmolc kg−1)
	4.51



	T (cmolc kg−1)
	6.80



	m (%)
	1.33



	V (%)
	65



	Organic matter (%)
	2.21



	Clay (%)
	47



	Silt (%)
	11



	Sand (%)
	42







P-rem: remaining phosphorus after shaking at an initial P of 60 mg L−1; H + Al: potential acidity; t: effective cation-exchange capacity (SB + Al); T: cation-exchange capacity at pH 7.0 [SB+ (H + Al); m: aluminum saturation [(Al3+/t)*100]; V: base saturation [(SB/T)*100]; SB: sum of bases (Ca + Mg + K).
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Table 2. Selected properties of poultry litter (PL) and biochar-based phosphate fertilizer (PLB).
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	Property
	PL
	PLB





	pH
	8.2 ± 0.02 a
	6.1 ± 0.1



	EC (dS m−1)
	4.03 ± 0.04 b
	0.46 ± 0.07



	Carbon (%)
	36.1 ± 0.2 a
	24. 9 ± 1.0



	Total content (g kg−1)
	
	



	P
	15.6 ± 0.4 a
	164 ± 2



	Mg
	5.40 ± 0.20 a
	96.1 ± 3.1



	P solubility (g kg−1)
	
	



	Water soluble
	-
	6.13 ± 0.12



	Citric acid soluble
	-
	72.8 ± 3.4



	NAC c + water-soluble
	-
	142 ± 6







a [17]; b [34]; c neutral ammonium citrate. Values are mean ± standard deviation (n = 3).
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