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Abstract. This study explores biochar production from Miscanthus waste biomass via oxidative pyrolysis at 600°C. The resulting biochar shows high stability, enhanced moisture retention, and a significant calorific value. Its superior physicochemical properties, including high fixed carbon content and specific surface area, make it a promising material for soil and energy applications.
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Introduction
Biochar is a product of the pyrolysis of organic raw materials, mainly wastes, formed under conditions of absence of low oxygen availability [1]. The thermal treatment of biomass at the  temperatures between 300–750°C results in formation of a high-carbon material with unique physicochemical properties. During pyrolysis, lignocellulosic components (cellulose, hemicellulose, and lignin) undergo processes of depolymerization, fragmentation, and cross-linking, which lead to the formation of products in various aggregate states: solid (biochar), liquid (biooil), and gaseous (biogas, i.e.CO2, CO, H2, hydrocarbons) [2].
Biochar is a highly stable material with an expected lifespan of thousands of years, distinguishing it from other soil amendments like compost and animal manure, which decompose much more rapidly [3]. Thanks to its porous structure, biochar has the ability to enhance carbon absorption in soil, which can contribute to reduction of  CO₂ emissions. Its addition to soil positively impacts to water balance and improves nutrient retention, thereby increasing soil fertility [4].
One of the main advantages of biochar is the ability to stimulate microbial processes in soil. It promotes the growth of microorganisms that decompose organic matter and enhance nutrient availability for plants. Biochar influences to  composition of microbial communities by altering the ratio of microorganisms and their functions [5,6]. 
The  properties of biochar are influenced by various factors, with the most important being the type of feedstock,  pyrolysis temperature, and process duration [7-9]. In Ukraine, biochar production is primarily focused on wood processing, while the use of plants’ waste biomass, such as straw, corn stalks, and sunflower stems, is still in the early stages of development, mainy limited by the laboratory level research. However, expanding biochar production from agricultural waste could become a significant part of the circular economy, helping to reduce waste and enhance the efficiency of land resource use.
A promising direction for biochar production can be utilization of of Miscanthus biomass during its first and second years of growth. At the early stages of cultivation of this crop its yield is typically low, making the use of the first two years vegetation biomass  as alternative energy economically unvisible. However, rather than considering it as a waste, this biomass can be effectively processed into biochar – a valuable product with added value. This approach not only promotes the rational use of resources but also ensures the sustainable development of the bioenergy sector. 
The study aimed to analyze the quality of biochar produced from Miscanthus waste  via pyrolysis, evaluating a number of physicochemical parameters of the material that determine its effectiveness  during agricultural and ecological applications. 
 Materials and methods 
Pelletized Miscanthus waste was carbonized using oxidative pyrolysis, which ensured limited oxygen access. The characteristics of the initial pelletized Miscanthus waste  are presented in Table 1.
      Table 1 Physicochemical characteristics of Pelletized Miscanthus waste 
	No
	Parameter
	Value

	1
	Pellet diameter
	6–8 mm

	2
	Pellet length (max)
	25–30 mm

	3
	Ash content on dry mass
	≤ 3%

	4
	Moisture content
	≤ 10%

	5
	Bulk density
	640–670 kg/m³

	6
	Calorific value
	18.0–20.1 MJ/kg

	7
	Ash melting temperature
	1180–1200 °C

	8
	Sulfur content
	≤ 0.02%

	9
	Volatile matter content
	85–89%

	10
	Carbon content
	~ 46%



The pyrolysis was conducted in a reactor  with an open top and restricted air access entitled "Farmer,". The reactor was designed at  the Institute for Renewable Energy Sources of the National Academy of Sciences of Ukraine and the  utilized technology was decribed in details earlier [10]. 
The process was conducted with an initial weight of Pelletized Miscanthus waste in the reactor equal to  41.25 kg. The pyrolysis process yielded 9.10 kg of biochar, corresponding to a biochar yield of 22%. The reaction temperature was constantly maintained at 600°C, with a total pyrolysis duration of 240 minutes. The average energy demand for biochar production was calculated as 3.0 W/kg. The hot pyrolysis gas was burned in a flare to reduce environmental pollution from the harmful gases.
The physicochemical properties of the received Miscanthus biochar were evaluated based on specific surface area (m²/g), total pore volume (cm³/g), moisture content (%), volatile matter content (%), fixed carbon content (%), ash content (%), and calorific value (MJ/kg), Ash melting temperatute (°C), Sulfur content ( %), Voltole matter content (%), and Carbon content (%).

Results and discussion
The selected chemical and physical characteristics of the  produced Miscanthus biochar are presented in Table 2. 
Table 2 Physicochemical Characteristics of Biochar derived from Miscanthus waste biomass
	Parameter
	Value
	Standards for Determination

	Specific Surface Area, m²/g
	187
	ASTM D-6556

	Total Pore Volume by Water, cm³/g
	0.55
	ASTM D-1513

	Moisture Content, %
	24.9
	ASTM D-1509

	Volatile Matter Content, %
	8.2
	ASTM D-1620

	Fixed Carbon Content, %
	82.5
	ASTM D1762-84

	Ash Content, %
	9.3
	ASTM D-1506

	Calorific Value, MJ/kg
	28.1
	ASTM D2015



The biochar’s high fixed carbon content equal to 82.5% and low volatile matter content equal to  8.2% are especially noteworthy, as they indicate the received material strong stability. This properties makes the biochar less likely to degrade over time, which is a key factor for long-term carbon storage in soil. Such stability is essential for effective carbon sequestration, helping to reduce atmospheric levels of carbon dioxide. Compared to other materials, such characteristics make biochar particularly effective in mitigation of climate change by storing carbon in the soil for extended periods.
Another important feature of biochar is its porous structure, with a total pore volume of 0.55 cm³/g. This enhances ability of the material to retain moisture, which is especially beneficial for improving soil quality. By increasing the soil's moisture-holding capacity, the biochar helps to maintain more consistent moisture levels, supporting healthier crop growth. The structure also allows biochar to retain nutrients and promote better soil aeration, all of which are beneficial for agricultural productivity.Additionally, the biochar’s high calorific value of 28.1 MJ/kg highlights its potential as a renewable energy source. It can be used in bioenergy systems as an eco-friendly alternative to traditional fossil fuels. The combination of high fixed carbon content, developed porous structure, and excellent energy potential makes received biochar a highly versatile material with valuable applications in environmental and agricultural fields.
In comparison with findings of other researchers, our results highlighted the effectiveness of Miscanthus waste biomass pyrolysis at 600°C. In our experiment, the biochar produced exhibited a specific surface area of 187 m²/g, which is notably higher than reported earlier value of  90 m²/g [11,12]. This significant increasing suggests an enhanced adsorption properties, making our biochar a promising candidate for use as a soil additive or in waste water treatment. 
Regarding the fixed carbon content, its value was equal to 82.5%, which surpasses the values reported in other studies (77.7–81.1%). This indicates he efficiency of the applied pyrolysis condition. The high fixed carbon content of biochar is particularly important because it represents stable carbon that can remain in the soil for extended periods, contributing to long-term carbon sequestration efforts.
The volatile matter content of received biochar was 8.2%, which is consistent with values found in other studies [13] (ranging from 6.6% to 7.4%) This suggests an average level of volatile components, typical for biochar produced at 600°C. Additionally, the ash content of received biochar was equal to 9.3% and was is lower than the values reported for other biochar, which suggested the promising of Miscanthus waste biochar for termal phusico-chemical treatment [14]. 
Overall, our findings confirmed the high quality of biochar produced from Miscanthus pelletized waste biomass at the targeted conditions through oxidative pyrolysis. The combination of high fixed carbon content, low levels of volatile matter and ash, and a substantial specific surface area pointed the received biochar’s considerable potential to be used as an effective amendment in soil enhancement and climate-related programs.

Conclusions
The biochar produced from Miscanthus pelletized waste biomass through oxidative pyrolysis at 600°C shows excellent stability due to its high fixed carbon content (82.5%) and low volatile matter (8.2%), making it an effective long-term solution for carbon sequestration and climate change mitigation. Its porous structure, with a total pore volume of 0.55 cm³/g, enhances moisture retention, benefiting soil fertility and supporting crop growth. With a calorific value of 28.1 MJ/kg, the biochar also holds promise as a renewable energy source, offering an eco-friendly alternative to fossil fuels. Compared to other studies, our biochar's higher specific surface area (187 m²/g) and lower ash content (9.3%) demonstrate its superior quality, making it highly suitable for soil enhancement and various ecological applications. 
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