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Anaerobic digestion (AD) is a key technology for organic waste valorization into biogas, but its efficiency is often limited by process instability. The accumulation of inhibitory compounds, such as ammonium and heavy metals, together with pH fluctuations, can impair microbial activity and reduce methane production. Biochar has emerged as a promising additive due to its ability to modulate the physicochemical environment of AD systems. This study investigated the role of biochar properties in enhancing AD performance, focusing on (i) biomass type and (ii) pyrolysis temperature. Four biochars were produced: one from spent coffee grounds (SCG) at 500 °C and three from tomato plant residues (TP) at 500, 700, and 900 °C. This approach enabled comparison of different feedstocks at the same pyrolysis temperature and assessment of the effect of pyrolysis temperature on a selected biomass. A physicochemical characterization was performed to elucidate the functional role of biochar in AD. Point of zero charge (PZC) and BET analysis were used to assess buffering behavior and surface area, respectively. Heavy metal and ammonium release and adsorption tests were conducted to evaluate both potential inhibitory effects and mitigation capacity. The materials were tested in batch anaerobic digesters using livestock digestate fed with glucose. Process performance was evaluated through gas production and composition (CH₄, H₂, CO₂), with the CH₄/CO₂ ratio as an indicator of biogas quality.
Results demonstrated that feedstock plays a key role, with TP-biochar outperforming SCG-based material. Among TP-biochars, 500 °C maximized methane production, while 900 °C yielded the highest CH₄/CO₂ ratio, indicating improved biogas purification. These findings highlight the importance of tailoring biochar properties to enhance AD stability and efficiency.
Introduction
Anaerobic digestion (AD) is a widely adopted technology for the valorization of organic waste into renewable energy in the form of biogas, contributing to circular economy strategies and waste management. AD is a complex biological process occurring in the absence of oxygen and involving a consortium of microorganisms that operate through four main stages: hydrolysis, acidogenesis, acetogenesis, and methanogenesis. The efficiency of the process relies on the delicate balance among these microbial communities. However, AD performance is often hindered by the accumulation of inhibitory compounds, such as ammonium (NH4+) and heavy metals (HMs), as well as by pH instability, which can negatively affect microbial activity and reduce methane (CH₄) production (Fazi et al., 2026).
Biochar has emerged as a promising additive for AD systems. Due to its high surface area, porous structure, and surface functional groups, biochar can adsorb inhibitory compounds and contribute to pH buffering. Moreover, it can provide a suitable microhabitat for microbial growth and facilitate direct interspecies electron transfer (DIET), enhancing syntrophic interactions and overall process efficiency (Fazi et al., 2026). Therefore, a systematic understanding of how these parameters influence AD performance is required.
In this study, biochars derived from different biomasses and produced at different pyrolysis temperatures were investigated as additives in AD. The materials were first characterized in terms of physicochemical properties and interaction with potential inhibitors, and subsequently tested in batch reactors to evaluate their effect on biogas production and composition.
Materials and methods
Biochar synthesis and characterization
Four biochars were produced by slow pyrolysis of agro-industrial residues. Spent coffee grounds (SCG) and tomato plant (TP) were used as feedstocks. SCG was pyrolyzed at 500 °C, while TP at 500, 700, and 900 °C, yielding SCG-500, TP-500, TP-700, and TP-900, according to Fazi et al., 2025.
Biochars were characterized for surface area and pore structure by gas adsorption. Samples were degassed overnight at 250 °C prior to analysis. CO₂ adsorption isotherms were acquired at 0 °C (P/P0 = 4×10⁻⁵–0.03) using a Micromeritics 3Flex analyzer. Surface area and total pore volume were determined using the Dubinin–Radushkevich and Dubinin–Astakhov models, respectively.
The point of zero charge (PZC) was determined via the pH drift method, following the procedure described by Fazi et al., 2025. Release tests were performed to assess nutrient and inhibitory compound release from biochars. Experiments were conducted by adding 0.5 g of biochar to 50 mL of distilled water under continuous stirring (500 rpm) for 7, 14, 21, and 28 days. At each interval, samples were filtered (vacuum filtration and 0.45 μm syringe filters when needed) and stored for analysis. HMs such as Ni, Cu, Cd, Pb, and Zn were quantified by atomic absorption spectroscopy (AAS), while NH₄⁺ and phosphorus (P) were determined by UV–Vis spectroscopy using the Nessler and molybdenum blue methods, respectively.
Adsorption tests
Batch adsorption tests were conducted to evaluate inhibitory compound removal. Experiments were performed at different contact times (1-3.5 h) using the same setup and biochar-to-liquid ratio as the release tests (stirring at 300 rpm), with multicomponent HMs and NH₄⁺ solutions. Initial concentrations were selected to represent a worst-case scenario with elevated and fully available metal concentrations in solution (Ni2+: 90, Pb2+: 360, Cd2+: 289, Zn2+: 1059, Cu2+: 651, NH₄⁺: 440 mg/L). After each contact time, samples were filtered and analyzed to determine residual concentrations.
Anaerobic digestion experiments
Batch AD tests were conducted to evaluate the effect of biochar on methanogenesis under mesophilic conditions (37 °C, 100 rpm). Experiments were performed in 250 mL sealed bottles equipped with gas collection lines connected to gas bags. Each reactor contained 200 mL of liquid (120 mL untreated digestate, 60 mL thermally pretreated digestate at 70 °C for 30 min, and 20 mL distilled water) and 2 g of biochar.
Anaerobic conditions were established by N₂ flushing (5 min), and the reactors were fed with glucose (1 g/L) weekly. The effectiveness of the flushing procedure was verified by preliminary GC analysis of the headspace, which confirmed the absence of detectable oxygen. A control without biochar was also included. Experiments were conducted for 28 days, with biogas collected in gas bags. Biogas volume was determined by water displacement and expressed as cumulative production. Gas composition (CH₄, CO₂, N₂, H₂, H₂S) was analyzed by a quadrupole gas analyzer (QGA).
Results and discussion
Biochar characterization
BET results and PZC are reported in Table 1. SCG-500 showed a lower PZC than TP-500; this difference can be due to the feedstock: SCG has a higher lignin content, whereas TP residues are a herbaceous biomass, which is typically associated with higher ash content, resulting in a higher PZC biochar (Fazi et al., 2026).
For TP-derived biochars, PZC increased with temperature, likely due to loss of surface functional groups and increased ash content, leading to more alkaline surfaces (Guilhen et al., 2022). 
A similar trend was observed for BET parameters. SCG-500 exhibits higher SSA than TP-500, consistent with lignin-rich feedstocks (He et al., 2024). For TP biochars, SSA increased up to 700 °C and then decreased at higher temperatures, likely due to structural rearrangement and partial pore collapse (Fazi et al., 2026).
Table 1: Characterization of biochar samples, including BET and point of zero charge results
	Sample
	SSA (m2/g)
	Mean pore width (Å)
	Total pore volume (cm3/g)
	PZC

	SCG-500
	210
	11.9
	0.105
	7.5

	TP-500
	179
	11.1
	0.075
	10.4

	TP-700
	306
	10.6
	0.122
	11.1

	TP-900
	164
	11.3
	0.052
	12.5



Release of inorganic species is reported in Table 2. HM concentrations remained nearly constant over 28 days and were several orders of magnitude lower than literature inhibition thresholds. At such low levels, these elements may act as essential micronutrients, serving as enzymatic cofactors in anaerobic metabolism. E.g., Ni, Fe, and Zn are involved in key methanogenic pathways and can support microbial activity and CH₄ production (Salazar-Batres & Moreno-Andrade, 2025). No clear trends were observed among biochars in relation to feedstock or pyrolysis temperature.
Table 2: Maximum concentration of HMs (cmax) released from biochars during incubation (28 days), compared with literature inhibitory thresholds for AD.
	HM
	Sample
	cmax (mg/L)
	Inhibitory threshold (mg/L)
	Reference

	Ni2+
	SCG-500
	0.06
	100
	(Guo et al., 2019)
	
	TP-500
	0.04
	
	

	
	TP-700
	0.06
	
	

	
	TP-900
	0.11
	
	

	Cu2+
	SCG-500
	0.07
	500
	(Guo et al., 2019; Kadam et al., 2022)
	
	TP-500
	0.44
	
	

	
	TP-700
	0
	
	

	
	TP-900
	0.13
	
	

	Cd2+
	SCG-500
	0.02
	1.2
	(Guo et al., 2019; Kadam et al., 2022)
	
	TP-500
	0.03
	
	

	
	TP-700
	0
	
	

	
	TP-900
	0
	
	

	Pb2+
	SCG-500
	0
	350.3
	(Kadam et al., 2022)
	
	TP-500
	0
	
	

	
	TP-700
	0.22
	
	

	
	TP-900
	0.64
	
	

	Zn2+
	SCG-500
	0.02
	50
	(Kadam et al., 2022)
	
	TP-500
	0.03
	
	

	
	TP-700
	0.04
	
	

	
	TP-900
	0.07
	
	



NH₄⁺ and P release is shown in Fig. 1. NH₄⁺ release (Fig. 1a) was limited for all samples, with concentrations well below inhibitory levels for AD (1500 mg/L) (Khalil et al., 2017). At these levels, NH₄⁺ can act as a nitrogen source supporting microbial metabolism without toxic effects (Choong et al., 2016). SCG-500 exhibited the lowest and nearly constant release over time, whereas TP-500 showed a slightly increasing trend after 20 days. A more pronounced increase was observed for TP-700 and TP-900 at longer incubation times, although concentrations remained within a moderate range. This trend may be associated with progressive structural biochar degradation during prolonged agitation, releasing nitrogen-containing compounds. Conversely, P release (Fig. 1b) was more pronounced and time-dependent, with trends influenced by feedstock and pyrolysis temperature. TP-500 showed the highest release, followed by TP-700, while SCG-500 exhibited a peak around 20 days, followed by a slight decrease, likely due to re-adsorption (Qian et al., 2013). TP-900 showed the lowest release, with a trend comparable to SCG-500. The lower release of SCG-derived biochar is consistent with the pre-extracted nature of the feedstock, while higher mobility at lower pyrolysis temperatures agrees with literature (Elnour et al., 2019). Given the essential role of P in anaerobic microorganisms, these results suggest that biochars may contribute to nutrient supply and support microbial activity (Choong et al., 2016).
	
	


Figure 1: NH₄⁺ (a) and P (b) release from biochars as a function of incubation time.
Adsorption tests
HM adsorption tests showed that all TP-derived biochars achieved complete removal within the first hour, whereas SCG-500 exhibited significantly lower removal efficiencies, with the exception of Pb²⁺ (~80% removal at 1 h). These results indicate that equilibrium was reached within 1 h, with no significant changes observed at longer contact times (up to 3.5 h). 	
The difference between the different biochars can be due to the intrinsic properties of the feedstocks, as the pre-extracted nature of spent coffee grounds may result in a reduced availability of surface-active sites. In contrast, TP-derived biochars likely benefit from more favourable physicochemical characteristics, such as higher surface reactivity and/or more developed porosity, enhancing their interaction with metal species.
Residual metal concentrations after adsorption with SCG-500 are reported in Table 3 and compared with inhibition thresholds for AD. Among the investigated metals, only Cd exceeds the reported inhibitory concentration, suggesting a potential risk of process inhibition in this specific case.
Table 3: Residual concentrations of HMs after adsorption tests with SCG-500 and comparison with inhibitory thresholds for AD reported in the literature.
	Metal
	Residual concentration (mg/L)
	Inhibitory threshold (mg/L)
	Reference

	Ni2+
	0.87
	100
	(Guo et al., 2019)
	Cu2+
	34.34
	500
	(Guo et al., 2019; Kadam et al., 2022)
	Cd2+
	2.62
	1.2
	(Guo et al., 2019; Kadam et al., 2022)
	Zn2+
	9.89
	50
	(Kadam et al., 2022)
	Pb2+
	0.62
	350.3
	(Kadam et al., 2022)


NH4+ adsorption tests showed consistently low removal efficiencies for all biochars, with values remaining below 10% after 3.5 h of contact time and below 5% for TP-900. Only minor differences among samples were observed, with slightly higher removal for TP-500 and TP-700 compared to the other materials. Overall, the limited adsorption capacity reflects the low affinity of biochar for NH4+ under the tested conditions. From an application perspective, these results are consistent with NH₄⁺ role as an essential nutrient in AD. The low removal ensures that nitrogen availability is preserved, avoiding potential limitations to microbial activity. Moreover, final ammonium concentrations remain below reported inhibitory thresholds, confirming that no adverse effects on the process are expected.
Anaerobic digestion experiments
Anaerobic digestion experiments were conducted as single measurements; therefore, variability and statistical dispersion could not be assessed.
3.3.1 Gas volume measurement
Figure 2 shows the effect of biochar addition on cumulative biogas production during AD. In 24 h, all systems exhibited a similar trend, indicating comparable initial process conditions. After this phase, differences among samples become evident. In particular, TP-700 shows a consistently lower biogas production compared to the other conditions, while TP-500 exhibits the highest cumulative production throughout the test. From the second week onwards, SCG-500 and TP-900 also display higher biogas yields than the control, whereas the control system tends to stabilize earlier.
At the end of the experimental period, TP-500 results in the highest biogas production, suggesting a more favourable interaction with the anaerobic microbial community. This behaviour is linked to the physicochemical properties of the biochar, as materials produced at lower pyrolysis temperatures are typically characterized by a higher abundance of surface functional groups, which may enhance microbial activity and facilitate DIET processes (Fazi et al., 2026). In contrast, the lower performance observed for TP-700, despite its higher surface area, suggests that porosity alone is not the determining factor for process enhancement. Gas adsorption may also contribute. The comparable behaviour observed for SCG-500 and TP-900 may be related to similarities in their structural properties, while the lower performance of SCG-derived biochar can also be linked to the pre-extracted nature of the feedstock, resulting in a reduced availability of active sites. Results confirmed that both feedstock type and pyrolysis temperature play a key role in determining biochar performance in AD systems (Fazi et al., 2026).
	


Figure 2: Cumulative biogas production normalized to digestate volume over time for AD systems amended with different biochar samples.
3.3.2 QGA analysis
Figure 3a shows the evolution of CH₄ content during AD. CH₄ fraction increased rapidly during the initial phase, indicating a prompt onset of methanogenic activity. After the first week, CH₄ content exceeded 60% in all systems, with TP-900 and TP-500 reaching the highest values (>80%), while the control stabilized at slightly lower levels. SCG-500 and TP-700 also showed an increasing trend, although with generally lower CH₄ fractions. In the later stages, CH₄ content stabilized, with TP-900 maintaining consistently high values until the end of the experiment.
These results suggest that biochar addition can enhance CH₄ production and process stability, with performance dependent on feedstock and pyrolysis temperature. 
Figure 3b reports the CH₄/CO₂ ratio over time. A rapid increase was observed during the initial phase, with TP-900 reaching the highest values (above 8), significantly exceeding the other conditions and indicating an improvement in biogas quality. At longer times, the CH₄/CO₂ ratio for TP-900, initially higher than all other systems, decreased and converged towards other sample values.
The enhanced CH₄/CO₂ ratio observed for TP-900 may be associated with preferential CO₂ adsorption by the biochar. TP-900 was characterized by a lower total pore volume compared to the other samples, despite a comparable average pore diameter, suggesting a less developed and potentially more accessible pore structure. This feature may favour interactions with smaller and more polarizable molecules such as CO₂ rather than CH₄. The subsequent convergence of the CH₄/CO₂ ratio around day 16 may further support this interpretation, possibly reflecting a progressive saturation of the adsorption capacity of TP-900. However, dedicated gas adsorption tests would be needed to confirm this hypothesis.
	
	


Figure 3: CH₄ percentage (a) and CH₄/CO₂ ratio (b) over time during AD in the presence of different biochar samples.
Hydrogen production remained generally low for most of the experimental conditions, with limited variations over time. A distinct peak was observed for TP-700 during the first week, followed by a rapid decrease, whereas the other systems showed a delayed and more moderate increase in hydrogen production at later stages. This behaviour suggests that TP-700 may transiently promote hydrogenogenic activity, although without negatively affecting CH₄ production, as confirmed by the simultaneous CH₄ trends. For clarity, H₂ data are described here but not shown due to space constraints.
Conclusions
This study investigated the use of biochar derived from agro-industrial residues via slow pyrolysis as a functional material for AD. Results highlight that both feedstock type and pyrolysis temperature significantly influence biochar physicochemical properties and, consequently, AD performance.
Release tests showed that inorganic species were present at concentrations well below inhibitory thresholds, while potentially contributing as micronutrients to microbial metabolism. Adsorption experiments demonstrated high removal efficiency of HMs, particularly for TP-derived biochars, whereas NH4+ adsorption remained limited, preserving nitrogen availability for microbial activity.
AD experiments revealed distinct behaviours among biochars. TP-500 showed the highest cumulative biogas production, indicating its effectiveness in enhancing CH₄ yield. In contrast, TP-900 exhibited biogas production comparable to the control and SCG-500, with only a moderate reduction in total volume (15%), but significantly improved biogas quality, with higher CH₄/CO₂ ratios, likely associated with preferential CO₂ adsorption. TP-700 resulted in the lowest biogas production despite comparable CH₄ fractions, suggesting possible adsorption of biogas components rather than inhibition of methanogenesis, likely related to its higher specific surface area. TP-900 represented the most promising option for biogas quality improvement, reducing the need for downstream purification, which is one of the most energy- and cost-intensive steps in AD processes. The limited reduction in biogas volume compared to TP-500 further supports its potential for practical implementation.
Results demonstrate that biochar properties can be tuned to target specific process outcomes, such as maximizing biogas yield (TP-500) or improving its quality through partial in situ upgrading (TP-900). These findings confirm the potential of biochar as a versatile tool for optimizing AD performance.
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