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Introduction 
The main products of torrefaction and hydrothermal carbonization (HTC) processes are biochar (BC) and 
hydrochar (HC), respectively. These carbon materials have gained increasing attention as alternative fuel, soil 
amendments, feed additives, and low-cost adsorbents (Hejna et al., 2022; Oni et al., 2019). Given the growing 
poultry breeding industry, especially in Poland, and the resulting high and still growing amount of chicken manure 
(CM), finding the most efficient and viable way to manage CM is required (Jurgutis et al., 2020; Dróżdż et al., 
2020). However, in addition to the positive impacts on the economy and environment, the negative effects of BC 
and HC use must also be considered, including the release of volatile organic compounds (VOCs).  
 So far, limited research has addressed the release of VOCs from BC and HC, with some information about 
the release from manure in general (Hejna and Białowiec, 2025), and very little information about the release from 
CM-derived BC and HC (Spokas et al., 2011; Godlewska et al., 2021). Such compounds can affect soils and living 
organisms, as well as humans, during production, transportation, storage, and application.  
 Unfortunately, the systematic information regarding the impact of various thermochemical processes and 
their conditions on the release of VOCs from CM is limited. The present study has been designed to comparatively 
analyse qualitative and quantitative VOCs release from BC and HC in relation to torrefaction and HTC process 
conditions. 
Material and methods 
Two types of CM were collected at a university poultry farm and homogenized before processing. The feedstock 
was dried at 105 °C for 24 h, ground, and divided into 300 g samples for thermochemical treatment. 
 BC was produced via torrefaction at 200, 250, and 300 °C under an inert CO₂ atmosphere (10 dm³ h⁻¹). The 
residence times were 60 and 120 min, calculated from the moment the target temperature was reached. After 
processing, BC samples were weighed, ground (<1 mm), and stored under vacuum conditions before analysis. 
 HC was generated using HTC in a high-pressure, high-temperature reactor. The same temperature and 
residence time ranges as in torrefaction were applied to enable comparative analysis. Before HTC, distilled water 
was added to adjust the initial moisture content of the substrate. 
 VOC release from raw CM, BC, and HC samples was analyzed using headspace solid-phase 
microextraction (HS-SPME) coupled with gas chromatography–mass spectrometry (GC–MS). Identified VOC 
concentrations were compared with established health-based threshold values to assess potential environmental 
and occupational risks. Semi-quantitative analysis was conducted using an internal standard (IS) method. 
 The surface morphology and microstructural features of the produced biochar (BC) and hydrochar (HC) 
samples were examined using scanning electron microscopy (SEM, Hitachi S-3400N). Micrographs were acquired 
using secondary electron (SE) and backscattered electron (BSE) modes to assess surface development, pore 
formation, and structural rearrangement induced by different thermochemical conditions. SEM characterization is 
currently underway to correlate morphological differences with observed VOC emission behavior. 
 Textural properties of the carbon materials were determined using nitrogen adsorption–desorption 
isotherms. The specific surface area was calculated according to the Brunauer–Emmett–Teller (BET) method, 
while pore volume and pore size distribution were evaluated to assess porosity development as a function of 
temperature and residence time. BET analysis is being conducted to further elucidate the relationship between 
structural evolution and VOC release mechanisms. 
Results and discussion 
Despite identical process temperature (200 °C) and residence time (60 min), substantial differences in VOC release 
profiles were observed between torrefaction and HTC. Torrefaction resulted in the release of hazardous low-
molecular-weight compounds, including benzene, acetaldehyde, dimethyl disulfide, and various aldehydes such 
as butanal and hexanal, indicating incomplete stabilization of organic matter under dry thermal conditions.  
 In contrast, HC was characterized predominantly by oxygenated and nitrogen-containing compounds, 
including acetic acid, propanoic acid, butanoic acid, pyrazines, pyrrole derivatives, and phenolic compounds, while 
carcinogenic aromatic hydrocarbons were absent.  
 These findings demonstrate that the presence of water during HTC promotes hydrolysis, decarboxylation, 
and secondary condensation reactions, shifting VOC release from toxic aromatic and sulfur-containing species 
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toward more oxidized compounds associated with enhanced chemical stabilization of manure-derived carbon 
materials. 
 Comparison of HC samples produced at different temperatures revealed a clear shift in VOC composition 
with increasing HTC severity. Lower-temperature HTC was dominated by oxygenated compounds, particularly 
short-chain organic acids such as acetic and propanoic acid. In contrast, higher-temperature processing promoted 
the formation of nitrogen-containing heterocycles (pyrazines and pyrroles) as well as aromatic compounds, 
including toluene and ethylbenzene, indicating progressive condensation and aromatization reactions during 
hydrothermal treatment. 
 Comparison of HC samples produced at identical temperatures but different residence times, revealed 
substantial evolution of VOC profiles. Shorter processing time resulted in elevated release of aromatic 
hydrocarbons, ketones, and sulfur-containing compounds, indicating incomplete stabilization of reaction 
intermediates. Extension of residence time led to a reduction in volatile aromatic compounds and increased 
prevalence of nitrogen-containing heterocycles such as pyrazines, pyrroles, and indole derivatives. These results 
suggest that prolonged hydrothermal treatment promotes secondary condensation and polymerization reactions, 
facilitating the incorporation of volatile intermediates into the carbon matrix and enhancing HC stabilization. 
Conclusions 
The results demonstrate that both the thermochemical conversion pathway and process parameters significantly 
affect VOC release from CM-derived carbon materials. While torrefaction promoted the release of hazardous 
aromatic and sulfur-containing compounds, HTC shifted VOC profiles toward predominantly oxygenated and 
nitrogen-containing species, indicating enhanced stabilization under hydrothermal conditions. 
 Within HTC processing, increasing temperature and residence time promoted progressive transformation 
and incorporation of volatile intermediates into the HC structure, resulting in reduced release of potentially 
hazardous VOCs. These findings highlight the importance of process optimization for minimizing environmental 
risks and improving the suitability of manure-derived carbon materials for sustainable waste management and 
agricultural applications. 
 Ongoing structural characterization using SEM and BET analyses will further elucidate relationships 
between material morphology, porosity development, and VOC release mechanisms, enabling more 
comprehensive assessment of process–structure–release interactions. 
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