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Biomass is a promising renewable resource for sustainable energy production, particularly for hydrogen generation. However, the inherent structural complexity of biomass, including high oxygen content, moisture, and resistant lignocellulosic components, limits its hydrogen yield during thermochemical and biochemical conversion processes. Biomass pretreatment plays a critical role in overcoming these limitations by altering the physical and chemical structure of raw feedstocks. Pretreatment methods such as thermal, chemical, physico-chemical, and biological treatments reduce crystallinity, remove lignin, decrease oxygen-rich compounds, and improve carbon accessibility. These changes enhance reaction efficiency, promote hydrogen-rich gas formation, and reduce the formation of undesirable by-products. As a result, pretreatment significantly increases hydrogen content and overall conversion efficiency during processes such as gasification, pyrolysis, and fermentation. Understanding and optimizing biomass pretreatment strategies is therefore essential for improving hydrogen production performance and advancing biomass-based hydrogen as a clean and sustainable energy carrier.In this work, thermally pretreated agricultural biomass waste will be investigated in order to enhance the hydrogen yield of the generated gas during gasification.
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1. Introduction
The accelerating depletion of fossil fuel reserves and the intensifying impacts of climate change have reinforced the urgency of transitioning toward low carbon energy systems. Global primary energy consumption exceeded 600 EJ in 2023, with approximately 80 % still derived from fossil resources, resulting in more than 36 Gt of CO2 emissions annually (Obiora et al. (2024), Sunar et al. (2025)). Hydrogen is increasingly regarded as a strategic energy carrier in decarbonisation pathways due to its high gravimetric energy density and the absence of direct CO2 emissions during utilization (Sunar et al. (2025)). However, more than 95 % of global hydrogen production currently originates from fossil-based processes, primarily steam methane reforming, which emits 9-12 kg CO2 per kg H2 produced (A. Tursi (2019)). Therefore, renewable hydrogen production routes, particularly those based on biomass, are gaining increasing scientific and industrial attention. Biomass represents the only renewable carbon containing energy resource capable of producing hydrogen through both thermochemical and biochemical pathways. Global sustainable biomass availability is estimated at 100-150 EJ annually, with agricultural residues accounting for nearly 40-50 % of this potential (A. Tursi (2019)). Crop residues such as wheat straw, rice husk, corn stover, and sugarcane bagasse are generated in quantities exceeding 3-4 billion tonnes per year worldwide (A. Tursi (2019)). These lignocellulosic materials are attractive feedstocks because they do not compete directly with food production and are widely distributed geographically. Agricultural biomass is primarily composed of cellulose (35-45 wt%), hemicellulose (20-30 wt%), and lignin (15-25 wt%), along with ash and extractives (Shafaghat et al. (2017)). The high oxygen content (40-50 wt%) and moisture levels (10-60 wt%) reduce calorific value (typically 14-19 MJ kg-1) and promote the formation of tar and oxygenated intermediates during thermochemical processing (A. Tursi (2019)). These structural characteristics result in lower hydrogen selectivity and increased formation of undesired by-products such as CO2 and condensable tars during gasification or pyrolysis (Shah et al. (2022); Singh et al. (2023)). Consequently, effective biomass pretreatment is essential to improve carbon accessibility, enhance reactivity, and maximize hydrogen yield. Pretreatment strategies aim to modify the structural and chemical composition of biomass prior to conversion. Thermal pretreatment methods such as torrefaction (200-300°C) reduce oxygen content through dehydration and decarboxylation reactions, increasing carbon concentration and improving grindability and hydrophobicity (Chen et al. (2021)). Torrefied biomass typically exhibits an O/C ratio reduction of 20-40 % and an energy densification of 1.2-1.4 compared to raw biomass (Ramos et al. (2022)). Such changes promote higher hydrogen concentrations during steam gasification due to improved char reactivity and reduced tar formation. Chemical pretreatments, including alkali leaching and acid washing, remove alkali and alkaline earth metals, which influence catalytic gasification behaviour and ash-related issues (Zhang et al. (2025)). Physico-chemical treatments, such as steam explosion and ammonia fibre expansion, disrupt lignin-carbohydrate complexes and enhance porosity, thereby increasing reaction surface area (Zhang et al. (2025)). Biological pretreatments, although environmentally benign, are typically limited by slow reaction kinetics and lower scalability (Zhang et al. (2025)). Beyond direct biomass modification, increasing attention has been devoted to the use of biochar as a functional additive and catalytic medium in hydrogen-oriented gasification systems. Biochar is produced via pyrolysis or gasification of biomass under oxygen limited conditions and typically contains 60-85 wt% carbon with a highly porous structure and surface area ranging from 50 to over 500 m2 g-1 depending on preparation conditions (Cha et al. (2016)). Thermally pretreated or activated biochar exhibits enhanced surface basicity and catalytic functionality, promoting steam reforming reactions and tar cracking (Panwar et al. (2019)). Studies have reported that the incorporation of biochar into steam gasification systems can increase hydrogen yield by 10-25 % while reducing tar formation by up to 40 % (Panwar et al. (2019), Cha et al. (2016)). The catalytic activity is attributed to inherent mineral species, surface functional groups, and the promotion of water-gas shift reactions. Thermally modified biochar can also serve as a CO2 sorbent in sorption enhanced gasification systems, shifting equilibrium toward higher hydrogen production. Integration of biochar with biomass feedstock therefore offers a dual benefit: structural improvement of the primary feedstock and in situ catalytic enhancement of hydrogen-forming reactions. In summary, although biomass gasification is considered a technologically mature pathway (TRL 6-8 for certain configurations) (Sher et al. (2025)), the variability and structural resistance of agricultural feedstocks continue to constrain hydrogen productivity. Effective pretreatment of biochar offers a promising approach to enhance carbon conversion efficiency, reduce tar formation, and improve H2/CO ratios suitable for other applications such as Fischer–Tropsch synthesis and methanol production. 
In this work, thermally pretreated agricultural biomass waste was gasificated in the presence and the absence of steam in order to enhance the hydrogen yield and decrease the carbon-dioxide content.
2. Materials & methods
In this work, the effect of thermal pretreatment was investigated in order to enhance the hydrogen yield and decrease the carbon dioxide content with the investigation of produced biochar. As raw material maize waste was used, which properties are summarized below. 
2.1 Raw material
The used agricultural biomass waste (maize) was shedder to smaller particles (<3 mm), with the following CHNO composition 48.5 %, 6.3 %, 0.5 % and 44.7 %, respectively. Its volatile matter, moisture content, ash content and fix carbon content were 75.0 %, 6.5 %, 2.3 % and 16.2 %, respectively. Nevertheless, its lignocellulosic content was built from 9.3 % extractive lignin content, 24.5 % lignin content, 44.0 % hemicellulose content and 22.2% cellulose content.
During the measurements, one-zone tubular reactor was used at two different temperatures (800 and 900 °C), with (steam:biomass ratio=1) and without steam implementation. For each measurement 5 g of sample was used, and each experiment took for 20 minutes. Regarding the thermal pretreatment (torrefaction), it was carried out in the same equipment but at different temperatures (200-300 °C), where the pretreatment was made for 1 hour.
The volatile matter content and the moisture content were determined from the TG curve measured under a nitrogen atmosphere, while the ash content was determined from the TG curve measured under an oxygen atmosphere. The organic carbon content was calculated by subtracting the previously determined volatile matter, moisture, and ash contents from the total percentage (100 %). 
The hydrocarbon composition and the hydrogen content of the gaseous products was analysed using a DANI gas chromatograph equipped with a programmed injector and a flame ionization detector (FID) and a thermal conductivity detector. An Rtx-1 PONA capillary column (100 m length, 0.25 mm internal diameter, and 0.5 μm film thickness) and a Carboxen™ 1006 PLOT column (30 m × 0.53 mm) was installed in the chromatograph. The analysis was performed under isothermal conditions at 30°C. The injector and detector temperatures were maintained at 230°C. The chromatograms were evaluated using Clarity software.
The C, H, N, and S contents of the samples were determined using a Carlo-Erba EA 1108 CHNS-O elemental analyser (Erba Science GES M.B.H.). During the measurements, tin capsules were used, and combustion was performed in a quartz reactor operated at 1020°C, with a 10 mL oxygen loop and helium as carrier gas. 
The elemental composition of the biomass residues was analysed using an energy-dispersive X-ray fluorescence spectrometer (Shimadzu EDX-8100), equipped with a high-performance SDD detector, optimized hardware configuration, and enhanced sensitivity. The instrument was fitted with a rhodium X-ray tube, and the measurements were performed under a helium atmosphere
The GCMS analysis was performed using a GC-2010 gas chromatograph (Shimadzu) equipped with an AOC-20i automatic sampler, with an injected volume of 2 µL in split mode at an injector temperature of 300°C and an initial oven temperature of 40°C.
3. Results & discussion
The following subsections are presenting the results in pretreated biomass gasification with and without steam implementation and the investigation of the obtained biochar. Besides, the result from the torrefaction is also presented in order to make them comprehensible. 
3.1 Composition of gas
Figure 1 (a) and (b) depicts the gas composition of at 200°C torrefaction material, where the “200” and “300” means the preatreating temperature, and the “800” and “900” presents the temperature of gasification, while “st” means the steam implementation. In Figure 1 (a) and (b), the first column depicts the composition arisen during the 200°C and 300°C pretreatment. As it can be seen, the most dominant component is carbon dioxide with its 50-55 % value. This can be explained by the dominant process of primary devolatilization, also, with the limited secondary cracking reactions. Nevertheless, at 200-300°C the oxygenated functional groups decompose, which are forming CO2 through decarboxylation, while the heavy hydrocarbons are not sufficiently cracked into lighter gases, which results in incomplete gas upgrading and limited syngas formation. Hence, at 200°C mainly the moisture content is arising while at 300°C more hemicellulosic and part of cellulosic part can be decomposed, also the oxygen containing groups can be further removed and the solid biochar becomes richer in fixed carbon. 
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Figure 1: the composition of gas at different temperatures: (a) pretreated biomass at 200°C, (b) pretreated biomass at 300°C
Owing to the mentioned reasons, the following reactions could take place besides the gasification reactions: Boudouard reaction and char-steam reaction. Therefore, increment in CO (from ~16% to 15-20%) and H2 (from ~4% to 20-41%) can be seen which is mainly from carbon conversion and steam-carbon reactions, while the decrement in CO2 (with almost 53-55% decrement) and C2-5 (with ~2-5% decrease) has occurred due to the reduction and secondary reactions. Besides, in case of the amount of C2-5 a slight increase can be observed with the implementation of steam, which can be explained by the higher H2 partial pressure which can promote the hydrogenation of carbon fragments and the stabilization of light hydrocarbons resulting in ethane, propane etc. Also, the steam implementation can produce surface active carbon radicals and active sites, eventuating the recombination of fragments into smaller carbon number hydrocarbons. However, it can be said that the biochar pretreated at 200°C then it is gasificated at higher temperatures (800-900°C), the gas composition shifts from CO2 dominated into syngas rich. This shift is primarily driven by heterogeneous char gasification reactions rather than primary biomass devolatilization. The addition of steam further enhances hydrogen production via steam-carbon and reforming reactions. Therefore, the observed compositional changes reflect progressive carbon conversion and gas upgrading of the pre-formed biochar. Besides, increasing pretreatment temperature from 200°C to 300°C could produce a more carbonized and reactive biochar. During subsequent high temperature treatment, gas production is more strongly governed by heterogeneous char gasification reactions rather than volatile cracking. Steam addition continues to enhance hydrogen production through steam-carbon reactions, and the persistence (or slight increase) of C2-5 hydrocarbons suggests kinetic limitations in reforming reactions under the applied conditions.
3.2 Py-GCMS analysis of pretreated biomass
The py-GCMS analysis (Table 1.) demonstrates a clear and progressive chemical transformation of the biomass during thermal pretreatment at 200°C and 300°C, characterized by deoxygenation, structural rearrangement, and increasing aromaticity. The pyrolator of the GCMS was used at 700°C, where the mentioned materials were placed inside of it and the arisen components during pyrolysis are summarized in Table 1. A significant decrease in carboxylic acids is observed, from 20.21 % in raw biomass to 14.79 % at 200°C and further to 10.63 % at 300°C, representing an overall. This significant decline confirms that decarboxylation reactions occur during pretreatment, which directly explains the strong CO2 formation observed in the low temperature gas phase. The reduction of acidic functional groups at higher pretreatment temperature suggests a lower intrinsic potential for CO2 evolution during subsequent high temperature treatment. Simultaneously, aromatic compounds increase notably, from 0.75 % in raw biomass to 7.75 % at 200°C and 8.45 % at 300°C, corresponding to more than a tenfold increase compared to the untreated material. 
Table 1: the group composition of raw and pretreated biomass
	
	Raw biomass
	Pretreated BM_200°C
	Pretreated BM_300°C

	Paraffins
	9.18
	2.16
	5.40

	Isomers
	0.79
	0.38
	0.22

	Olefins (unsaturated hydrocarbons)
	10.04
	6.46
	8.15

	Naphthens
	2.44
	8.63
	5.42

	Aromatics
	0.75
	7.75
	8.45

	Alcohols
	19.36
	26.87
	23.39

	Carboxylic acids
	20.21
	14.79
	10.63

	Other oxygenated compounds
	34.33
	31.83
	36.10

	Nitrogenated compounds
	2.91
	1.15
	2.22


This sharp rise indicates progressive lignin condensation and aromatization reactions, leading to a more carbon dense and structurally stable biochar matrix. The increment in aromaticity is critical because aromatic carbon structures exhibit enhanced thermal stability and behave predominantly as gasification feedstock during treatment at 800-900°C. Changes are also evident in the aliphatic hydrocarbon fractions, while paraffins decreased sharply at 200°C (from 9.18 % to 2.16 %) due to volatilization and cracking, but partially increase at 300°C to 5.40 %, suggesting secondary recombination or structural rearrangement processes. Olefins decreased from 10.04 % to 6.46 % (200°C) and slightly increased to 8.15 % (300°C), indicating ongoing unsaturation and fragmentation reactions. Meanwhile, naphthenic compounds increased significantly at 200°C (from 2.44 % to 8.63 %) before decreasing at 300°C (5.42%), suggesting cyclization followed by further transformation toward aromatic structures. Although oxygenated compounds remain substantial even at 300°C (36.10 % other oxygenates and 23.39 % alcohols), their nature likely shifts toward more stable oxygen functionalities. The persistence of oxygen containing groups implies that the material is not fully carbonized and retains reactive surface sites, which can strongly influence steam-char reactions during high temperature treatment. Based on the results, from a thermochemical perspective, the pretreatment at 300°C produces a biochar is more aromatic (8.45 % vs 0.75 % raw) and less acidic (10.63 % vs 20.21 % raw). 
3.3 Elemental analysis and CHNS of biochars
Elemental analysis of biochars which is summarized in Table 2 confirms the progressive enrichment of catalytically active minerals during thermal treatment. Potassium originating primarily from plant uptake and soluble salts, increases from 1.21 % in raw biomass to as high as 3.063 %. Potassium is well known to catalyze steam-carbon reactions, enhancing hydrogen formation, accelerating carbon conversion, and promoting cracking of hydrocarbon fragments. Calcium derived from soil uptake and plant cell wall inclusions, increases from 0.182 % to 0.755 % at 900°C. Calcium enhances water-gas shift reactions and hydrocarbon cracking, further supporting hydrogen production. Iron present at 0.193 % in raw biomass and enriched to 0.266 % at 900°C, provides additional catalytic activity for steam reforming and hydrocarbon conversion. Calcium enhances water-gas shift reactions and hydrocarbon cracking, further supporting hydrogen production. Iron present at 0.193 % in raw biomass and enriched to 0.266 % at 900°C, provides additional catalytic activity for steam reforming and hydrocarbon conversion.
Table 2: the elemental composition of biochars
	T,°C
	Raw BM
	Pretreated biomass at 200°C
	Raw BM
	Pretreated biomass at 300°C

	
	200
	800
	800_st
	900
	900_st
	300
	800
	800_st
	900
	900_st

	K
	1.210
	1.919
	2.958
	1.701
	3.063
	1.290
	2.428
	2.274
	2.340
	2.224

	Cl
	0.400
	0.272
	0.415
	0.228
	0.391
	0.255
	0.268
	0.335
	0.298
	0.255

	Si
	0.330
	0.613
	1.179
	0.802
	1.440
	0.720
	0.621
	0.896
	1.255
	0.717

	Fe
	0.193
	0.082
	0.113
	0.069
	0.228
	0.027
	0.045
	0.057
	0.266
	0.022

	Ca
	0.182
	0.350
	0.648
	0.539
	0.513
	0.447
	0.082
	0.546
	0.755
	0.301

	Cr
	0.105
	0.041
	0.081
	0.021
	0.168
	0.004
	0.050
	0.020
	0.171
	0.002

	P
	0.096
	0.125
	0.159
	0.124
	0.173
	0.138
	0.138
	0.128
	0.151
	0.116

	Mg
	0.067
	0.156
	0.247
	0.190
	0.191
	0.120
	0.174
	0.172
	0.194
	0.144

	S
	0.046
	0.023
	0.040
	0.033
	0.045
	0.076
	0.025
	0.028
	0.042
	0.035

	Al
	0.026
	0.049
	0.081
	0.019
	0.024
	0.039
	0.061
	0.011
	0.022
	0.018

	Ni
	0.010
	0.005
	0.000
	0.003
	0.016
	0.002
	0.004
	0.004
	0.018
	0.002

	Mn
	0.007
	0.005
	0.007
	0.004
	0.016
	0.003
	0.004
	0.004
	0.013
	0.002

	Cu
	0.005
	0.004
	0.006
	0.003
	0.005
	0.008
	0.004
	0.006
	0.005
	0.004

	Zn
	0.003
	0.005
	0.010
	0.007
	0.013
	0.004
	0.004
	0.006
	0.008
	0.003


Other elements, such as silicon, concentrating in the ash fraction and influence biochar porosity and gas diffusion, while trace metals (Cr, Ni, Mn, Cu, Zn) remain at low concentrations (<0.1%) but may exert minor catalytic effects. The decrement of chlorine with temperature, reflecting volatilization of alkali chlorides under thermal treatment and steam, which may partially moderate potassium activity. 
Table 3 summarizes the CHNS composition of the raw, pretreated and gasificated biochars. Based on the results, the hydrogen content raw biomass contains 6.3 % of carbon, which drops dramatically to 1.19 % after 200°C pretreatment and 1.01 % after 300°C pretreatment. This substantial decrease reflects the loss of hydrogen rich volatile compounds, moisture and water content during the low temperature pretreatment, leaving behind a solid fraction dominated by carbon and oxygen containing moieties. During subsequent high temperature gasification, hydrogen slightly increases to 1.06-1.44 % for 200°C pretreated biomass and 0.97-1.38 % for 300°C pretreated biomass, indicating partial concentration of hydrogen in the residual char despite extensive devolatilization. However, in case of carbon content it becomes the dominant element after pretreatment, increasing from 48.5% in raw biomass to 49.19 % (200°C) and 57.08 % (300°C).
Table 3: the CHN of biochars
	
	
	C
	H
	N

	
	Raw BM
	48.5
	6.3
	0.5

	
	200°C
	49.19
	1.19
	5.69

	Pretreated at 200°C
	800°C
	86.5
	1.44
	1.22

	
	800°C_st
	83.67
	1.25
	1.45

	
	900°C
	84
	1.17
	0.82

	
	900°C_st
	87.26
	1.06
	1.26

	
	300
	57.08
	1.01
	5.28

	Pretreated at 300°C
	800°C
	84.8
	1.14
	1.31

	
	800°C_st
	85.07
	0.97
	1.31

	
	900°C
	87.48
	1.38
	0.83

	
	900°C_st
	88.53
	1.37
	0.94


This suggests that the remaining solid fraction is highly carbon rich, consistent with retention of alcohols, water, and other hydrogen containing oxygenates. After high temperature treatment, carbon remains high relative to hydrogen, ranging from 83.67-87.26 % for 200°C pretreated biochars and 84.8-88.53 % for 300°C pretreated biochars. Afterwards, nitrogen follows a slightly similar pattern as hydrogen. While raw biomass contains 0.5 % N, which rises to 5.69 % (200°C) and 5.28 % (300°C) after pretreatment. During high temperature gasification, nitrogen decreases to 0.82-1.45 % (200°C route) and 0.83–1.31 % (300°C route), consistent with the volatilization of nitrogen containing compounds, while the residual nitrogen is likely incorporated into stable heterocyclic structures in the biochar.
Based on the data the thermal pretreatment at 200-300°C removes the bulk of the hydrogen from the solid fraction, leaving carbon as a dominated intermediate. Subsequent gasification concentrates carbon slightly and releases volatile hydrogen and nitrogen species into the gas phase. The 300°C pretreated biomass retains slightly more carbon and less hydrogen than the 200°C route, indicating more extensive deoxygenation and condensation reactions during pretreatment. The residual solid is thus highly reactive, rich in carbon-containing compounds, and well-suited for subsequent steam gasification.
4. Conclusion
Thermal pretreatment of biomass at 200°C and 300°C causes significant chemical and structural transformations. Py-GCMS analysis shows a marked reduction in carboxylic acids and alcohols, alongside a tenfold increase in aromatics, indicating deoxygenation and condensation. However, CHN data reveal that the solid fraction after pretreatment is highly carbon rich with very low hydrogen, while nitrogen partially concentrates in stable structures. Elemental analysis shows enrichment of catalytic minerals such as K, Ca, and Fe which can enhance char reactivity. During high temperature gasification these features promote steam-carbon reactions, yielding high H2 and CO while transiently stabilizing C2-5 hydrocarbons. The 300°C pretreated biomass produces a more carbon-rich, aromatic, and catalytically active char, resulting in superior syngas production and controlled hydrocarbon formation. Overall, pretreatment temperature and mineral content synergistically govern biochar composition and gasification efficiency. Regarding the perspective of emission, the increased carbon retention in stable aromatic char structures may contribute to reduced net CO₂ emissions if the char is sequestered or utilized in long-term applications, thereby influencing the overall greenhouse effect. In larger scale, optimizing pretreatment and gasification pathways offers a route to lower lifecycle emissions and improved carbon management, while for smaller scale, it highlights the importance of understanding carbon stability and conversion pathways in developing climate-mitigating thermochemical technologies.
Nomenclature
BM 
AAEM 
biomass
alkali and alkaline earth metals
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