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Abstract

:

Peat is considered a contentious input in horticulture. Therefore, there is a search for suitable alternatives with similar properties that can be used for partial or complete peat substitution in growing media. Poultry-manure-derived biochar (PMB) is considered such an alternative. This study aimed at determining the properties of PMBs obtained through pyrolysis at selected temperatures and assessing their potentials to substitute peat in growing media based on the selected properties. The scope included the laboratory-scale pyrolysis of poultry manure at the temperatures of 425–725 °C; the determination of selected physico-chemical and physical properties of the obtained biochars, including the contaminants; and the assessment of the potentials of produced biochars to be used as peat substitutes. PMBs contained less than 36% of total organic carbon (TOC). The contents of P and K were about 2.03–3.91% and 2.74–5.13%, respectively. PMBs did not retain N. They can be safely used as the concentrations of heavy metals, polycyclic aromatic hydrocarbons (PAHs), polychlorinatd biphenyls (PCBs), dioxins, and furans are within the permissible values (except for Cr). Due to high pH (9.24–12.35), they can have a liming effect. High water holding capacity (WHC) in the range of 158–232% w/w could allow for the maintenance of moisture in the growing media. PMBs obtained at 525 °C, 625 °C, and 725 °C showed required stability (H/Corg < 0.7).
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1. Introduction


1.1. Peat in Horticulture


Peat is one of the most common substrates in horticultural growing media, specifically used in containerized plant production in nurseries and greenhouses to allow optimal development of plants in pots (seedlings, transplants) [1,2]. It is estimated that about 20 million tons of peat are extracted annually in Europe [2]. The main peatlands in Europe are located in Finland, Sweden, Belgium, Estonia, France, Germany, Ireland, Latvia, Lithuania, the Netherlands, Norway, Poland, and the United Kingdom [3]. The use of peat covers 62% for energy and 38% for non-energy purposes, including horticulture. In Europe, peat accounts for up to 80% of the growing media [2,4,5].



Peat is a nonrenewable material that consists of decomposed plant material accumulated in a water-saturated environment and in the absence of oxygen [2,6,7]. It contains various organic components, but chemical composition varies due to complex chemical structure [1]. The characteristics of peat parameters depend on the type of plants, the degree of decomposition of organic matter, and the location and season of harvesting. For example, horticultural peat that is directly collected from peatland shows pH in the range of 2.8–4. To increase pH, peat is often amended with chalk (pH increase to 5–6.5). Peat products that are available on the market can contain a mixture of perlite, compost, sand, or bark that change the physical and chemical properties and thus allow for the diversified use in growing plants [8,9]. As for the content of nutrients, for example “sphagnum” raised peat is characterized by N 0.6–1.2%, P 0.02–0.04%, K 0.01–0.08%, Ca 0.14–0.35%, and Mg 0.06%. However, for low peat, the content of nutrients is N 2.5–3.5%, P 0.08–0.26%, K 0.04–0.17%, Ca 0.21–0.36%, and Mg 0.19–0.31% [10].



The properties of peat that make it a highly efficient component in growing media include its low weight; stability; high water holding capacity; ability to absorb and release nutrients; low pH of 3.5–5; low content of nutrients; low number of pathogens; and lack of heavy metals, potentially toxic substances, and weed seeds. It is recommended that since peat has low contents of nutrients, it needs to be supplemented by adding fertilizers [11]. Peat has been a predominant substrate for growing media not only due to its suitable properties but also due to the fact that peat demonstrates consistency in physico-chemical and physical properties, stability, and availability. Therefore, peat is relatively easy in transportation and storage [12].



Despite the number of advantages, peat as a substrate for growing media is considered a very contentious input in horticulture [13,14]. This is mostly due to peat excavation, which has caused drainage of peatlands, and in consequence in many cases has contributed to irreversible damage to the environment. Peat is a significant storage of organic carbon, with an estimated 500 billion to 1 trillion tons of carbon stored in peatlands worldwide. When peatlands are drained, CO2 is released into the atmosphere (from 1 to several tons per year). It is reported that at least 15–20% of peatlands worldwide have already been drained, contributing to CO2, nitrogen oxide, and methane emissions to the atmosphere. According to some estimates, 1 hectare of peatland can accumulate about 1 ton of CO2, while drained peatland emits from a few to many tons of CO2 into the atmosphere [15]. The strong pressure from the society and authorities to protect peatlands resulted in changes in legislation. The European Union has been working on legislation to restore degraded ecosystems, including peatlands [7,16]. In the UK, to protect the peatlands the government will introduce a ban from 2024 on selling peat to amateur gardeners [11]. In view to this, there is a strong pressure to reduce the use of peat, primarily in horticultural applications, and replace it with alternative materials. Therefore, especially in recent years, we are observing a global increase in the scale of searching for alternative materials that demonstrate similar properties to peat but are sustainable and circular [12]. Such materials include a wide range of byproducts from industry and different types of biomass and agricultural residues. For example, materials such as coir, sheep manure, soil and perlite, bark, wood fibers, and green waste compost have been tested in horticultural applications as peat alternatives [7,11,17,18]. All of these materials for peat substitution are expected to demonstrate similar properties, in particular such physical properties as water-holding capacity, bulk density, air-filled porosity, and structural stability. Such materials should be easily modified, e.g., to obtain the appropriate pH and/or nutrient content. What is more, potential peat alternatives should demonstrate low susceptibility to degrade during plant growth and should be free from contaminants and weed seeds [14]. It is also required that peat alternatives should be inexpensive and sustainable [12].




1.2. Biochars as Substrate for Peat Substitution


There have been a number of studies that investigated biochars as suitable alternatives to replace peat from horticulture [19]. This is mostly due to the fact that biochar parameters can be easily modified, in terms of a substrate, pyrolysis temperatures, and heating time [20,21,22]. Biochar is also more resistant to microbial activity, so it can have longer viability as a growing medium or as an addition to peat [4]. However, biochars can differ in their properties depending on a substrate used for pyrolysis, chemical composition, particle size, bulk density, water holding capacity, etc., and therefore there is a need to have better understanding of how plant-derived and manure-derived biochars perform as peat substitutes. Biochar, compared to peat, demonstrates high adsorptive properties of heavy metals and has the effect of reducing the salinity of the soil, which results in reduced stress for plants. It is also noted in the literature that biochar has a positive effect on soil properties and the growth and yield of plants [23].



Recent studies on biochars for peat substitution report the results on the use of mostly plant-derived biochars as a partial substitute or a complete substitute of peat in growing media [19,24]. There is little known about biochars from poultry manure used as a partial or complete substitute for peat in growing media.




1.3. Poultry-Manure-Derived Biochars


Undoubtedly, biochars have been extensively studied in terms of properties and applications. This also refers to poultry-manure-derived biochars. These properties can vary significantly due to the use of different types of poultry manures (i.e., feeding, type of breeding system, etc.) and the pyrolysis parameters (i.e., the process temperature, heating and holding time). The pyrolysis parameters allow for tailoring chemical and physical properties of biochars such as chemical composition, specific surface area, porosity, and presence and type of functional groups. These properties of biochars determine their applications. Generally, biochars produced from poultry manure demonstrate alkaline pH (on average in the range of 7–12); total carbon content less than 50%; nitrogen content of about 1 to 5%; and the presence of Ca, Mg, P, and K (Table 1).



Although poultry-manure-derived biochars have been studied by many researchers, it has to be pointed out that the literature does not provide sufficient information on the properties of poultry-manure-derived biochars (i.e., missing data including parameters such as bulk density and water holding capacity) in the context of peat substitution and phasing out peat from horticulture. In addition, there is little information on the potential risks related to the contaminants that can be present in such biochars such as heavy metals, dioxins and furans, polycyclic aromatic hydrocarbons (PAHs), and polychlorinted biphenyls (PCBs). The occurrence of these contaminants in biochars can depend on some feedstock parameters such as moisture content as well as the process parameters. Polycyclic aromatic hydrocarbons belong to the group of persistent organic pollutants (POPs) with ≥2 aromatic rings. They tend to persist in the environment and as such can pose carcinogenic, mutagenic, and teratogenic effects on living organisms [39,40]. Recent studies reported that the formation of PAHs during pyrolysis cannot be easily predicted as it results from the combination of different factors such as feedstock composition, pyrolysis temperature, retention time, and atmosphere [40]. The occurrence of these contaminants in biochars may limit their use for soil applications.



The overall goal of this study was to determine the properties of poultry-manure-derived biochars obtained through pyrolysis at selected temperatures and to assess their potentials to substitute peat in growing media. The scope of the presented study included: (1) laboratory scale pyrolysis of poultry manure in the selected temperatures (425–725 °C); (2) determination of physico-chemical and physical properties of the obtained biochars, including the contaminants; and (3) assessment of the potentials of produced biochars to be used as a peat substitute. This study contributes to the state of the art as it aims at analyzing the properties and assessing poultry-manure-derived biochar as a substrate for partial or complete substitution of peat. With the knowledge on the required properties for peat substitution, poultry-manure-derived biochar could be used as a partial or complete peat substitute to phase out peat from horticultural applications.





2. Materials and Methods


2.1. Poultry Manure for Biochar Production


Poultry manure was sampled from a local poultry farm in Southern Poland (with a cage breeding system), with the average population of 30,000–40,000 laying hens (personal communications). Prior to laboratory pyrolysis, poultry manure was tested for pH, moisture content, ash, total carbon, total nitrogen, and phosphorus. The properties of the poultry manure used for our studies on converting poultry manure into biochar within the Nutri2Cycle project varied slightly. On average, as reported in our previous work, the moisture content was about 80%, organic matter—75% (d.m.), organic carbon—43% (d.m.), nitrogen—8% (d.m.), total phosphorus—0.01% (d.m), and pH—7.5. Bulk density (wet) was about 910 kg·m−3, whereas air-filled porosity was 20% [30,31,41].




2.2. Laboratory Biochar Production


Poultry manure was pyrolyzed in a laboratory pyrolysis reactor (PRW-S100x780/11; manufactured by the Czylok company from Jastrzębie-Zdrój, Poland)) in nitrogen atmosphere (5 L·min−1) as reported in our other studies [30,41]. Pyrolysis of poultry manure was performed at selected temperatures: 425 °C, 525 °C, 625 °C, and 725 °C. The heating times were 120 and 150 min for the temperatures 425 °C, 525 °C, and 625 °C, and 725 °C, respectively. The holding time was 60 min for all selected temperatures. After the completion of the process, the pyrolyzed samples were left in the reactor to cool down. The produced biochars (in this paper referred to as PMB 425 °C, PMB 525 °C, PMB 625 °C, and PMB 725 °C) were crushed in a laboratory mill and were graded by an electromagnetic sieve shaker (AS 300, Control, RETSCH, Haan, Germany), and stored in sealed containers [42].




2.3. Analysis of Biochar Properties


The obtained poultry-manure-derived biochars were subjected to the analyses of physico-chemical and physical properties. pH was measured in distilled water; ash was determined according to the standard PN-EN ISO 18122:2016-01 Polish version [43], Solid biofuels—Determination of ash content; bulk density (BD) was determined according to the PN-EN 1236 standard [44] on fertilizers; and water holding capacity (WHC, % w/w) was determined from the difference in mass between dry and saturated biochar according to ASTM D2216-10 [45]. Selected elements including P, K, Ca, Mg, Hg, Pb, Cd, Cr, Cu, Ni, and Zn were determined in the investigated biochars with the use of ICP-OES according to the standard PB-186/ICP. Detailed methods for analyzing biochars are provided in our previous works [30,31,41]. Total carbon (TC) was determined by Multi N/C, Analytykjena—the high-temperature incineration with detection IR according to PN-ISO 10694:2002 [46]—Soil quality—Determination of organic carbon content and total carbon content after dry combustion (elemental analysis). The elemental analysis of CHNS was performed according to the standards CSN ISO 29541 [47], CSN EN ISO 16994 [48], CSN EN ISO 16948 [49], CSN EN 15407 [50], CSN ISO 19579 [51], CSN EN 15408 [52], and CSN ISO 10694 [53]. BET surface area was determined by nitrogen sorption by the ASAP2020 Plus analyzer (Micromeritics, Atlanta, GA, USA). The investigated poultry-manure-derived biochars were tested for the presence of dioxins and furans: US EPA 1613B [54] and CSN EN 16190 [55], and polycyclic aromatic hydrocarbons (PAHs) and polychlorinated biphenyls (PCBs): US EPA 8270D [56], US EPA 8082A [57], CSN EN 15527 [58], ISO 18287 [59], ISO 10382 [60], CSN EN 15308 [61], and US EPA 3546 [62].




2.4. Sorption of NNH4 and PPO4 by Poultry-Manure-Derived Biochars


In addition to these analyses, we also performed sorption of NNH4 and PPO4 in the lysimetric columns. A sample of biochar (200 cm3) was placed in a lysimetric column (diameter of 50 mm and height of 1000 mm), which was filled with 400 mL of the solutions with the targeted concentration of nitrogen (the concentration of NNH4 of 50 mg·L−1) and phosphorous (the concentration of PPO4 of 27 mg·L−1), as well as the mixture of nitrogen and phosphorus (in the same concentrations). pH was adjusted to 4.9, as this is the typical pH for the soil solutions from acidic soils that predominate in Poland. The leachates from each column were collected and analyzed for nitrogen and phosphorus [63].





3. Results


3.1. Biochar Yield


Pyrolysis of poultry manure at the selected temperatures 425 °C, 525 °C, 625 °C, and 725 °C resulted in a biochar yield in the range of 39.59–51.24% (Table 2). It was observed that with the increase in pyrolysis temperature, the biochar yield decreased. This was due to the loss of volatile substances at higher pyrolysis temperatures.




3.2. Physico-Chemical and Physical Properties of Biochars


Selected properties of the investigated biochars are presented in Table 3. The average moisture content of the obtained biochars was about 4%. The particle size of the investigated biochars ranged from 5 mm to 0.063 mm (fractions of 2–5 mm: 4%; 1.6–2 mm: 6%; 1.4–1.6 mm: 6.2%; 1.0–1.4 mm: 15.2%; 0.5–1 mm: 28.2%; 0.25–0.5 mm: 22.6%; 0.1–0.25 mm: 12.8%; 0.063–0.1 mm: 2.4%; 0–0.063 mm: 1.6%). Typically, poultry-manure-derived biochars demonstrated alkaline pH in the range of 9.24–12.35. With higher pyrolysis temperatures, the pH values increased, which is attributed to the increase in alkaline cations (Ca, Mg, K) in the biochars produced at higher temperatures. The ash content of the investigated biochars was high and ranged from 55.61% to 73.34%. This is typical for biochars obtained from animal manures or sewage sludge in contrast to biochars derived from plant biomass. Increased pyrolysis temperature results in the increase in ash due to the loss of volatile substances. Total carbon of PMBs was low and in the range of 31.28–38.57%. Low C content in these PMBs is typical for manure-derived biochars and is significantly lower than in the case of biochars produced from plant biomass in which lignin facilitates carbonization and results in the increase in carbon in the pyrolysis products [36]. Pyrolysis temperature did not have an effect on the contents of total carbon. Similar observations were reported by Roberts et al. (2017) [64], who determined C in biochars produced from biosolids at temperatures of 450 °C, 600 °C, and 750 °C. Significant differences in the content of carbon in the solid pyrolysis products are usually observed in plant-derived biochars.



The content levels of P and K were about 2.03–3.91% and 2.74–5.13%, respectively. Similar contents of these elements were reported in other studies [25,28,65]. The P and K contents increased with the pyrolysis temperature, which is typically observed in biochars at these temperatures [25,65]. The content of Ca in the investigated PMBs ranged from 12.20% and 16.70%, and it increased with the increase in the pyrolysis temperature. Other researchers reported that the Ca content in the investigated biochars was in the range of 7.17–9.40% and also increased with higher pyrolysis temperatures [28]. As for Mg in the PMBs, it was in the range of 0.83–1.53%.



The cation exchange capacity (CEC) significantly increased with higher pyrolysis temperature, which was confirmed by other studies. For example, Bavariani et al. (2019) [25] studied the cation exchange capacity of biochars produced from poultry manure, which was in the range of 58.0–86.5 cmol·kg−1.



Poultry-manure-derived biochars demonstrated low surface area compared to, e.g., biochars from woody materials, as reported by other researchers (Table 1), which slightly increased at higher pyrolysis temperature. The surface areas of the investigated PMBs were in the range of 11–18 m2·g−1. These low values can result from a high content of ash in the biochars, which in turn could block the development [26] of surface area due to clogging of pores by inorganic compounds present in ashes [28,65]. Other researchers reported that biochars produced from poultry manure at temperatures of 400 °C and 600 °C demonstrated BET values at 4.3 m2·g−1 and 5.34 m2·g−1, respectively [66]. The BET values of the investigated PMBs were about twofold those reported in the literature.



Bulk density (wet basis) ranged from 182 to 251 kg·m−3. Bulk densities can vary due to moisture content and particle size and distribution. The highest bulk density of poultry-manure-derived biochar was observed for biochar produced at 725 °C. This could have been due to the particle size and distribution of biochar produced at this temperature. It has to be pointed out that poultry-manure-derived biochar is a somewhat heterogeneous material, and as such, the values of bulk densities can vary. The investigated biochars demonstrated high water holding capacity (WHC) (Table 3). Generally, biochar can absorb water up to 5.0 times its own weight [67]. It was observed that biochars with mixed particle size, irregular shapes, and hydrophilic properties were able to rapidly store relatively large volumes of water (up to 400% wt.) [68]. It was pointed out that biochars added to coarse soils could be more efficient in terms of water availability to plants. However, the researchers suggested that there is still little understanding of the effect of biochar on the water holding capacity of soil [69]. The literature does not report any studies on the effect of poultry-manure-derived biochars on the water holding capacity of growing media.



The produced biochars were subjected to the elemental analysis (Table 4). The total organic carbon (TOC) was low and did not exceed 36%. According to the European Biochar Certificate [68], the content of total organic carbon in biochars for horticultural applications should be more than 50% (d.m.). The content of H in the PMBs was in the range of 1.17–2.37% and decreased with higher pyrolysis temperatures due to the loss of -OH groups by biochars, as observed by Bavariani et al. (2019) [25] and Lie and Chen (2018) [70]. A similar tendency was observed for N (3.02–4.00%) that was confirmed in the literature [65,70]. The content of S in the investigated biochars was in the range of 0.30–0.52%. The maximum of the H/C ratio in biochars according to the Regulation (EU) 2019/1009 should not exceed 0.7. This is also in line with the EBC guidelines [71] and the IBI standards [72]. The molar ratio of H/Corg is related to thermochemical changes that lead to the formation of condensed aromatic ring structures. These are the indications of biochar stability [71]. In the case of the investigated biochars, the H/Corg of PMB425 °C was higher than the recommended value, which can indicate that the pyrolysis temperature was not sufficient to obtain stable biochar. Aromaticity of biochars also affects their sorption properties [73].



The PMBs were tested for the content of heavy metals: Cd, Pb, Cr, Cu, Ni, Zn, and Hg (Table 5). Bioavailability of microelements present in the poultry feed, such as Zn, Cu, Mn, and Fe from inorganic compounds, is estimated at about 30%. The remaining is excreted by poultry with manure in higher quantities, which could be a source of environmental contamination. During pyrolysis of poultry manure, the loss of mass is related to the loss of volatile substances and has an effect on the concentration of heavy metals in the produced biochars. The concentrations of Cd in the PMBs was in the range of <0.300 to 0.610 mg·kg−1 and was decreasing with the higher pyrolysis temperatures. The concentrations of Pb did not exceed 2.05 mg·kg−1. As for Cr, the concentrations were in the range of 17.10–29.80 mg·kg−1. The concentrations of Cu ranged from 84.6 to 158 mg·kg−1, whereas of Ni: 16.4–32.8 mg·kg−1 and Zn: 434–831 mg·kg−1. The concentrations of Cr, Cu, Ni, and Zn in the investigated biochars increased with higher pyrolysis temperatures. The concentration of Hg in all PMBs was low and did not differ significantly with the increase in the temperature. For example, Srinivansen et al. (2015) [36] determined the content of heavy metals in biochar from poultry manure and the concentrations of these metals (Zn—195.4 mg·kg−1, Cu—24.77 mg·kg−1, Cr—12.25 mg·kg−1, Cd—0.28 mg·kg−1, Pb—2.31 mg·kg−1, Hg—0.02 mg·kg−1) did not exceed the limits recommended by the EBC guidelines [71]. The reported concentrations of heavy metals were lower, except for Hg, but the content of heavy metals can vary depending on, e.g., feed type. According to the Fertilizing Product Directive (Regulation (EU) 1009/2019) [74], the concentrations of heavy metals in the investigated PMBs were within the permissible limits, except for Cr.



The content of dioxins and furans in the produced biochars (Table 6) was low and did not exceed the limit recommended by the ECB and required by the Regulation (EU) 2019/1009 (Annex I), which for PCDD/F is 20 ng·kg−1 (I-TEG OMS) [71]. The pyrolysis temperatures used in our study had no effect on the PCDD/F content in the produced biochars. The formation of dioxins is influenced by the presence of chlorine and organic matter in the substrate and the temperature of the process. The presence of chlorine in poultry manure depends on the farming system [75]. The chlorine content of free-range livestock manure is comparable to that of plant biomass, while it is considered too high in industrial manure. As shown by the authors, the chlorine content in free-range litter was 0.11%, while in industrial manure, it was in the range of 0.66–0.99% [75]. Similar results were reported by Quiroga et al. (2010) [76]—chlorine content at the level of 0.64%, and Adamczyk et al. (2021) [77]—1.12%. Dioxins and furans are mainly associated with the combustion process. However, the pyrolysis process is not free from the formation of these substances [78].



The pyrolysis of poultry manure containing organic matter can result in the formation of polycyclic aromatic hydrocarbons (PAHs) [71]. PAHs are usually formed at lower temperatures (<500 °C) during fast pyrolysis and shorter residence time [39]. A recent study reports that there is no safe pyrolysis temperature that would prevent the formation of PAHs, but it was stated that at high pyrolysis temperatures, larger (4–6 rings) and less bioavailable PAHs are formed [40]. The results of the PAH analysis performed for the investigated biochars (Table 7) demonstrated that the sum of 16 PAHs did not exceed the value of 6 mg·kg−1 (d.m.) as required in the Regulation (EU) 2019/1009 (Annex I). Also, it did not exceed the value of 0.19 mg·kg−1 (d.m.) recommended by the ECB standards. PAHs produced during pyrolysis are usually released with gaseous products, occasionally with the use of inappropriate technological solutions leading to the contamination of biochar with PAHs [71]. These can include, e.g., the occurrence of oxygen during pyrolysis [39]. According to some studies, the contents of PAHs in biochars do not depend on the type of a substrate [79]. However, in the recent study, the authors reported that the content of PAHs in the investigated biochars was not significantly correlated to feedstock or temperature [40]. It has been reported that biochar (with no excessive concentration of PAHs) used in soil does not pose a risk of releasing PAHs but may act like a sorbent rather than a source of PAHs [80,81]. For example, as reported in other studies, adding biochar to sewage sludge and then to soil had an effect on PAH reduction and reduced sewage sludge toxicity [82,83].



The analysis of the PCB content in the investigated biochars (Table 7) showed that for biochars PMB425 °C, PMB525 °C, and PMB625 °C, the PCB concentration was < 0.0200 mg·kg−1 (d.m.) and did not exceed the limit value recommended by the ECB. However, in the case of biochar PMB725 °C, the PCB content was determined at the level of <0.5270 mg·kg−1 (d.m.). This value significantly exceeds the established limit of 0.2 mg·kg−1 [71]. However, according to the Regulation (EU) 2019/1009 (Annex I), the content of PCBs should not exceed 0.8 mg·kg−1 (d.m.). It has to be pointed out that there is little information on the formation of pyrogenic contaminants in poultry manure and there is a need for better understanding how these contaminants are formed [40,84].




3.3. Sorption Properties of Biochars


The results of the sorption test are presented in Table 8. The most preferable sorption properties towards NNH4 and PPO4 were demonstrated by PMB 725 °C. This type of biochar demonstrated the highest surface area (18 m2·g−1) and bulk density (251 kg·m−3), as well as the lowest microspore area (2.6 m2·g−1). These could have an impact on water holding capacity. As for PMBs produced at lower temperatures, it was observed that the concentration of NNH4 in the initial solution after performing the test increased. This shows that these biochars contain high quantities of soluble nitrogen compounds. In particular, this phenomenon was observed for PMB 525 °C, which indicates its fertilizing potential. In the work of other researchers, it was reported that during the extraction with deionized water, no presence of NNH4 was detected [85]. According to Rathnayake et al. (2023) [84], during pyrolysis, nitrogen present in poultry manure is converted into heterocyclic compounds such as pyridinic-N, pyrrolic-N, and graphite-N or quaternary N, which show low bioavailability of N. Therefore, biochars show lower N availability than fresh manure, digested manure, or composted manure. The results of P sorption demonstrated that the removal of the initial concentration of P was above 97% for all PMBs (except from PMB 625 °C). No leaching of phosphorus from the PMBs was observed. Similar results were reported in other studies where the researchers attempted to extract phosphorus with water from biochar produced at 500 °C, resulting in the extract with a P concentration of 1% [86]. As for the initial solutions containing both nitrogen and phosphorus ions, sorption was similar to the single-ion solutions.



According to the literature, the application of biochars to soil can improve the retention of nutrients and reduce the capacity of soil leaching [87]. However, the effect of biochar combined with other additives to soil can vary. Biochars can improve properties of soil with low fertility or high acidity, or can have neutral or even a negative effect on high-fertility soils [88]. The presented results demonstrated that a higher pyrolysis temperature resulted in lower concentrations of nitrogen-soluble forms. The investigated PMBs showed sorption potential towards phosphorus. We did not observe high leaching of phosphorus compounds, which may indicate that phosphorus is present in sparingly soluble forms. However, other studies reported that biochar from poultry litter had a high potential for supplying increased quantities of P and K to soils than biochar from lignocellulosic substrates [89]. Gao et al. (2018) [90] indicated that only biochar combined with NPK fertilizers can increase the bioavailability of phosphorus in soil. Brtnicky et al. (2023) concluded that the application of biochar with and without a mineral fertilizer can increase the microbial activity and fertility in the investigated soil, but leaching of nutrients from fertilizers could be mitigated by activation of biochar with a fertilizer [91]. Another study demonstrated that in an indoor simulation experiment, with increasing quantities of biochar, parameters such as soil pH, total nitrogen, available nitrogen, total phosphorus, and available phosphorus also increased. However, the researchers observed that the leaching solution from this experiment decreased. They concluded that when 2 kg·m−2 of biochar was added to soil, the cumulative leaching losses of total nitrogen, total phosphorus, ammonia nitrogen, and nitrate nitrogen were reduced by 13.57%, 26.09%, 13.9%, and 29.79%, respectively [92].





4. Discussion


Replacing peat with various alternatives has been a tremendous challenge for horticulture now. A wide range of substrates have been considered alternatives to phase out this contentious input from horticulture. This also includes biochars obtained from a variety of materials at different process parameters. Despite the fact that different types of biochars and their applications have been extensively studied, still there are very few reports demonstrating the effect of biochars for peat replacement in horticulture. In addition, these reports do not provide sufficient information on poultry-manure-derived biochars and their properties for peat substitution in growing media, such as the concentration of contaminants, bulk density, and water holding capacity. There is also insufficient information on differences in properties between biochars obtained from plant biomass vs. manure (e.g., poultry manure) (Table 1).



Generally, depending on the pyrolysis temperature and the type of poultry manure, biochar is characterized by the following parameters: pH 7.20–10.5, C 33–86%, H 0.3–5.6%, N 0.12–4.9%, S 0.4–3.5%, O 0.01–42%, Na 1.5–2.9%, P 1–9.1%, and CEC 29–86 cmol·kg−1 [25,67,93]. The elemental composition of the biochar, specific surface area, pH, porosity and nutrient content, and stability and function of the surface groups can be modified by the temperature of the process [26,67,94]. Several researchers [30,93] have confirmed that the higher the process temperature was, the more ash was present in biochar. Consequently, high content of ash increases the pH of the obtained biochar. The decrease in the yield of biochar from poultry manure with increasing pyrolysis temperature was also reported by Bavariani et al. (2019) [25] and Sobik-Szołtysek et al. (2021) [30]. The yield of biochar production depends mainly on the used type of pyrolysis substrate. From the available data, it could be observed that the yield of animal-manure-derived biochars in some cases is higher than from plant-derived biochars produced at the same temperatures (Table 9). For all substrates, the biochar yield decreased with the increase in pyrolysis temperature. Biochars contain different elements such as Ca, Mg, P, and K. They can also contain various contaminants such as heavy metals, furans, dioxins, polychlorinated biphenyls, and polycyclic aromatic hydrocarbons, and thus biochars have to fulfill the requirements of the permissible limits if applied to the soil [95,96]. Bulk density and water holding capacity of biochars used as peat alternatives have hardly been reported in the studies on peat substitution by biochars. These properties are important to assess the potentials for different materials to be used as peat alternatives.



The quality requirements for biochar input into the soil include the content of heavy metals (As, Cd, Cr, Cu, Pb, Hg, Ni, and Zn), polycyclic aromatic hydrocarbons (PAH-16), polychlorinated biphenyls (PCB-7), furans and dioxins (PCDD/F), dry matter content, pH, total organic carbon (TOC), total nitrogen (N) and potassium (K), phosphorus (as P2O5), and total calcium (Ca) and magnesium (Mg). According to the EBC standard, the biochar should have more than 60% of moisture content, N from 6 to 10%, TOC > 20%, Cd not more than 1.5 mg·kg−1, Cr < 100 mg·kg−1, Cu < 200 mg·kg−1, Ni < 50 mg·kg−1, Pb < 120 mg·kg−1, Zn < 600 mg·kg−1 [71]. There are no specific requirements for materials, including biochars, which could be used as peat alternatives in growing media.



To the best of our knowledge, no studies on the use of poultry-manure-derived biochars, specifically to substitute peat in horticulture and their effect on the properties of growing media and plant growth, could be found in the literature. However, from the assessment of the properties of various poultry-manure-derived biochars reported in the literature and the presented study, these biochars demonstrate potentials for substituting peat in growing media for horticultural purposes. The properties shown by poultry-manure-derived biochars can make them suitable for partial or complete peat substitutes.



There are many advantages of using biochars produced from poultry manure to phase out peat from horticulture. It is argued that thermal conversion of poultry manure to biochar could be a solution for managing and handling (i.e., transportation, storage, processing, etc.) the excessive quantities of poultry manure. Converting excessive quantities of poultry manure through pyrolysis into biochar can reduce potentially toxic elements, destroy pathogenic microorganisms, and reduce the emissions of greenhouse gasses [84,107]. Thus, poultry-manure-derived biochars could be considered a sustainable and circular alternative to peat. What is more, the PMBs demonstrated required stability (for PMBs obtained at 525 °C, 625 °C, and 725 °C the H/Corg less than 0.7). The properties of these biochars can be engineered by adjusting pyrolysis parameters and using physical/chemical modifications. In our study, we confirmed that poultry-manure-derived biochars produced at higher temperatures are considered safe and thus do not pose a risk when they are added to soil. The concentrations of heavy metals (except from Cr in all investigated PMBs), dioxins and furans, PAHs, and PCBs are within the permissible limits and therefore can be used safely in horticulture. The investigated biochars showed the ability to release nitrogen through leaching. Biochar produced at 525 °C demonstrated a high nitrogen release effect. Due to high pH values (pH in the range of 9.24–12.35), biochars from poultry manure can have a liming effect when added as a peat substitute to the growing media. High water holding capacity of biochars—although still subject to research—could maintain moisture content in the growing media, and when added to soil, could increase the water availability to plants [69].



Despite the number of advantages, there are also some limitations to the use of poultry-manure-derived biochars for peat substitution. These biochars contain low contents of organic carbon (depending on the pyrolysis temperature), ranging from 29% to 36%, and thus this is considered a limitation for using biochar in horticulture. Low concentration of soluble phosphorus in biochars can result in lower availability. The literature reports that the availability of phosphorus in biochar can be estimated at 15% [108]. The concentrations of some heavy metals, e.g., Cr or Cu in poultry manure biochars, can be attributed to the fact that some of the metals are present in higher concentrations in animal manures [109].




5. Conclusions


In view of the presented results on the selected physico-chemical and physical properties, poultry-manure-derived biochars demonstrated potential to be used as substrates to phase out peat in growing media. The investigated biochars can have a liming effect if used as a partial substitution of peat. Water holding capacity of these biochars could influence water availability for plants when added to soil. Due to the content of P, K, Ca, and Mg, they can increase the content of these elements in the growing media. The biochars produced from poultry manure do not pose the risk related to the contents of heavy metals (except for Cr), dioxins and furans, and PAHs and PCBs. The pyrolysis temperature can be used to engineer some of the biochar properties.



More research work is needed to learn how the addition of poultry-manure-derived biochar for peat replacement will affect selected soil parameters such as pH and water holding capacity, alongside the content of nutrients in growing media, as well as have an impact on seed germination and plant growth. Future research aims at testing poultry-manure-derived biochar with other wood-derived substrates and compost as partial substitution of peat in growing media and to compare it with commercially available peat-based growing media.







Author Contributions


Conceptualization, K.W., K.M. and E.M.; methodology, K.W. and J.S.-S.; software, D.D.; validation, K.W., K.M. and J.S.-S.; investigation, K.W. and J.S-S.; resources, K.M.; data curation, K.W.; writing—original draft preparation, K.W., D.D. and K.M; writing—review and editing, K.M.; visualization, D.D.; supervision, K.M. and E.M.; project administration, K.M. and E.M.; funding acquisition, E.M. All authors have read and agreed to the published version of the manuscript.




Funding


This work was performed within the Nutri2Cycle project, which has received funding from the European Union’s Horizon 2020 research and innovation program under grant agreement no. [773682].




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Kitir, N.; Yildirim, E.; Şahin, Ü.; Turan, M.; Ekinci, M.; Ors, S.; Ünlü, H. Peat Use in Horticulture. Peat; Topcuoglu, B., Turan, M., Eds.; IntechOpen: London, UK, 2018; pp. 75–90. [Google Scholar]

	



Hirschler, O.; Ostenburg, B. Peat extraction, trade and use in Europe: A material flow analysis. Mires Peat 2022, 28, 27. [Google Scholar] [CrossRef]

	



EC. 2020. Available online: https://cinea.ec.europa.eu/system/files/2021-02/PeatlandsforLIFE-19062020.pdf (accessed on 1 January 2020).

	



Escuer, O.; Karp, K.; Escuer-Gatius, J.; Raave, H.; Teppand, T.; Shanskiy, M. Hardwood biochar as an alternative to reduce peat use for seed germination and growth of Tagetes patula. Acta Agric. Scand. Sect. B—Soil Plant Sci. 2021, 71, 408–421. [Google Scholar] [CrossRef]

	



Pedersen, S.F.; Løes, A.-K. Phasing Out Peat in Growing Media—Results from Scandinavian Studies, NORSØK REPORT 7, 1. 2022. Available online: https://orgprints.org/id/eprint/43319/1/NORSOK%20report%20no%201%20vol%207%202022%20Phasing%20out%20peat%20in%20growing%20media%20-%20results%20from%20Scandinavian%20studies.pdf (accessed on 3 August 2023).

	



GME—Growing Media Europe. Terminology for the Growing Media and Horticultural Sector, Brussels. 2020. Available online: https://www.growing-media.eu/single-post/2020/06/22/terminology-for-the-growing-media-and-horticultural-sector (accessed on 3 August 2023).

	



Hirschler, O.; Osterburg, B.; Weimar, H.; Glasenapp, S.; Ohmes, M.-F. Peat Replacement in Horticultural Growing Media: Availability of Bio-Based Alternative Materials; Thünen Working Paper; Thünen Institute, Federal Research Institute for Rural Areas, Forests and Fisheries: Braunschweig, Germany, 2022. [Google Scholar] [CrossRef]

	



Rezanezhad, F.; Price, J.S.; Quinton, W.L.; Lennartz, B.; Milojevic, T.; Van Cappellen, P. Structure of peat soils and implications for water storage, flow and solute transport: A review update for geochemists. Chem. Geol. 2016, 429, 75–84. [Google Scholar] [CrossRef]

	



Target. 2022. Available online: https://www.target.com.pl/porady-i-inspiracje/poradniki/dbamy-i-pielegnujemy-ogrod/torf-w-ogrodzie--jak-wykorzystac/ (accessed on 1 July 2022).

	



Lasy Polskie. 2013. Available online: http://www.encyklopedia.lasypolskie.pl/doku.php?id=p:podloza-jednorodne (accessed on 3 August 2023).

	



OrganicPLUS Report. 2019. Available online: https://orgprints.org/id/eprint/40080/ (accessed on 1 May 2021).

	



Taparia, T.; Hendrix, E.; Nijhuis, E.; de Boer, W.; van der Wolf, J. Circular alternatives to peat in growing media: A microbial perspective. J. Clean. Prod. 2021, 327, 129375. [Google Scholar] [CrossRef]

	



Schmutz, U.; Rayns, F.; Katsoulas, N.; Løes, A.K.; De Marchi, M.; Sørensen, C.G.; Evans, A. Phasing out contentious inputs in organic and non-organic horticulture—Organic-PLUS. Acta Hortic. 2020, 1286, 211–218. [Google Scholar] [CrossRef]

	



Dittrich, C.; Pecenka, R.; Løes, A.-K.; Cáceres, R.; Conroy, J.; Rayns, F.; Schmutz, U.; Kir, A.; Kruggel-Emden, H. Extrusion of Different Plants into Fibre for Peat Replacement in Growing Media: Adjustment of Parameters to Achieve Satisfactory Physical Fibre-Properties. Agronomy 2021, 11, 1185. [Google Scholar] [CrossRef]

	



Prasad, M.; Tzortzakis, N.; McDaniel, N. Chemical characterization of biochar and assessment of the nutrient dynamics by means of preliminary plant growth tests. J. Environ. Manag. 2018, 216, 89–95. [Google Scholar] [CrossRef]

	



Wetlands International Europe. Available online: https://europe.wetlands.org/ (accessed on 3 August 2023).

	



Løes, A.-K. Peat, Plastic and Fertiliser in Organic Growing Across Europe—Current Use and Future Options. Organic World Congress. 2020. Available online: https://www.academia.edu/83345348/Peat_plastic_and_fertiliser_in_organic_growing_across_Europe_current_use_and_future_options (accessed on 3 August 2023).

	



Tietjan, S.; Graubner, I.; Sradnikc, A. Reducing peat in substrate mixture formulations for press pots using Taguchi method. Sci. Hortic. 2020, 295, 110838. [Google Scholar] [CrossRef]

	



Rozas, A.; Aponte, H.; Maldonado, C.; Contreras-Soto, R.; Medina, J.; Rojas, C. Evaluation of compost and biochar as a partial substitutes of peat in growing media and their influence in microbial counts, enzyme activity and Lactuca sativa L. seedling growth. Horticulture 2023, 9, 168. [Google Scholar] [CrossRef]

	



Tomczyk, A.; Sokołowska, Z.; Boguta, P. Biochar physicochemical properties: Pyrolysis temperature and feedstock kind effects. Rev. Environ. Sci. Biotechnol. 2020, 19, 191–215. [Google Scholar] [CrossRef]

	



Yaashikaa, P.R.; Kumar, P.S.; Varjani, S.; Saravanan, S. A critical review on the biochar production techniques, characterization, stability and applications for circular bioeconomy. Biotechnol. Rep. 2020, 28, e00570. [Google Scholar] [CrossRef]

	



Szewczuk-Karpisz, K.; Nowicki, P.; Sokołowska, Z.; Pietrzak, R. Hay-based activated biochars obtained using two different heating methods as effective low-cost sorbents: Solid surface characteristics, adsorptive properties and aggregation in the mixed Cu(II)/PAM system. Chemosphere 2020, 250, 126312. [Google Scholar] [CrossRef]

	



Chrysargyris, A.; Prasad, M.; Kavanagh, A.; Tzortzakis, N. Biochar type and ratio as a peat additive/partial peat replacement in growing media for cabbage seedling production. Agronomy 2019, 9, 693. [Google Scholar] [CrossRef]

	



Gruda, N.S. Increasing sustainability of growing media constituents and stand-alone substrates in soilless culture systems. Agronomy 2019, 9, 298. [Google Scholar] [CrossRef]

	



Bavariani, M.; Ronaghi, A.; Ghasemi, R. Influence of pyrolysis temperatures on FTIR analysis, nutrient bioavailability, and agricultural use of poultry manure biochars. Commun. Soil Sci. Plant Anal. 2019, 50, 402–411. [Google Scholar] [CrossRef]

	



Li, J.; Cao, L.; Yuan, Y.; Wang, R.; Wen, Y.; Man, J. Comparative study for microcystin-LR sorption onto biochars produced from various plant-and animal-wastes at different pyrolysis temperatures: Influencing mechanisms of biochar properties. Bioresour. Technol. 2018, 247, 794–803. [Google Scholar] [CrossRef]

	



Huang, F.; Gao, L.Y.; Deng, J.H.; Chen, S.H.; Cai, K.Z. Quantitative contribution of Cd2+ adsorption mechanisms by chicken-manure-derived biochars. Environ. Sci. Pollut. Res. 2018, 25, 28322–28334. [Google Scholar] [CrossRef] [PubMed]

	



Song, W.; Guo, M. Quality variations of poultry litter biochar generated at different pyrolysis temperatures. J. Anal. Appl. Pyrolysis 2012, 94, 138–145. [Google Scholar] [CrossRef]

	



Pan, J.; Ma, J.; Liu, X.; Zhai, L.; Ouyang, X.; Liu, H. Effects of different types of biochar on the anaerobic digestion of chicken manure. Bioresour. Technol. 2019, 275, 258–265. [Google Scholar] [CrossRef] [PubMed]

	



Sobik-Szołtysek, J.; Wystalska, K.; Malińska, K.; Meers, E. Influence of Pyrolysis Temperature on the Heavy Metal Sorption Capacity of Biochar from Poultry Manure. Materials 2021, 14, 6566. [Google Scholar] [CrossRef] [PubMed]

	



Dróżdż, D. Production and Use of Organic Soil Enhancers and Growing Media From Agro-Residues. Ph.D. Thesis, Czestochowa University of Technology, Częstochowa, Poland, Ghent University, Ghent, Belgium, 2022. [Google Scholar]

	



Meier, S.; Curaqueo, G.; Khan, N.; Bolan, N.; Cea, M.; Eugenia, G.M.; Cornejo, P.; Ok, Y.; Borie, F. Chicken-manure-derived biochar reduced bioavailability of copper in a contaminated soil. J. Soils Sediments 2017, 17, 741–750. [Google Scholar] [CrossRef]

	



Qi, F.; Yan, Y.; Lamb, D.; Naidu, R.; Bolan, N.S.; Liu, Y.; Ok, Y.; Donne, S.; Semple, K.T. Thermal stability of biochar and its effects on cadmium sorption capacity. Bioresour. Technol. 2017, 246, 48–56. [Google Scholar] [CrossRef]

	



Adekiya, A.O.; Agbede, T.M.; Aboyeji, C.M.; Dunsin, O.; Simeon, V.T. Biochar and poultry manure effects on soil properties and radish (Raphanus sativus L.) yield. Biol. Agric. Hortic. 2019, 35, 33–45. [Google Scholar] [CrossRef]

	



Agbede, T.M.; Oyewumi, A. Benefits of biochar, poultry manure and biochar–poultry manure for improvement of soil properties and sweet potato productivity in degraded tropic agricultural soils. Resour. Environ. Sustain. 2022, 7, 100051. [Google Scholar] [CrossRef]

	



Srinivasan, P.; Sarmah, A.K.; Smernik, R.; Das, O.; Farid, M.; Gao, W. A feasibility study of agricultural and sewage biomass as biochar, bioenergy and biocomposite feedstock: Production, characterization and potential applications. Sci. Total Environ. 2015, 512, 495–505. [Google Scholar] [CrossRef] [PubMed]

	



Kameyama, K.; Miyamoto, T.; Iwata, Y.; Shiono, T. Influences of feedstock and pyrolysis temperature on the nitrate adsorption of biochar. Soil Sci. Plant Nutr. 2016, 62, 180–184. [Google Scholar] [CrossRef]

	



Cuixia, Y.; Yingming, X.; Lin, W.; Xuefeng, L.; Yuebing, S.; Hongtao, J. Effect of different pyrolysis temperatures on physico-chemical characteristics and lead (II) removal of biochar derived from chicken manure. RSC Adv. 2020, 10, 3667–3674. [Google Scholar] [CrossRef]

	



Wang, C.; Wang, Y.; Hertath, H.M.S.K. Polycyclic aromatic hydrocarbons (PAHs) in biochar—Their formation, occurrence and analysis: A review. Org. Geochem. 2017, 114, 1–11. [Google Scholar] [CrossRef]

	



Sormo, E.; Krahn, K.M.; Flatabo, G.O.; Hartnik, T.; Arp, H.P.H.; Cornelissen, G. Distribution of PAHs, PCBs, and PCDD/Fs in products from full-scale relevant pyrolysis of diverse contaminated organic waste. J. Hazard. Mater. 2023, 132546, in press. [Google Scholar] [CrossRef]

	



Mercurio, M.; Olusegun, S.J.; Malinska, K.; Wystalska, K.; Sobik-Szoltysek, J.; Dabrowska, A.; Krysinski, P.; Osial, M. Removal of tetracycline and rhodamine from aqueous systems by pristine biochar derived from poultry manure. Desalination Water Treat. 2023, 288, 72–86. [Google Scholar] [CrossRef]

	



He, P.; Liu, Y.; Shao, L.; Zhang, H.; Lü, F. Particle size dependence of the physicochemical properties of biochar. Chemoshpere 2018, 212, 385–392. [Google Scholar] [CrossRef] [PubMed]

	



PN-EN ISO 18122:2016-01 Polish Version; Solid Biofuels—Determination of Ash Content. Polish Committee for Standardization: Warsaw, Poland, 2016.

	



PN-EN 1236 Polish Vesion; Nawozy–oznaczani gęstości nasypowej (luźnej). Polish Committee for Standarization: Warsaw, Poland, 1999.

	



ASTM D2216-10; Standard Test Methods for Laboratory Determination of Water (Moisture) Content of Soil and Rock by Mass. Available online: astm.org (accessed on 3 August 2023).

	



PN-ISO 10694:2002 Polish Version; Jakość gleby—Oznaczanie zawartości węgla organicznego i całkowitej zawartości węgla po suchym spalaniu (analiza elementarna). Polish Committee for Standardization: Warsaw, Poland, 2002.

	



CSN ISO 29541 ISO 29541:2010; Solid Mineral Fuels—Determination of Total Carbon, Hydrogen and Nitrogen Content—Instrumental Method. ISO: Geneva, Switzerland, 2010.

	



CSN EN ISO 16994; Solid Mineral Fuels—Determination of Total Carbon, Hydrogen and Nitrogen Content—Instrumental Method. 2010.

	



CSN EN ISO 16948; Solid Biofuels—Determination of Total Content of Carbon, Hydrogen and Nitrogen. ISO: Geneva, Switzerland, 2015.

	



CSN EN 15407; Solid Recovered fuels-Methods for the Determination of Carbon (C), Hydrogen (H) and Nitrogen (N) Content. Comite Europeen de Normalisation: Brussels, Belgium, 2011.

	



CSN ISO 19579; Solid Mineral Fuels—Determination of Sulfur by IR Spectrometry. ISO: Geneva, Switzerland, 2006.

	



CSN EN 15408; Solid Recovered Fuels. Methods for the Determination of Sulphur (S), Chlorine (Cl), Fluorine (F) and Bromine (Br) Content. European Standards, 2006.

	



CSN ISO 10694; Soil Quality—Determination of Organic and Total Carbon after Dry Combustion (Elementary Analysis). International Standards, 1995.

	



US EPA 1613B; Tetra- through Octa-Chlorinated Dioxins and Furans by Isotope Dilution HRGC/HRMS. U.S. Environmental Protection Agency: Washington, DC, USA, 1994.

	



CSN EN 16190; Soil, Treated Biowaste and Sludge—Determination of Dioxins and Furans and Dioxin-like Polychlorinated Biphenyls by Gas Chromatography with High Resolution Mass Selective Detection (HR GC-MS). European Standards, 2018.

	



US EPA 8270D; Semivolatile Organic Compounds by Gas Chromatography/Mass Spectrometry. U.S. Environmental Protection Agency: Washington, DC, USA, 2014.

	



US EPA 8082A; Polychlorinated Biphenyls (PCBs) by Gas Chromatography. U.S. Environmental Protection Agency: Washington, DC, USA, 2007.

	



CSN EN 15527; Plastics—Compression-Moulded Sheets of Polyethylene (PE-UHMW, PE-HD)—Requirements and Test Methods. European Standards, 2018.

	



ISO 18287; Soil Quality—Determination of Polycyclic Aromatic Hydrocarbons (PAH)—Gas Chromatographic Method with Mass Spectrometric Detection (GC-MS). ISO: Geneva, Switzerland, 2006.

	



ISO 10382; Soil Quality—Determination of Organochlorine Pesticides and Polychlorinated Biphenyls—Gas-Chromatographic Method with Electron Capture Detection. ISO: Geneva, Switzerland, 2002.

	



CSN EN 15308; Characterization of Waste—Determination of Selected Polychlorinated Biphenyls (PCB) in Solid Waste by Using Capillary Gas Chromatography with Electron Capture or Mass Spectrometric Detection. European Standards, 2008.

	



US EPA 3546; Microwave Extraction, part of Test Methods for Evaluating Solid Waste, Physical/Chemical Methods. U.S. Environmental Protection Agency: Washington, DC, USA, 2007.

	



Worwąg, M.; Sobik-Szołtysek, J. The Influence of Soil Fertilization with Struvite on Water Efficiency—Lysymetric Columns. Rocz. Ochr. Sr. 2019, 21, 894–905. Available online: https://ros.edu.pl/index.php?option=com_content&view=article&id=757:055-ros-v21-r2019&Itemid=103&lang=pl (accessed on 26 January 2023).

	



Roberts, D.A.; Cole, J.A.; Whelan, A.; de Nys, R.; Paul, N.A. Slow pyrolysis enhances the recovery and reuse of phosphorus and reduces metal leaching. Waste Manag. 2017, 64, 133–139. [Google Scholar] [CrossRef]

	



Novak, J.M.; Lima, I.; Xing, B.; Gaskin, J.W.; Steiner Ch Das, K.C.; Ahmedna, M.; Rehrah, D.; Watts, D.W.; Busscher, W.J.; Schomberg, H. Characterizaton of designer biochar produced at different temperatures and their effects on a loamy sand. Ann. Environ. Sci. 2009, 3, 195–206. [Google Scholar]

	



Hadroug, S.; Jellali, S.; Leahy, J.J.; Kwapinska, M.; Jeguirim, M.; Hamdi, H.; Kwapinski, W. Pyrolysis Process as a Sustainable Management Option of Poultry Manure: Characterization of the Derived Biochars and Assessment of their Nutrient Release Capacities. Water 2019, 11, 2271. [Google Scholar] [CrossRef]

	



Gąsior, D.; Tic, W.J. Application of the biochar-based technologies as the way of realization of the sustainable development strategy. Econ. Environ. Stud. 2017, 17, 597–611. [Google Scholar] [CrossRef]

	



Adhikari, S.; Mahmud Parvez, M.A.; Nguyen, M.C.; Timms, W. Evaluating fundamental biochar properties in relation to water holding capacity. Chemosphere 2023, 328, 138620. [Google Scholar] [CrossRef]

	



Teixeira, W.G.; Verheijen, F.; de Oliveira Marques, D.J. Water holding capacity of biochar and biochar-amended soils. In Biochar as a Renewable-Based Material; World Scientific Publishing: Singapore, 2020; pp. 61–83. [Google Scholar] [CrossRef]

	



Li, S.; Chen, G. Thermogravimetric, thermochemical, and infrared spectral characterization of feedstocks and biochar derived at different pyrolysis temperatures. Waste Manag. 2018, 78, 198–207. [Google Scholar] [CrossRef]

	



EBC (2012–2022) ‘European Biochar Certificate—Guidelines for a Sustainable Production of Biochar’. European Biochar Foundation (EBC), Arbaz, Switzerland. Available online: http://european-biochar.org (accessed on 7 November 2022).

	



International Biochar Initiative, Standardized Product Definition and Product Testing Guidelines for Biochar That Is Used in Soil. 2015. Available online: https://biochar-international.org/wp-content/uploads/2023/01/IBI_Biochar_Standards_V2.1_Final.pdf (accessed on 26 February 2022).

	



Uchimiya, M.; Chang, S.; Klasson, K.T. Screening biochars for heavy metal retention in soil: Role of oxygen functional groups. J. Hazard. Mater. 2011, 190, 432–441. [Google Scholar] [CrossRef]

	



Regulation (EU) 1009/2019; Fertilizing Product Directive. Europian Union: Brussels, Belgium, 2019.

	



Maj, I.; Kalisz, S.; Ciukaj, S. Properties of Animal-Origin Ash—A Valuable Material for Circular Economy. Energies 2022, 15, 1274. [Google Scholar] [CrossRef]

	



Quiroga, G.; Castrillón, L.; Fernández-Nava, Y.; Marañón, E. Physico-chemical analysis and calorific values of poultry manure. Waste Manag. 2010, 30, 880–884. [Google Scholar] [CrossRef] [PubMed]

	



Adamczyk, Z.; Cempa, M.; Białecka, B. Popiół bogaty w fosfor ze spalania odchodów drobiowych w reaktorze ze złożem fluidalnym. Minerały 2021, 11, 785. [Google Scholar] [CrossRef]

	



Weber, R.; Sakurai, T. Formation characteristics of PCDD and PCDF during pyrolysis processes. Chemosphere 2001, 45, 1111–1117. [Google Scholar] [CrossRef] [PubMed]

	



Bucheli TDHilber, I.; Schmidt, H.P. Polycyclic aromatic hydrocarbons and polychlorinated aromatic compounds in biochar. In Biochar for Environmental Management; Routledge: London, UK, 2015. [Google Scholar]

	



Zielińska, A.; Oleszczuk, P. Bioavailability and bioaccessibility of polycyclic aromatic hydrocarbons (PAHs) in historically contaminated soils after lab incubation with sewage sludge-derived biochars. Chemosphere 2016, 163, 480–489. [Google Scholar] [CrossRef]

	



Hilber, I.; Mayer, P.; Gouliarmou, V.; Hale, S.E.; Cornelissen, G.; Schmidt, H.-P.; Bucheli, T.D. Bioavailability and bioaccessibility of polycyclic aromatic hydrocarbons from (post-pyrolytically treated) biochars. Chemosphere 2017, 174, 700–707. [Google Scholar] [CrossRef] [PubMed]

	



Stefaniuk, M.; Oleszczuk, P. Addition of biochar to sewage sludge decreases freely dissolved PAHs content and toxicity of sewage sludge-amended soil. Environ. Pollut. 2016, 218, 242–251. [Google Scholar] [CrossRef]

	



Stefaniuk, M.; Oleszczuk, P.; Różyło, K. Co-application of sewage sludge with biochar increases disappearance of polycyclic aromatic hydrocarbons from fertilized soil in long term field experiment. Sci. Total Environ. 2017, 599–600, 854–886. [Google Scholar] [CrossRef]

	



Rathnayake, D.; Schmidt, H.-P.; Leifeld, J.; Mayer, J.; Epper, C.A.; Bucheli, T.D.; Hagemann, N. Biochar from animal manure: A critical assessment on technical feasibility, economic viability, and ecological impact. GCB Bioenergy 2023, 15, 1078–1104. [Google Scholar] [CrossRef]

	



Muñoz, C.; Ginebra, M.; Zagal, E. Variation of greenhouse gases fluxes and soil properties with addition of biochar from farm-wastes in volcanic and non-volcanic soils. Sustainability 2019, 11, 1831. [Google Scholar] [CrossRef]

	



Uchimiya, M.; Hiradate, S. Pyrolysis temperature-dependent changes in dissolved phosphorus speciation of plant and manure biochars. J. Agric. Food Chem. 2014, 62, 1802–1809. [Google Scholar] [CrossRef]

	



Kuo, Y.-L.; Lee, C.-H.; Jien, S.-H. Reduction of Nutrient Leaching Potential in Coarse-Textured Soil by Using Biochar. Water 2020, 12, 2012. [Google Scholar] [CrossRef]

	



Atkinson, C.J.; Fitzgerald, J.D.; Hipps, N.A. Potential mechanisms for achieving agricultural benefits from biochar applications to temperate soils: A review. Plant Soil 2010, 337, 1–18. [Google Scholar] [CrossRef]

	



Novak, J.M.; Johnson, M.G.; Spokas, K.A. Concentration and release of phoshporus and potassium from lignocellulocis- and manure-based biocharsfor fertilizer reuse. Front. Sustain. Foos Syst. 2018, 2, 54. [Google Scholar] [CrossRef]

	



Gao, T.; Gao, M.; Peng, J.; Li, N. Effects of different amount of biochar on nitrogen, phosphorus and potassium nutrients in soil. IOP Conf. Ser. Mater. Sci. Eng. 2018, 394, 2. [Google Scholar] [CrossRef]

	



Brtnicky, M.; Mustafa, A.; Hammerschmiedt, T.; Kintl, A.; Trakal, L.; Beesley, L.; Ryant, P.; Omara-Ojungu, C.; Baltazar, T.; Holatko, J. Pre-activated biochar by fertilizers mitigates nutrient leaching and stimulates soil microbial activity. Chem. Biol. Technol. Agric. 2023, 10, 57. [Google Scholar] [CrossRef]

	



Zhang, C.; Huang, X.; Zhang, X.; Wan, L.; Wang, Z. Effects of biochar application on soil nitrogen and phosphorus leaching loss and oil peony growth. Agric. Water Manag. 2021, 255, 107022. [Google Scholar] [CrossRef]

	



Wystalska, K.; Malińska, K.; Barczak, M. Poultry manure derived biochars—The impact of pyrolysis temperature on selected properties and potentials for further modifications. J. Sustain. Dev. Energy Water Environ. Syst. 2021, 9, 1080337. [Google Scholar] [CrossRef]

	



Hasnan, F.I.; Iamail, K.N.; Musa, M.; Jaapar, J.; Alwi, H.; Hamid, K.K.K. Characterization of bio char derived from tapioca skin. IOP Conf. Ser. Mater. Sci. Eng. 2018, 334, 012016. [Google Scholar] [CrossRef]

	



Hibler, I.; Blum, F.; Leifeld, J.; Schmidt, H.P.; Buche, T.D. Quantitative determination of PAHs in biochar: A prerequisite to ensure its quality and safe ap-plication. J. Agric. Food Chem. 2012, 60, 3042–3050. [Google Scholar] [CrossRef]

	



Fabbri, D.; Rombolà, A.G.; Torri, C.; Spokas, K.A. Determ. Poly-cyclic aromatic carbons in biochar and biochar amended soil. J. Anal. Appl. Pyrolysis 2013, 103, 60–67. [Google Scholar] [CrossRef]

	



Novak, J.; Cantrell, K.; Watts, D.; Johnson, M. Designing Relevant Biochars to Revitalize Soil Quality: Current Status and Advances. In Functions of Natural Organic Matter in Changing Environment; Xu, J., Wu, J., He, Y., Eds.; Springer: Dordrecht, The Netherlands, 2013. [Google Scholar] [CrossRef]

	



Wang, Y.; Hu, Y.; Zhao, X.; Wang, S.; Xing, G. Comparisons of biochar properties from wood material and crop residues at different temperatures and residence times. Energy Fuels 2013, 27, 5890–5899. [Google Scholar] [CrossRef]

	



Yu, O.Y.; Harper, M.; Hoepfl, M.; Domermuth, D. Characterization of biochar and its effects on the water holding capacity of loamy sand soil: Comparison of hemlock biochar and switchblade grass biochar characteristics. Environ. Prog. Sustain. Energy 2017, 36, 1474–1479. [Google Scholar] [CrossRef]

	



Chantanumat, Y.; Phetwarotai, W.; Sangthong, S.; Palamanit, A.; Abu Bakar, M.S.; Cheirsilp, B.; Phusunti, N. Characterization of bio-oil and biochar from slow pyrolysis of oil palm plantation and palm oil mill wastes. Biomass Convers. Biorefin. 2022, 1–13. [Google Scholar] [CrossRef]

	



Chen, J.; Fang, D.; Duan, F. Pore characteristics and fractal properties of biochar obtained from the pyrolysis of coarse wood in a fluidized-bed reactor. Appl. Energy 2018, 218, 54–65. [Google Scholar] [CrossRef]

	



Tsai, W.T.; Liu, S.C.; Chen, H.R.; Chang, Y.M.; Tsai, Y.L. Textural and chemical properties of swine-manure-derived biochar pertinent to its potential use as a soil amendment. Chemosphere 2012, 89, 198–203. [Google Scholar] [CrossRef]

	



Zhang, J.; Huang, B.; Chen, L.; Li, Y.; Li, W.; Luo, Z. Characteristics of biochar produced from yak manure at different pyrolysis temperatures and its effects on the yield and growth of highland barley. Chem. Speciat. Bioavailab. 2018, 30, 57–67. [Google Scholar] [CrossRef]

	



Yue, Y.; Lin, Q.; Xu, Y.; Li, G.; Zhao, X. Slow pyrolysis as a measure for rapidly treating cow manure and the biochar characteristics. J. Anal. Appl. Pyrolysis 2017, 124, 355–361. [Google Scholar] [CrossRef]

	



Uzoma, K.C.; Inoue, M.; Andry, H.; Fujimaki, H.; Zahoor, A.; Nishihara, E. Effect of cow manure biochar on maize productivity under sandy soil condition. Soil Use Manag. 2011, 27, 205–212. [Google Scholar] [CrossRef]

	



Gasco, G.; Paz-Ferreiro, J.; Cely, P.; Plaza, C.; Mendez, A. Influence of pig manure and its biochar on soil CO2 emissions and soil enzymes. Ecol. Eng. 2016, 95, 19–24. [Google Scholar] [CrossRef]

	



Dróżdż, D.; Wystalska, K.; Malińska, K.; Grosser, A.; Grobelak, A.; Kacprzak, M. Management of poultry manure in Poland—Current state and future perspectives. J. Environ. Manag. 2020, 264, 110327. [Google Scholar] [CrossRef] [PubMed]

	



Camps-Arbestain, M.; Amonette, J.; Singh, B.; Wang, T.; Schmidt, H.-P. A biochar classification system and associated test methods. In Biochar for Environmental Management: Science, Technology and Implementation; Routledge: New York, NY, USA, 2015. [Google Scholar]

	



He, Z.; Pagliari, P.H.; Waldrip, H.M. Applied and environmental chemistry of animal manure: A review. Pedosphere 2016, 26, 779–816. [Google Scholar] [CrossRef]








 





Table 1. Properties of poultry-manure-derived biochars reported in the literature.






Table 1. Properties of poultry-manure-derived biochars reported in the literature.





	
Temp.

°C

	
pH

	
Ash

%

	
N

%

	
TC

%

	
Ca

g·kg−1

	
Mg

g·kg−1

	
P

g·kg−1

	
K

g·kg−1

	
BET

m2·g−1

	
BD kg·m−3

	
WHC

%

	
CEC cmol (+) kg−1

	
References






	
200

	
7.20

	
-

	
3.53

	
39.7

	
-

	
-

	
3.39

	
1.04

	
-

	
-

	
-

	
580

	
[25]




	
300

	
7.30

	
-

	
3.80

	
42.4

	
-

	
-

	
4.13

	
1.26

	
-

	
-

	
-

	
690




	
300

	
8.00

	
36.50

	
3.52

	
39.07

	
-

	
-

	
-

	
-

	
4.00

	
-

	
-

	
-

	
[26]




	
300

	
9.68

	
40.09

	
4.30

	
40.47

	
0.07

	
0.03

	
39.20

	
5.85

	
4.51

	
-

	
-

	
-

	
[27]




	
300

	
9.5

	
47.87

	
4.91

	
37.99

	
23.88

	
0.28

	
16.59

	
32.01

	
2.8

	
-

	
64.32

	
52

	
[28]




	
350

	
9.9

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
4.00

	
-

	
-

	
-

	
[29]




	
350

	
10.3

	
51.29

	
3.49

	
37.65

	
22.57

	
0.13

	
13.33

	
34.18

	
3.5

	
-

	
59.56

	
45

	
[28]




	
400

	
10.4

	
56.62

	
1.46

	
36.10

	
13.08

	
0.07

	
7.00

	
36.67

	
4.0

	
-

	
52.38

	
40

	
[28]




	
400

	
9.98

	
-

	
4.70

	
47.9

	
-

	
-

	
5.58

	
1.72

	
-

	
-

	
-

	
750

	
[25]




	
425

	
10.40

	
52.07

	
4.81

	
37.98

	
12.70

	
1.32

	
3.65

	
4.93

	
12

	
-

	
-

	
31.9

	
[30]




	
450

	
10.00

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
7.00

	
-

	
-

	
-

	
[29]




	
450

	
10.5

	
58.66

	
1.15

	
35.22

	
9.56

	
0.06

	
5.07

	
39.17

	
4.5

	
-

	
48.30

	
38

	
[28]




	
475

	
12.04

	
50.20

	
3.73

	
30.76

	
14.69

	
1.00

	
19.27

	
3.24

	
-

	
-

	
-

	
-

	
[31]




	
500

	
11.3

	
60.58

	
1.12

	
34.47

	
9.18

	
0.05

	
4.44

	
40.40

	
5.0

	
-

	
46.18

	
35

	
[28]




	
500

	
11.02

	
50.00

	
3.15

	
34.41

	
0.05

	
0.11

	
45.93

	
6.40

	
8.08

	
-

	
-

	
-

	
[27]




	
500

	
11.50

	
-

	
4.50

	
55.1

	
-

	
-

	
6.38

	
1.97

	
-

	
-

	
-

	
865

	
[25]




	
500

	
9.1

	
-

	
2.13

	
29.67

	
54.00

	
5.1

	
19.4

	
17.2

	
11.51

	
-

	
60

	
35.59

	
[32]




	
550

	
10.20

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
6.00

	
-

	
-

	
-

	
[29]




	
550

	
11.00

	
60.65

	
1.25

	
33.88

	
8.54

	
0.05

	
4.15

	
43.89

	
5.5

	
-

	
44.47

	
32

	
[28]




	
550

	
7.69

	
46.20

	
3.81

	
33.7

	
-

	
-

	
-

	
-

	
6.97

	
-

	
-

	
222

	
[33]




	
525

	
10.65

	
61.74

	
2.50

	
29.00

	
16.30

	
1.41

	
3.28

	
4.47

	
17

	
-

	
-

	
118.9

	
[30]




	
580

	
7.56

	
8.21

	
0.65

	
52.3

	
0.75

	
0.26

	
0.73

	
1.25

	
-

	
-

	
-

	
-

	
[34]




	
580

	
7.86

	
8.32

	
0.85

	
55.7

	
4.63

	
0.07

	
0.38

	
1.92

	
-

	
<0.1

	
-

	
-

	
[35]




	
600

	
11.50

	
60.78

	
1.33

	
32.52

	
8.24

	
0.05

	
2.82

	
44.61

	
6.0

	
-

	
41.85

	
30

	
[28]




	
600

	
9.22

	
49.99

	
1.86

	
32.30

	
-

	
-

	
-

	
-

	
86.67

	
-

	
-

	
-

	
[26]




	
675

	
12.55

	
-

	
3.07

	
30.56

	
14.03

	
1.00

	
17.23

	
3.01

	
-

	
-

	
-

	
-

	
[31]




	
680

	
10.1

	
11.16

	
1.3

	
86.79

	
-

	
-

	
-

	
-

	
6.96

	
-

	
-

	
-

	
[36]




	
700

	
11.81

	
54.78

	
2.84

	
33.77

	
0.15

	
0.21

	
49.51

	
6.39

	
10.89

	
-

	
-

	
-

	
[27]




	
725

	
12.45

	
78.38

	
2.76

	
37.42

	
18.1

	
1.50

	
4.00

	
5.55

	
19

	
-

	
-

	
386.3

	
[30]




	
775

	
13.40

	
-

	
3.69

	
30.29

	
14.87

	
0.93

	
15.46

	
2.66

	
-

	
-

	
-

	
-

	
[31]




	
800

	
12.2

	
68.2

	
2.2

	
23.9

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
[37]




	
800

	
10.11

	
64.63

	
2.01

	
30.35

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
[38]











 





Table 2. Biochar yields at the selected pyrolysis temperatures.
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	425 °C
	525 °C
	625 °C
	725 °C





	Biochar yield, %
	51.24 ± 0.77
	47.43 ± 0.45
	44.41 ± 0.51
	39.59 ± 0.82










 





Table 3. Selected physico-chemical and physical properties of the obtained biochars.
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	PMB 425 °C
	PMB 525 °C
	PMB 625 °C
	PMB 725 °C





	pHH2O
	9.24
	10.18
	11.10
	12.35



	Ash, % (d.m.)
	55.61
	63.91
	63.50
	73.34



	Total carbon (TC), % (d.m.)
	38.57
	37.70
	38.20
	31.28



	Ca, % (d.m.)
	12.50
	12.20
	15.10
	16.70



	Mg, % (d.m.)
	0.83
	1.45
	1.43
	1.53



	P, % (d.m.)
	2.03
	3.91
	3.70
	3.68



	K, % (d.m.)
	2.74
	4.96
	4.76
	5.13



	Brunauer–Emmett–Teller (BET) surface area, m2·g−1
	12
	13
	11
	18



	t-plot micropore area, m2·g−1
	5.3
	3.2
	2.5
	2.6



	Cation exchange capacity (CEC), cmol (+)·kg−1
	136.2
	111.7
	226.1
	481.5



	Bulk density (BD wet), kg·m−3
	200
	199
	182
	251



	Water holding capacity (WHC), % w/w
	158
	219
	217
	232










 





Table 4. Elemental analysis of the obtained biochars.
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	% (d.m)
	PMB 425 °C
	PMB 525 °C
	PMB 625 °C
	PMB 725 °C





	TOC
	29.30
	29.16
	35.78
	32.47



	H
	2.37
	1.56
	1.17
	1.36



	N
	4.00
	3.26
	3.03
	3.02



	S
	0.30
	0.52
	0.49
	0.51



	H/Corg
	0.89
	0.57
	0.42
	0.56










 





Table 5. The contents of heavy metals in the obtained biochars.
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	Heavy Metals

mg·kg−1 (d.m.)
	Permissible Limits according to the Regulation (EU) 1009/2019
	PMB 425 °C
	PMB 525 °C
	PMB 625 °C
	PMB 725 °C





	Cd
	2
	0.580
	0.610
	<0.300
	<0.300



	Pb
	120
	<2
	2.05
	<2
	2.02



	Cr
	2
	17.10
	29.80
	29.60
	24.60



	Cu
	300
	84.6
	156
	158
	144



	Ni
	50
	16.4
	26.6
	28.0
	32.8



	Zn
	800
	434
	831
	775
	747



	Hg
	1
	<0.0006
	<0.0006
	0.0008
	0.0007










 





Table 6. Dioxins and furans in the obtained biochars.
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	Type of Contaminant

ng·kg−1 (d.m.)
	PMB 425 °C
	PMB 525 °C
	PMB625 °C
	PMB 725 °C





	2378-TCDD
	<9.20
	<1.10
	<1.10
	<1.10



	12378-PeCDD
	<1.40
	<1.30
	<1.20
	<1.30



	123478-HxCDD
	<1.80
	<1.60
	<1.70
	<1.70



	123678-HxCDD
	<1.80
	<1.60
	<1.70
	<1.70



	123789-HxCDD
	<1.80
	<1.60
	<1.70
	<1.70



	1234678-HpCDD
	<1.90
	<1.80
	<2.20
	<2.30



	OCDD
	<9.30
	<2.10
	<2.70
	<3.20



	2378-TCDF
	<1.20
	<1.10
	<1.20
	<1.10



	12378-PeCDF
	<1.50
	<1.40
	<1.40
	<1.30



	23478-PeCDF
	<1.50
	<1.40
	<1.40
	<1.30



	123478-HxCDF
	<1.90
	<1.80
	<1.90
	<1.80



	123678-HxCDF
	<1.90
	<1.80
	<1.90
	<1.80



	123789-HxCDF
	<1.90
	<1.80
	<1.90
	<1.80



	234678-HxCDF
	<1.90
	<1.80
	<1.90
	<1.80



	1234678-HpCDF
	<2.20
	<1.90
	<2.30
	<2.50



	1234789-HpCDF
	<2.20
	<1.90
	<2.30
	<2.50



	OCDF
	<2.40
	<2.30
	<3.50
	<2.50



	TEQ-Lowerboud
	0.00
	0.00
	0.00
	0.00



	TEQ-Upperbound
	3.90
	3.80
	3.90
	3.90










 





Table 7. PAHs and PCBs in the obtained biochars.






Table 7. PAHs and PCBs in the obtained biochars.





	Type of Contaminant

mg·kg−1 (d.m.)
	PMB 425 °C
	PMB 525 °C
	PMB 625 °C
	PMB 725 °C





	Naphthalene
	0.097
	0.089
	1.460
	16.700



	Acenaphthylene
	<0.010
	<0.010
	0.214
	1.430



	Acenaphthene
	<0.010
	<0.010
	0.052
	0.748



	Fluorene
	0.032
	<0.010
	<0.040
	<0.220



	Phenanthrene
	0.035
	0.036
	0.207
	3.160



	Anthracene
	0.010
	<0.010
	0.045
	<1.090



	Fluoranthene
	<0.010
	<0.010
	0.050
	<0.560



	Pyrene
	<0.010
	<0.010
	0.070
	0.647



	Benzo(a)anthracene
	<0.010
	<0.010
	<0.030
	- *



	Chrysen
	0.016
	<0.010
	<0.011
	- *



	Benzo(b)fluoranthene
	<0.010
	<0.010
	0.012
	- *



	Benzo(k)fluoranthene
	<0.010
	<0.010
	<0.011
	- *



	Benzo(a)pyrene
	<0.010
	<0.010
	<0.011
	- *



	Indeno(1.2.3.cd)pyrene
	<0.010
	<0.010
	<0.030
	- *



	Benzo(g.h.i)perylene
	<0.010
	<0.010
	- *
	- *



	Dibenzo(a.h)anthracene
	<0.010
	<0.010
	<0.030
	- *



	Sum of 16 PAHs
	0.190
	<0.160
	- *
	- *



	PCB 28
	<0.0030
	<0.0030
	<0.0030
	<0.1290



	PCB 52
	<0.0030
	<0.0030
	<0.0030
	<0.0030



	PCB 101
	<0.0030
	<0.0030
	<0.0030
	<0.1140



	PCB 118
	<0.0030
	<0.0030
	<0.0030
	<0.0210



	PCB 138
	<0.0030
	<0.0030
	<0.0030
	<0.0030



	PCB 153
	<0.0020
	<0.0020
	<0.0020
	<0.0020



	PCB 180
	<0.0030
	<0.0030
	<0.0030
	<0.2550



	Sum of 6 PCBs
	<0.0170
	<0.0170
	<0.0170
	<0.5060



	Sum of 7 PCB
	<0.0200
	<0.0200
	<0.0200
	<0.5270







* Not determined due to the sample matrix complexity.













 





Table 8. Sorption of NNH4 and PPO4 in the solution by the PMBs.
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Type of Biochar

	
NNH4, %

(the Solution Containing NNH4)

	
PPO4, %

(the Solution Containing PPO4)

	
NNH4 i PPO4, %

(the Solution Containing Both

NNH4 + PPO4)




	
NNH4, %

	
PPO4, %






	
PMB 425 °C

	
−8.99 *

	
97.91

	
−9.81 *

	
81.27




	
PMB 525 °C

	
−62.26 *

	
97.20

	
−46.05 *

	
91.54




	
PMB 625 °C

	
−2.45 *

	
77.72

	
−2.45 *

	
71.11




	
PMB 725 °C

	
4.66

	
99.33

	
6.27

	
98.52








* Negative values indicate higher concentrations of nitrogen in the solution in comparison to the initial concentration of nitrogen in the solution (desorption).













 





Table 9. Properties of various biochars used for peat substitution reported in the literature.
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Type of Biochar

	
Temp. °C

	
pH

	
Ash

%

	
N

%

	
TC

%

	
Ca

	
Mg

	
P

	
K

	
BET

m2·g−1

	
BD

g·m−3

	
WHC

%

	
CEC

cmol (+) kg−1

	
Yield

%

	
References






	
Plant derived




	
Peanut hull

	
400

	
7.6

	
8.2

	
2.7

	
74.8

	
-

	
-

	
0.04

	
0.15

	
-

	
-

	
-

	
2.4

	
-

	
[97]




	
Peanut hull

	
500

	
7.8

	
9.3

	
2.7

	
81.8

	
-

	
-

	
0.03

	
0.17

	
-

	
-

	
-

	
2.1

	
-




	
Pecan shell

	
350

	
6.3

	
2.4

	
0.26

	
64.5

	
-

	
-

	
0.02

	
0.06

	
-

	
-

	
-

	
3.1

	
-




	
Pecan shell

	
700

	
7.8

	
5.2

	
0.51

	
91.2

	
-

	
-

	
0.03

	
0.04

	
-

	
-

	
-

	
2.9

	
-




	
Switchgrass

	
250

	
6.2

	
2.6

	
0.43

	
55.3

	
-

	
-

	
0.03

	
0.06

	
-

	
-

	
-

	
2.5

	
-




	
Switchgrass

	
500

	
7.0

	
7.8

	
1.07

	
84.4

	
-

	
-

	
0.03

	
0.08

	
-

	
-

	
-

	
2.3

	
-




	
Hardwood wastes

	
500

	
6.6

	
8.9

	
3.0

	
71.4

	
-

	
-

	
0.02

	
0.06

	
-

	
-

	
-

	
2.3

	
-




	
Rice straw

	
500

	
10.7

	
27.9

	
1.18

	
47.22

	
5.63

	
9.94

	
1.05

	
0.47

	
1.89

	
-

	
-

	
23.1

	
37.6

	
[98]




	
Rice straw

	
700

	
11.1

	
31.8

	
0.83

	
41.65

	
6.33

	
6.56

	
1.31

	
0.6

	
199

	
-

	
-

	
20.0

	
33.7




	
Wheat straw

	
500

	
9.2

	
14.5

	
0.53

	
49.78

	
0.90

	
0.31

	
0.70

	
24.0

	
2.48

	
-

	
-

	
20.1

	
30.6




	
Wheat straw

	
700

	
10.7

	
17.9

	
0.34

	
52.59

	
0.94

	
0.31

	
0.73

	
25.7

	
319

	
-

	
-

	
15.4

	
26.8




	
Maize straw

	
500

	
10.3

	
30.0

	
2.18

	
48.81

	
1.03

	
0.41

	
7.00

	
16.6

	
0.17

	
-

	
-

	
26.1

	
32.3




	
Maize straw

	
700

	
10.7

	
29.4

	
1.97

	
51.12

	
1.12

	
0.49

	
7.96

	
18.8

	
20.5

	
-

	
-

	
24.8

	
26.1




	
Rice husk

	
500

	
10.0

	
37.9

	
1.09

	
37.16

	
0.31

	
0.11

	
2.10

	
2.74

	
12.2

	
-

	
-

	
11.7

	
37.6




	
Rice husk

	
700

	
10.8

	
40.4

	
0.92

	
37.51

	
0.29

	
0.13

	
2.40

	
2.65

	
136

	
-

	
-

	
7.4

	
33.7




	
Cocount shell

	
500

	
10.3

	
7.3

	
0.35

	
56.10

	
0.33

	
0.21

	
0.72

	
20.4

	
69.4

	
-

	
-

	
31.1

	
32.7




	
Cocount shell

	
700

	
10.8

	
8.7

	
0.21

	
56.00

	
0.28

	
0.18

	
1.31

	
24.3

	
341

	
-

	
-

	
20.2

	
27.8




	
Bamboo wood

	
500

	
10.0

	
2.3

	
0.34

	
37.77

	
0.12

	
0.27

	
0.39

	
17.1

	
169

	
-

	
-

	
3.0

	
25.3




	
Bamboo wood

	
700

	
8.9

	
2.5

	
0.26

	
38.59

	
0.25

	
0.14

	
0.30

	
2.34

	
306

	
-

	
-

	
0.5

	
23.0




	
Elm wood

	
500

	
7.8

	
1.1

	
0.16

	
45.92

	
0.26

	
0.06

	
0.19

	
4.97

	
84.3

	
-

	
-

	
1.7

	
29.3




	
Elm wood

	
700

	
9.2

	
1.8

	
0.03

	
47.04

	
0.44

	
0.13

	
0.16

	
3.71

	
325

	
-

	
-

	
0.1

	
21.2




	
Hemlock

	
500

	
7.4

	
-

	
-

	
-

	
46

	
11

	
6

	
4

	
-

	
-

	
-

	
0.9

	
-
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Switchblade grass

	
500

	
9.3

	
-

	
-

	
-

	
64

	
14

	
22

	
50

	
-

	
-

	
-

	
1.4

	
-




	
Palm waste

	
600

	
-

	
13.86

	
0.93

	
67.28

	
-

	
-

	
-

	
-

	
3.28

	
-

	
-

	
-

	
26

	
[100]




	
Manure derived




	
Dairy manure

	
