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Abstract

:

Environmental pollution is caused by the unsustainable use of nitrogen (N) fertilizers and pesticides. Biochar (BC) is a carbon-based material applied to remove excess nutrients and pesticides from the environment. In pot experimental research, N fertilizer and pesticides alone and different biochar types were applied in the soil to evaluate cauliflower growth, soil quality, and leaching of agricultural contaminants. BC addition had increased nutrient availability based on feedstock origin. The surface structure results by SEM showed that the BC pore size was equal to 8.94 and 7.24 µm for mixed biochar and wood biochar, respectively. Nitrate concentrations in percolation water were 43.78 and 76.82 mg/L in mixed biochar and wood biochar, respectively. In soil treated with fertilizer and pesticides,     N O   3   −     was equal to 106.76 mg/L. Biochar’s binding with pesticides depends on its nature and structure. Adding wood biochar significantly reduced the leaching of fungicide compared to unamended soil, with a contraction of 327.86 and 3576 ng/L. Mixed biochar was more efficient for herbicide mitigation. FTIR was used to identify the functional groups on biochar-amended soil that play a role in the adsorption of agricultural compounds. Research shows that the BC application greatly affects the pesticide fate and N compounds of agricultural origin in soil.
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1. Introduction


Nitrogen fertilizers and pesticides are commonly used in agriculture to ensure crop yield [1]. At the same time, the compounds from agricultural sources cause environmental problems including soil quality loss, acidification, soil salinization, greenhouse gases, and water pollution. Enriching the environment with nitrogenous nutrients, such as nitrate, causes pollution of surface and groundwater [2]. High levels of nitrate     ( N O   3   −   )   in water can affect human health. Therefore, reducing excess nitrate in the environment is a significant ecological and social challenge.



Agricultural pollutants include pesticides widely used to resist plant pests. Excessive and inappropriate use of pesticides can result in significant environmental and food damage. Pesticides are harmful to human health, causing neuropathy, skin irritation, and allergic reactions in acute poisoning [3,4]. Pesticide pollution alters the physicochemical properties of soils, negatively affecting microbial activities and the degradation process of organic matter [5]. These compounds are potentially toxic to other organisms, including humans, and must be used safely and disposed of properly. According to the latest report on pesticide analysis, pesticide use trends in fruits increased from 25% to 111% from 2011 to 2020 [6]. Out of all the substances discovered through analytical activities, the European Commission has classified 53 as “more dangerous pesticides” to human health and/or the environment based on specific criteria determined by the authorities during the approval process [7]. Among these, we mention Bromoxynil, Pendimethalin, and Quinoxyfen for their ability to bioaccumulate, Chlorantraniliprole, DDT, Ethofenprox, Pirimicarb, Triallate, for resistance in the water, soil, and sediment, Azinphos-ethyl, Azinphos-methyl, Chlorfenvinphos, Cypermethrin, Deltamethrin, Dimethoate, Hexachlorobenzene, Imidacloprid, Methamidophos, Omethoate, Phosmet, Spinosad and other because they are dangerous for ecosystem services and highly toxic for bees [8]. Due to its properties, biochar has been aimed as a sustainable and economical soil improver that can be applied to reduce agricultural pollution and enhance yield. Recent studies have shown the biochar’s ability to mitigate the leaching of organic and inorganic pollutants, as well as the adsorption of plant protection products [9].



Biochar (BC) is a stable carbon-rich product derived from the thermal decomposition of biomass (i.e., agricultural and animal wastes) under anoxic conditions. Its richness in aromatic carbon makes it a valuable soil amendment [10]. BC is a carbonaceous material consisting of a highly porous structure and an outer layer rich in carboxyl and phenolic functional groups, which confer high biochemical and thermal stability [11]. Biochar porosity varies from pores of a few nanometers to micrometers. The structure of biochar’s fine pores characterizes the strong adsorption capacity, low solubility, stable physical and chemical properties, and large specific surface area [12]. Also, the high presence of functional groups such as carbonyl groups, carboxylate, phenolic hydroxy group, pyrone, lactone, etc. confers on the biochar a high adsorption capacity of soil inorganic ions and polar and non-polar organic compounds. Due to its high removal efficiency, economic, and environmental advantages, biochar is a promising ecological strategy for removing inorganic and organic pollutants from soil and water. Biochar has the potential to reduce environmental pollution and improve agricultural performance through amendment practice [13]. BC surface, waste material types, matrix pH value, pyrolysis temperature, and the interfering substances of the environmental system are among the factors that influence the rate of adsorption.



The excessive application of N fertilizers in the intensive vegetable production system stimulates nitrification, leading to the accumulation of nitrates in the soil [14], and a reduction in crop yield. N absorbed by crops in intensive agriculture usually accounts for about 10% of used N fertilizer [15]. The adsorption of N contaminants (ammonium and nitrate) is favored mainly by the functional carbonyl, carboxylic, phenolic hydroxyl, and hydroxyl groups of the biochar. A study by Wang et al. [16], shows that the removal efficiency of ammonium (    N H   4   +    ) and     N O   3   −     is positively correlated with the number of acid and base functional groups, respectively. Several types of research have highlighted the potential of biochar in the mitigation of     N O   3   −     pollution, with a percentage of N removal of about 98% with bamboo biochar [17] and 25–73% with biochar of palm rachis [18].



As shown in Table 1, adding biochar to soil reduces pesticide pollution and human exposure to contaminants due to biochar’s high binding capacity for pesticides. The biochar application in soil, also, reduces pesticide adsorption by plants, probably associated with the high porosity of carbonaceous material [19].



As for bioremediation processes, biochar mitigates pesticide pollution in agricultural soils through the adsorption of the contaminant, promoting its subsequent degradation. Adsorption is a fundamental process in the fate of pesticides in soils and associated ecosystems and in the determination of the accumulation of agricultural contaminants [30]. This method is generally the first physical process that begins as soon as the introduction of pesticides into the soil occurs. Thus, the ability of BC to adsorb pesticides greatly affects chemical transport, leaching, bioavailability, and adverse effects on non-target organisms [31]. As shown in Table 1, biochar adsorbs several pesticide groups, with percentages that differ according to the physical-chemical properties of biochar [32]. Biochar absorption affinity for pesticides depends on both the number and the size of micropores and mesoporous [33]. The high absorption capacity of biochar for pesticides is due to the hydrogen bonds between the pollutant and oxygen groups of biochar [34]. Sun et al. [35] showed that the ability of biochar absorption for atrazine is based on aryl carbon numbers. The addition of organic substrates increases microbial biomass, leading to pesticide biodegradation through bacterial metabolic processes.



The present work is aimed at studying the role of two different types of biochar in nitrogen leaching mitigation and pesticide adsorption due to the necessity of researching sustainable technologies that are fundamental for mitigating agricultural pollution. Biochar’s influence on the degradation of azoxystrobin and spinosad, two pesticides used to protect cauliflower plants, was investigated. The present research aims to aid in understanding the combined effect of nitrogen fertilizers and new types of biochar on cauliflower yield, as well as to highlight new results behind the reuse of waste material in agriculture.




2. Materials and Methods


2.1. Experimental Setup


Greenhouse experimental set-up was conducted in collaboration with Reagri S.r.l. (Massafra, Italy) from October 2021 to February 2022. The research was carried out on late vegetative cycle sprout plants (Rafaele Variety, Vivai La Malfa Antonio and Figli, Policoro, Matera), one of the most cultivated cruciferous plants in the central-southern regions of Italy. Seedlings of Brassica oleracea L. var. botrytis were transplanted into pots about three weeks after the germination phase. Every single pot was 40 × 37 cm large, and each experimental thesis was conducted for four replicates. The soil was composed of neutral sphagnum peat. The main physicochemical characteristics of the soil are as follows: sand 70%, silt 30%, organic matter 25%, total N 0.3%, total C 0.3%, pH 5.8, electrical conductivity 0.514 dS/cm. The plants were irrigated with a system of micro drip spraying and covered with a transparent plastic sheet to avoid rain addition (Figure 1). Each plant had a plastic bottle for collecting leached water to analytical purposes. Vegetative growth occurred under a natural photoperiod.



The level of N fertilizer was equal to 180 kg N ha−1 and was applied as ammonium nitrate to 34% in two phases: flower induction phase and enlargement of the inflorescence, about seven and twelve weeks, respectively from the beginning of the experiment [36]. The fertilization was manual. At the same time, two types of pesticides were sprayed for a time of 8 s per plant. Specifically, an insecticide (480 g spinosad/L) and a fungicide (250 g azoxystrobin/L) were applied in doses reported on the label. Before the transplantation phase, the biochar was applied to a depth of 0–20 cm of the soil. The experimental activity involved the application of two types of biochar: wood biochar (WB) and mixed biochar (MB). The chemical properties of the wood biochar were total N = 0.5%; total K = 0.4%; total P = 0.3%; total Ca = 1.1%; total Na = 0.2%; total Mg = 0.2%; organic carbon content = 68%; pH = 11.3; electrical conductivity = 500 mS/m. WB was in powder. On the contrary, mixed biochar was in the flake form and was constituted by waste agricultural of different origins (agricultural waste, olive pomace, pomace, bran, hazelnuts, fruit shells, and wood processing waste). MB chemical properties were total N = 0.5%; total K = 0.3%; total P = 0.034%; total Ca = 0.9%; total Na = 0.03%; total Mg = 0.08%; organic carbon content = 65%; pH = 9.85; electrical conductivity = 110 mS/m. The chemical properties of both types of biochar are those shown on the label. 5% of the total biochar volume was manually mixed for both types of biochar tested. Four experimental trials were set up in greenhouses: soil without treatment (C), fertilized soil and treated with pesticides (FP), soil FP with the application of wood biochar (FPWB), and soil FP with the application of mixed biochar (FPMB). The experiment ended at the cauliflower harvesting stage for market sale.




2.2. Nitrate and Ammonium Quantification in Environmental Matrices


Soil samples were collected from between 0 and 20 cm soil layers at the end of the cauliflower experiment. Soil samples were conserved at 4 °C and processed within 1 month. Water samples were collected about 10 days after treatment from each plastic bottle and combined for each treatment. Samples were filtered through 0.45 μm pore size membrane filters for chemical analysis. Inorganic N was extracted from the soil with 2 M KCl [37] on a shaker for 1 h at room temperature (20 °C). Tubes were centrifuged (4500× g, 10 min) and the supernatant was decanted into clean cylinders. Aliquots were taken for the quantification of nitrate and ammonium. Nitrate was quantified by ionic chromatography with the Metrohm930 compact ICflex (Metrohm, Herisau, Switzerland), and ammonium by spectrophotometry of the soil and water samples with the PerkinElmer spectrometer Lambda 950.




2.3. Pesticides Extraction and Quantification in Environmental Matrices and Cauliflower Curd


Azoxystrobin and spinosad (isomers A and D) molecules were extracted by adding 10 g of soil to 50 mL centrifuge tubes and mixing it with 40 mL of HPLC-grade acetonitrile (Fisher Scientific, Leicestershire, UK). The tubes were shaken for 1 h, left for 30 min to settle, and centrifuged at 4000 rpm for 2 min. Two mL of the supernatant was decanted into a 2 mL screw-top glass HPLC vial [37] and aliquots of 100 µL for each sample were directly injected into the system by an auto-sampler (VH-A10-A, Thermo Fisher Scientific, Waltham, MA, USA). The instrumental analysis was conducted with a triple quadrupole mass-spectrometer system (TSQ Altis, Thermo Scientific, Waltham, MA, USA) equipped with an Electro Spray Ionisation (ESI) source and coupled to a Vanquish Horizon UHPLC System (Thermo Scientific, Waltham, MA, USA). The operating software was Trace Finder EFS™ 4.1 Thermo Fischer Scientific.



For the analysis of water samples, any extraction was necessary but a large volume injection of aliquots of 100 µL of water was sufficient for the sensitivity.



For cauliflower analysis, the samples were first ground with vibromulin (Retsch MM 301) and then dried in the oven at 30 °C. The collected samples were analyzed using the fast, easy, economical, effective, robust, and safe extraction technique (QuEChERS) [38].



The official QuEChERS AOAC 2007.01 method includes the extraction/partitioning phase where 15 g of the homogenized sample was weighed in a 50 mL tube and was added 15 mL of 1% acetic acid in acetonitril. The solution was shaken and vortexed for 1 min on a 2500 rpm vortex mixer. In the same phase, the liquid-liquid separation from the water in the sample was salted with MgSO4, 6 g of anhydrous MgSO4 and 1.5 g of sodium acetate were inserted into the test tube. Then, it was shaken vigorously for 30 s and centrifuged at 5000 rpm for 5 min.



Solid dispersive phase extraction (dispersive-SPE) follows. It is carried out to remove organic acids, excess water, and other components with a combination of primary secondary amine (PSA) sorbent and MgSO4. The extracts are diluted with water (ratio 1:4, v:v. Optional) and transferred to LC vial for instrumental analysis (volume injection 100 µL).



The chromatographic separation was performed using an Accucore aQ C18 Thermo Scientific column and a gradient of solvent A (95% water, 5% methanol, 0.1% formic acid, ammonium formate buffer 5 mM) and B (95% methanol, 5% water, 0.1% formic acid, ammonium buffer formate 5 mM) and with a flow rate of 0.3 mL/minute.



The triple quadrupole analyzer was operated in SRM (Selected Reaction Monitoring) mode with 0.7 resolution for Q1 and Q3. The analysis was performed with positive ionization of the analytes with an optimized setting of the instrumental parameters obtained by direct infusion of CRM (Certificate Reference Material) standard solutions. The ion source was operated with a spray voltage of 3500 V, a capillary temperature of 325 °C, and a vaporizer temperature of 350 °C. Nitrogen was used as sheath gas (30), sweep gas (1), and auxiliary gas (6); argon was used as collision gas. For each compound, three ion transitions, one quantifier (Q), and two qualifiers (q1,2) were used for the quantification as follows: azoxystrobin (Q) m/z 404.07/329.054, (q1) m/z 404.07/344.111 and (q2) 404.07/372.111; spinosad A (Q) m/z 732.432/98.071, (q1) m/z 732.432/ 99.014(q2) and 732.432/142.111; spinosad D (Q) m/z 746.588/98.095, (q1) m/z 746.588/142.155 and (q2) 746.588/145.



The limit of quantification (LOQ) of the analytical method was 0.005 µg/L and 0.025 µg/L for azoxystrobin and spinosad, respectively. To ensure the quality of the analysis, Initial Precision and Recovery (IPR) was performed before processing real samples. It consists of blank soil samples fortified with both compounds (azoxystrobin and spinosad) at the LOQ and 10 × LOQ concentration levels to check the performance of recovery of the extraction. The extraction was considered satisfactory if the recoveries were in the range of 70–120%.




2.4. Soil Physicochemical Analyses


Soil physicochemical properties were investigated at the experiment end. The soil was sampled at 0–20 cm depth from each pot and mixed manually. The analyses of soil pH, water content percentage, and electrical conductivity were carried out based on the Italian Official Methods of Soil Chemistry approved by the Minister for Agricultural Policies [36]. Available phosphorus analysis was performed spectrophotometrically from an aqueous soil extract by the Olsen Method [39]. Total organic carbon was determined by a TOC analyzer (TOC-L, Shimadzu, Kyoto, Japan). Finally, the percentage of C and N in soil and the C: N ratio were quantified utilizing an elemental analyzer (Thermo Flash 2000, CHNS-O Analyzer, Thermo Scientific, Eindhoven, The Netherlands).




2.5. SEM Analyses


Scanning Electron Microscopy (HITACHI TM 3000 Tabletop, Tokyo, Japan) was utilized to characterize morphological soil structures about agronomic treatments and biochar application. Dried soil particles were fixed on carbon adhesive and covered with a slender layer of gold and palladium for 2 min and 10 mD to avoid charging during analysis. Samples were measured operating at 5 kV. The size of biochar pores was measured by SEM image software (Hitachi TM 3000, ver. 02-03-02, Tokyo, Japan).




2.6. ATR-FTIR Spectral Collection and Data Analysis


The infrared spectra for three replicates of each dried plant curds ground to a powder in a mortar were generated and analyzed by ATR-FTIR spectroscopy. A Nicolet Summit FTIR Spectrometer (ThermoFisher Scientific, Waltham, MA, USA) model, equipped with an Everest ATR with a diamond crystal plate and a DTGS KBr detector, was used for analyses. The IR absorption spectra of the samples were recorded from 400 to 4000 cm−1 at a resolution of 4 cm−1, hoarding 32 scans per spectrum [40]. The spectral information was studied via the OMNIC software (ThermoFisher, Waltham, MA, USA), analyzing the region from 3700 to 400 cm−1.




2.7. Morphologic Growth Parameters


The morphology of leaves and cauliflower curd was characterized by measuring curd length, curd fresh weight, and leaf area (LA). Leaf trait was measured on the second-stage leaves starting from the curd and collected at the experiment end. Data were determined using the ImageJ (Standard Edition 8). It is a public domain license Java-based software (Java™ 8 Platform, Standard Edition) [41] for image processing with which it is possible to calculate area and pixel value statistics of user-defined selections. We can also use it to measure distances and angles. In addition, it is possible to create density histograms and line profile plots.




2.8. Statistical Analysis


Statistical analyses were performed using OriginPro 9.0 software (OriginLab, Northampton, MA, USA). One-way ANOVA and Tukey’s test with a significant difference set at p < 0.05 were conducted. Statistical analyses were performed to evaluate physicochemical soil differences based on the treatments with agrochemical compounds and with/without biochar amendment. The change in the concentration of agrochemical compounds (N compounds and pesticides) in the percolation water was compared using One-way ANOVA with the four experimental lines, with and without biochar, as an independent variable. In addition, plant responses to biochar-based treatments were also studied via the ANOVA test. All figures were made through OriginPro software.





3. Results and Discussions


3.1. The Influence of Biochar on Soil’s Physical-Chemical Properties


Biochar amendment resulted in a strong change in the soil physical-chemical properties of cauliflower mesocosms, such as buffering the soil pH and increasing the soil elements content. The type of biochar applied to the soil is a determining factor in changing soil characteristics [42,43]. The results showed that the mixed biochar (FPMB) favors the increase in pH, available phosphorus, and total content of nitrogen (N) and carbon (C). On the contrary, a higher availability of organic C was observed in soils that were modified with wood biochar (FPWB). Research has shown that treatments with biochar do not affect the electrical conductivity of cauliflower mesocosm soils.



As shown in Table 2, treatments with and without biochar significantly affected pH changes. Soils treated with N fertilizer and pesticides (FP) showed a pH reduction compared to control soil (C), of 6.35 and 6.95, respectively. In Table 2, it is shown that biochar type influenced the changes in soil pH. In particular, the highest pH value (7.17) was measured in soil with mixed biochar. FP treatments resulted in increased Electrical Conductivity (EC), with an average value of 1492.5 µS compared to 1001.75 µS of the control soil. On the contrary, there are no significant differences between biochar-amended soil (Table 2). Biochar type affects the water content in the soil. Statistical analysis has made it possible to identify significant differences between treatments with and without BC. Wood biochar (FPWB) has led to an increase in the physical parameters of soil, followed by FP and FPMB (Table 2). The average value of WB was 191.8 g kg−1, followed by 142.22 and 112.72 g kg−1, respectively for FP and FPMB experimental lines. Significant differences in the available phosphorous (P) content were measured between the experimental treatments tested. Agricultural practices based on N fertilizer and pesticides did not affect the available P in the soils of cauliflower mesocosms. The surface of the mixed biochar (FPMB) promoted the increase in the available P in the soil, with an average value of 64.83 mg kg−1. The agricultural practices tested, and the BC type determined a significant difference in the content of organic C, with a maximum average value of 272.75 g kg−1 in FPWB soil and a minimum in the FPMB line experiment (Table 2). In addition, amended soils with mixed biochar increased the total of C and N. As reported in Table 2, in the FPMB treatment the total carbon value was 42%. The application of MB increased the total nitrogen content, with significant differences between untreated soils (C), FP-treated soils, and FPWB-treated soils.



Different types of biochar, when amended in several soil types, have been shown to produce a wide range of effects on the soil’s physical properties. Soil pH increased with the application of a specific type of biochar due to the biochar feedstock [36] and surface functional groups of biochar [44]. Several studies have shown that the biochar used in the soil could determine to rise of the pH value to the increase in negative charges on the improver surface and the consequent adsorption of many cations [45,46,47]. However, other studies on the effects of biochar on the pH value are controversial. Lenz and Ippolito [48] highlighted that BC application did not alter the soil pH.



How biochar affects the dynamics of soil nutrients depending on the experimental conditions has been the subject of numerous studies in recent decades, showing that the availability of nutrients varies according to the type of soil, the biochar original material, and the pyrolysis conditions of this. Moreover, the effects of biochar on the dynamics of macronutrients (N, P, C, etc.) in soil depend on the type of culture [49,50]. About available P, inorganic fertilizer co-applied to mixed biochar improved soil P content. Analogously to our study, Adler Phares et al. [51] demonstrated a correlation between available P in soil and pH value (Table 2). Soil organic carbon influences the chemical, physical, and biological fertility of the soil and the biochar application promotes the increase in its content in agricultural soils. Biochar research has revealed that soils treated with the carbon improver show a direct increase in the organic carbon content of the soil [52]. In our experiment, only the wood biochar has increased soil organic carbon content compared to other treatments, similar to the research of Dong et al. [53]. Long-term field or potted experiments increase soil organic carbon due to the high stability of biochar [54]. However, since biochar technologies are relatively recent and agriculture-type-specific, there is limited data available on short-term carbon stabilization when using mixed plant biochar. The above analysis shows that soils with biochar influence the content of nitrogen and total carbon to different degrees, as in the study of Hui et al. [55].



SEM has been used mainly for the biochar type characterization and the detection of the enhancer pores size, a significant factor in adsorbent–adsorbate connections of agricultural origin. As shown in Figure 2, the surface morphology of wood biochar and biochar mixed after absorption was observed. The SEM image (Figure 2c) clearly shows the remains of the woody structure from WB, characterized by smooth streaks racing crosswise from top to bottom. The residual morphologies of wood cells and wood porosity remain considerable characteristics of the final biochar formulation, as shown by several studies [56,57,58]. SEM image (Figure 2d) shows soil amended with wood biochar pores that have bonded adsorbents. MB shows a larger pore size (Figure 2). The pore width was on average 8.94 and 7.24 µm for MB and WB, respectively.




3.2. Biochar’s Influence on the Protection of Agricultural Pollutants


3.2.1. Effect of Biochar on Nitrogen Compounds Dynamics


Research has considerably investigated the influence of biochar on the nitrogen nutrient dynamics in soil. Several factors influence changes in nitrogen compound concentrations, including the environment, soil type, biochar raw material, and pyrolysis temperature. Our results show that when biochar was applied to silty–sandy soil, the available N content was significantly decreased as a result of increased     N H   4   +    -N adsorption. The concentration of ammonium in agricultural soils treated with agricultural compounds (FP) was equal to 41.60 mg/L, unlike biochar-amended soil with a concentration of 28.05 and 30.51 mg/L, respectively for FPMB treatment and FPWB treatment (Figure S1). The research showed that the feedstock and characteristics of the two types of biochar did not represent reasons for changes in the ammonium content in agricultural soils. In addition, statistical analysis of the     N O   3   −      -N content in soil showed that there were no significant differences in nitrate concentration between the two types of biochar tested during the research activity. On the contrary, the application of biochar compared to non-amended soils has determined the reduction of     N O   3   −      -N in the soils, more bioavailable for plant growth. Nitrate concentrations in the soil were 142.88, 96.34, and 104.78 mg/L, respectively for FP, FPMB, and FPWB treatments (Figure S1).



Biochar amendments vastly influenced the concentrations of N leached from the soils of cauliflower mesocosms (Table 3), starting from 10 days post-first nitrogen fertilization (about seven weeks after the beginning of the experiment) till the second nitrogen fertilization.     N H   4   +     concentrations in water percolation persisted significantly lower both in the experimental lines with mixed biochar (22.3 mg/L) and with wood biochar (12.74 mg/L), compared to treatments without biochar (31.08 mg/L). This study shows how the BC type has influenced the different abilities of porous structures to bind N compounds, mitigating the loss of nitrogen in the water. In addition, there were significantly lower     N O   3   −     concentrations in the percolation waters sampled from biochar treatments, compared to FP treatments, indicating lower leaching of nitrates in soil amended with biochar. Mixed biochar reduced the loss of nitrogen from soils more than wood biochar with an average concentration of nitrate of 43.78 and 76.81 mg/L, respectively (Table 3). Percolation water sampling 10 days after the second treatment with N fertilizers indicated a reduced change in the leaching of nitrogen compounds between treatments with and without biochar (Table 3).



Biochar’s capability in the mitigation of the nitrogen compounds leaching is demonstrated in the results reported in Table 3. The porous structure of the biochar increased the nitrogen elements availability for plants, limiting their loss via leaching. This effect was less noticeable after the second treatment because nitrogen translocation was reduced during culture growth [59]. The immobilization of nitrogen compounds in both types of biochar is likely due to electrostatic interactions with carboxyl groups [60] and O-containing functional groups (e.g., -OH and -C=O) [61]. In addition, wood biochar and mixed biochar have both demonstrated an excellent capacity for adsorbing nitrogen compounds.




3.2.2. The Impact of Biochar on Pesticide Protection in the Environment and Cauliflower


In experimental tests of cauliflower mesocosms, the leaching of azoxystrobin and spinosad is gradually decreased in the water compartment with the biochar application. Specifically, the results showed that the pesticide concentrations in the percolation water change depending on the type of biochar amended to the soil. About the first treatment with pesticides, the wood biochar has reduced the leaching of the fungicide based on azoxystrobin. In contrast, in MB treatments, a lower concentration of insecticide was determined than in FP and FPWB treatments. As shown in Figure 3, azoxystrobin concentration decreased from 339.88 ng/L in treatments without biochar to 165.32 ng/L in FPWB treatment. Regarding the determination of the content of spinosad, there were no significant differences between the different treatments (Figure S2). The amendments had a significant influence (p < 0.05) on the pesticide concentrations in percolation water sampled after the second treatment. The addition of the wood biochar significantly decreased the azoxystrobin compared to unamended soil; in fact, in FP and FPWB treatments, the pesticide concentration has gone from 3576 to 327.86 ng/L. A mixed biochar amendment led to a reduction of the herbicide from 17,991.71 to 1322.46 ng/L in FP and FPMB experimental lines, respectively (Figure S2).



Several studies show that the addition of biochar to cultivated soil can reduce the leaching or outflow of pesticides. Cederlund et al. [62] noted the effect of the addition of wood biochar on the reduction of MCPA (4-cloro-2-metilfenossiacetato di sodio) and Diuron mobility. Leaching was reduced with linear retention coefficients at the thickness of the biochar layer [62]. Palangi et al. [63] have studied the effect of different doses of biochar wheat straw on the leaching of Deltamethrin, in sandy clay soils. Biochar particles strongly bind the pesticide reducing its mobility [63]. It can happen that the pores of the biochar structure undergo deformations or there may be macropores that create a strong bond with pollutants. This explains how the ability of biochar to bind pesticides can depend on the nature and structure of the biochar [64].



Also, in our experiment, we observed differences in relation to treatments with a mix biochar and wood biochar. The latter was a better strategy for azoxystrobin because it limited its leaching compared to treatment with mixed biochar for the same pesticide. As for Spinosad, there are no significant differences between the two types of biochar although, in T2, the mix biochar seems to be more successful than the wood biochar. These differences between the herbicide compared to the fungicide can probably be explained by the different structures of the phytosanitary molecules. In fact, the retention of pesticides by biochar can be affected by the polarity and aromatic character of organic molecules. The donator and acceptor interactions between organic pollutants and biochar can be affected by the aromatic character of pesticides [65]. This can affect the mobility of the pesticide and thus the absorption of the pollutant into the biochar [64].



Another important factor to consider is pH. An inversely proportional relationship has been found between the pH and the dissipation of azoxystrobin in both cultivated soils and water [66,67]. Due to the addition of biochar, soil pH may vary, so this change can result in more or less leaching of azoxystrobin in water [50].



Studies have shown that an increase in the pH unit may favor the permanence of the pesticide in the soil because it reduces the dissipation of fungicide [67]. However, the results observed in this experiment show a more excellent permanence of the pesticide azoxystrobin in the soil with the addition of wood biochar (pH plus control acid) in both application times. In the treatment with biochar mix, the pH of the soil tends to increase compared to the control but greater leaching of the fungicide in the percolation water is obtained. In the case of spinosad, as already mentioned, there are no significant differences in T1. In T2, however, we see an inverted trend compared to azoxystrobin. That is, mixed biochar shows better absorption of the herbicide than wood biochar. Probably the results of this experiment, suggest that more factors may affect the interaction between biochar and azoxystrobin or spinosad in soil. In addition to structure, we must consider the intrinsic surface factors of biochar. Yang et al. [68] have noted that the potential for pesticide absorption by biochar can be caused by the acidic environment created by the functional groups present on the surface of Biochar. This could explain the higher leaching of fungicide in water in the FPMB thesis (pH more acidic) compared to the FPWB thesis. In fact, pesticides with basic pH under acidic conditions promote absorption while neutral pesticides can be polarized to achieve absorption on a charged surface [69].



Soil and curd samples were also analyzed to assess the potential adsorption and/or translocation of the pesticides applied to the cauliflowers into the soil and vegetable matrices. The most significant amount of both pesticide residues (>79%) resulted retained in the soil fraction in each experimental mesocosm. Concentrations of azoxystrobin equal to 204.61, 939.62, and 711.16 µg/kg were found in microcosms treated without biochar, wood, and mixed-based biochar, respectively (Table S1). High spinosad residues were also observed in the soil samples with similar values of 4309, 4720, and 4792 µg/kg detected in treatments without biochar, with wood and mixed biochar, respectively (Table S1). Differently, the presence of biochar considerably affected its translocation in the edible part. In the treated experimental microcosm, where no amendments were applied, 51.78 µg/kg representing 20% of the total azoxystrobin spread, was detected. On the contrary, the application of biochar retained more strongly the binding of the pesticides with the soil resulting in a lower uptake of them in the edible fraction of cauliflower. Indeed, concentrations of 3.17 and 3.10 µg/kg of azoxystrobin were observed in the curds with the presence of mixed and wood biochar, respectively (Figure 4). As shown in Figure 4, values five and six times greater spinosad were observed in the mesocosm where no amendment was applied (330 µg/kg) compared to the treatments with biochar (70.11 µg/kg in the mixed biochar, 79.57 µg/kg the wood biochar). Our results demonstrated how the enhanced porosity of both the biochar-based amendments influenced their ability to stabilize pesticides through their sorption with pores, thus reducing their bioavailability and bioaccumulation in a species of food interest consumed by humans. Moreover, the azoxystrobin residues detected in the cauliflower mesocosms enriched with biochar resulted in values lower than the maximum residue level (MRL) (0.01 mg/kg) [7]. As reported in previous studies, one of the meaningful properties of using biochar as a soil amendment is to reduce pesticide adverse effects [23]. Indeed, a decrement in metalaxyl uptake and translocation was observed by some authors [70] on lettuce grown on soils enriched with woodchip biochar. Other benefits of biochar application as a soil amendment evidenced an increase in microbial activity and diversity after its application accelerating, thus, the biodegradation of pesticides [71]. Moreover, the effect of biochar stimulated the enzymatic activity of soils where 2,4-D and dicamba were applied, reducing their negative effect on soil [72].





3.3. Biochar Effect on Brassica oleracea L. var botrytis Growth


The statistically assessed results of the cauliflower curd size data in different N fertilizer treatments, pesticides, and with/without biochar are indicated in Figure S3. The biochar amendment was appropriate to support an ideal curd growth for market sale. However, the average cauliflower curd weight has been affected mainly by nitrogen-based treatment. The weight of curd was higher in cauliflower plants grown in FP soils (793.25 g) than in plants grown in mixed biochar amendment soils (719.5 g) or wood biochar (651.25 g). In contrast, the results for the length of the cauliflower curd showed no significant difference between the different treatments (Figure 5 and Figure S3).



Biochar application has not significantly increased the leaf area of cauliflower plants grown in soils under different treatments with and without biochar. Although the average leaf area (LA) was larger in amended soil with mixed biochar (FPMB), the increase was not high enough to turn significant (Figure S4). The lowest average values of LA were determined in the control soil plants (110 m2) and amended soil with wood biochar (175 m2).



Curd N concentration of Brassica oleracea L. var. botrytis was significantly lower in both control and FP treatment without biochar but did not differ between the two types of biochar tested. The percentage of N in the cauliflower curd was 3.21, 4.46, and 4.33%, respectively for FP, FPMB, and FPWB treatments (p < 0.001). Curd C concentration was not significantly deferred between the four treatments (p = 0.3). Biochar-amended soil has increased S content in cauliflower curd with average values of 0.48 (FPMB), 0.33 (FPWB), and 0.15% (FP) (p = 0.03).



Typically, using biochar along with nitrogen fertilizers has resulted in successful cauliflower growth and yield. The curds collected from the FP lines showed a larger size, likely due to a higher nutrient accumulation in other parts of the plants [73]. Biochar from mixed waste (FPMB) increased the curd size of cauliflower when amended with nitrogen fertilizer, contrary to wood biochar (FPWB). The physical and chemical properties of soil, as well as environmental factors and experimental conditions, affect plant growth and agricultural yield [74]. For instance, You et al. [75] describe that wood biochar mixed with inorganic fertilizers did not improve the growth of Mesembryanthemum crystallinum L., as well as in studies conducted on Chenopodium quinoa by Kammann [76]. Adekiya et al. [76], instead, highlight that the best yield of sweet potato under wood biochar compared to soils without biochar was associated with an increase in the physical characteristics of the soil, such as increased porosity and moisture content.



The evaluation of biochar on the growth of cauliflower is being researched by only a few researchers; of fact, Tarar et al. [77] have evidenced a positive correlation between the application of biochar and the length of the buds and the root of three different vegetable cultures (Red Okra, cucumbers, and broccoli). Researchers show that biochar treatments enhance plant growth based on nitrogen compound dynamics, about the increased availability of nutrients and reduced loss of compounds due to leaching [77]. In line with the research of Doan et al. and Yan et al. [78,79] our study found that both nitrogen treatments and nitrogen-fertilized soils with biochar have increased the growth of cauliflower curd (Figure S3).



Spectra from the Brassica oleracea L. var. botrytis curd reflect important biochemical components characteristic of plants of the genus Brassica. The market product of cauliflower showed visible differences depending on the type of soil treatment, so both were based on treatment with nitrogen fertilizers and pesticides with or without two biochar topologies (mixed biochar and wood biochar). There were visible differences in the intensity of the peaks at 3290 cm−1 (assigned to the O-H stretching of alcohols or phenols) between untreated control plants and FPWB soil plants (Figure S5). In contrast, the comparison of FTIR spectra on the 1742 cm−1 region of carboxylic acids C=O, shows a higher intensity in curds resulting from FP and FPMB treatments (Figure S5). The absorbance intensities shown in Figure S5 reflect important differences in protein components (C=N-O) between cauliflowers grown with FP and control soil plants [40]. Conversely, the absorbance intensities of the 1000 cm−1 region, attributed to the sulfurous biochemical components typical of glucosinolates, were higher in control plants and plants grown in biochar-unamended soils.



Similarly, Tarar’s research shows that biochar shifts peak at 3344, 1725, and 1370 cm−1 due to functional group interactions [77]. The various types of biochar alter the soil’s physico-chemical properties, including porosity and cation exchange, which modifies the abundance of functional groups [80].





4. Conclusions


Biochar is a promising sustainable agriculture strategy that reduces the leaching of the main agricultural contaminants and improves soil properties. The properties and feedstock have an enormous influence on the characteristics of the resulting biochar and environmental sustainability capabilities. Our research indicates that using biochar in cauliflower mesocosm soils has improved physicochemical properties, including raising the pH value and increasing the availability of elements such as nitrogen and carbon. Research indicates that biochar application can decrease the levels of ammonium and nitrate in the soil, thus increasing the availability of nitrogen for crop growth. We can highlight the high capacity of biochar in the mitigation of nitrogen contaminants leaching from agricultural origin. In fact, in the experimental lines with wood biochar and mixed biochar, nitrate concentrations were 76.82 and 43.78 mg/L, compared to soils treated with fertilizers and pesticides (106.76 mg/L). In light of the results obtained, we can conclude that biochar showed good potentialities for food and environmental protection; in the treatment test without biochar, there is a strong translocation of both pesticides in the curd with concentrations always exceeding the maximum residue levels (MRLs). Instead, the presence of biochar is demonstrated to protect both percolation water and food. On the one hand, for azoxystrobin, the data observed in the mesocosms with both biochar are always lower than the MSLs (10 µg/kg) allowed for food. On the other hand, for spinosad, an exceeding of allowed limits is shown in each experimental line. However, the spinosad values in the curds without biochar are about six times higher than the vegetables treated with both types of biochar. According to the results, biochar-amended soil with chemical fertilizers is a suitable strategy for achieving positive crop productivity without sacrificing soil quality. Our research suggests that the growth of crops destined for the market is significantly impacted by N fertilizer and biochar-based techniques. This article highlights new information for valuing agricultural waste for environmental and agricultural sustainability.
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Figure 1. Experimental set-up of cauliflower mesocosms. A plastic sheet was used to avoid the rain addition. Plastic bottles were placed under each pot for collecting percolation water. 






Figure 1. Experimental set-up of cauliflower mesocosms. A plastic sheet was used to avoid the rain addition. Plastic bottles were placed under each pot for collecting percolation water.



[image: Environments 11 00013 g001]







[image: Environments 11 00013 g002] 





Figure 2. Scanning Electron Microscopy (SEM) images of (a) control soil; (b) soil fertilized with pesticides; (c) soil fertilized with pesticides and wood biochar (detail of the morphological structure); (d) soil fertilized with pesticides and wood biochar; (e) soil fertilized with pesticides and mixed biochar; (f) soil fertilized with pesticides and mixed biochar (detail of the morphological structure). 
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Figure 3. Box chart of fungicide azoxystrobin-base concentration in percolation water at 10 days post-I° pesticides application (T1) and 10 days post-II° pesticides application (T2). Different letters indicate significant differences (p 0.05) in relation to soil treatments, based on one-way ANOVA and Tukey’s test. Soil without treatment (C), Fertilized soil and treated with pesticides (FP), soil FP with the application of mixed biochar (FPMB), and soil FP with the application of wood biochar (FPWB). 
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Figure 4. Histogram of pesticide concentration in cauliflower curd at the end of the growing season. The black line represents the standard error. Spinosad concentration value represents the sum of the isomers A and D. Soil without treatment (C), Fertilized soil and treated with pesticides (FP), soil FP with the application of mixed biochar (FPMB), and soil FP with the application of wood biochar (FPWB). 






Figure 4. Histogram of pesticide concentration in cauliflower curd at the end of the growing season. The black line represents the standard error. Spinosad concentration value represents the sum of the isomers A and D. Soil without treatment (C), Fertilized soil and treated with pesticides (FP), soil FP with the application of mixed biochar (FPMB), and soil FP with the application of wood biochar (FPWB).



[image: Environments 11 00013 g004]







[image: Environments 11 00013 g005] 





Figure 5. Cauliflower curds were sampled at the end of the experimental activity. 
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Table 1. Effect of biochar application on pesticide reduction in soil. I = Insecticide; H = Herbicide; F = Fungicide.
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	Biochar Type
	Pesticide
	Pesticide Type
	% Decrease
	Reference





	Cassava wastes
	Atrazine
	H
	96%
	[20]



	Biochar mix
	Atrazine
	H
	90%
	[21]



	Rice husk
	Glyphosate
	H
	82%
	[22]



	Maize straw and pig manure
	Thiacloprid
	I
	81%
	[23]



	Pine woodchips
	Pyrimethanil
	F
	72%
	[24]



	Oil palm and rice husk
	Imazapyr
	H
	70%
	[25]



	Rice straw
	Pyrazosulfuron-ethyl
	H
	66%
	[26]



	Oil palm and rice husk
	Imazapic
	H
	60%
	[25]



	Pine chip
	Atrazine
	H
	52%
	[20]



	Pine woodchips
	Boscalid
	F
	49%
	[24]



	Cotton straw
	Fipronil
	I
	48%
	[20]



	Wheat straw
	Pyrazosulfuron-ethyl
	H
	47%
	[26]



	Calligonum comosum
	Atrazine
	H
	45%
	[27]



	Vegetable waste
	Diuron
	H
	45%
	[28]



	Rice husk
	Methamidophos, phorate, isocarbophos, terbufos, malathion, parathion
	I
	32%
	[26]



	Cotton straw
	Chlorpyrifos
	I
	19%
	[26]



	Red gum, woodchips
	Pyrimethanil
	F
	14%
	[26]



	Cotton straw
	Carbofuran, chlorpyrifos
	I
	/
	[22]



	Tea waste
	Carbofuran
	I
	/
	[29]










 





Table 2. Overview of the soil physicochemical characteristics of the four experimental treatments at the experiment end. Means (±SE) and p values of ANOVA testing differences between treatments are reported.
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