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Anaerobic digestion (AD) process is usually limited by factors such as process inefficiencies from substrate-induced
instability, poor quality digestate, and poor management of effluent and emissions. Biochar, which is a highly porous
carbonaceous material produced from the pyrolysis of biomass is an affordable accelerant that can be used to improve
the efficiency of the AD process. Biochar has large specific surface area (SSA), high porosity, and abundant surface
functional groups which allows for adsorption and ion exchange thereby removes free ammonia and ions and curbs their
deleterious effect on the AD process. The performance of biochar in the AD process usually depends on its properties
which are a function of pyrolysis conditions and the type of feedstock used in its production. However, these
conditions/properties are not well understood. Additionally, the various mechanisms through which biochar enhances the
performance of anaerobic digestion process. Accordingly, this research provides valuable insights into the utilization of
biochar as an accelerator to enhance the AD process, addressing crucial factors such as optimal pyrolysis conditions,
biochar dosage, and feedstock selection. Additionally, it delves into the mechanisms through which biochar positively
influences the AD process, particularly by influencing microbial communities, reducing VFA levels, and mitigating the
negative effects of ammonia. The research also highlights areas for further research in applying biochar for anaerobic
digestion.
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| 1. Introduction

Climate change, the energy crisis, resource scarcity, and environmental pollution are critical challenges that will confront
humanity in the next decade &, Two significant contributors to these issues are inadequate solid waste management
and excessive reliance on fossil fuels. Various waste-to-energy techniques such as anaerobic digestion (AD), pyrolysis,
gasification, and incineration offer double-barreled solution to these challenges through effective management of solid
waste and reduction in fossil fuel dependence Bl. Among the abovementioned technologies, the bio-based process of
anaerobic digestion (AD) stands out as having the least negative environmental impact 1. AD involves the decomposition
of organic materials by a consortium of bacteria and archaea to produce biogas, which can be further refined into
biomethane, and nutrient-rich digestate . However, practical implementation of AD often faces challenges due to the
accumulation of volatile fatty acids (VFA), ammonia, and heavy metals, leading to process instability and low biogas
production rates, often influenced by the nature of the substrate €. While techniques such as the addition of bases to
mitigate acidification, two-phase AD, and co-digestion have been employed to address inhibition and enhance the AD
process, they do not comprehensively overcome all the challenges 4. Therefore, alternative solutions are required to
improve the applicability of AD in waste management.

Biochar, a solid byproduct obtained from the thermochemical conversion of biomass in the absence of oxygen, serves as
a versatile catalyst that can enhance the efficiency of the AD process. Biochar accelerates the methanogenesis stage,
safeguards microorganisms against toxic shocks, and reduces the inhibition caused by ammonia and volatile fatty acids,
thereby improving methane production. Additionally, biochar can be utilized for in situ purification of biogas to remove
carbon dioxide. The effectiveness of biochar in the AD process is influenced by its properties, which depend on the
pyrolysis conditions and the type of feedstock used during production. These properties also determine the mechanisms
through which biochar enhances the AD process.

| 2. Factors which influence the efficiency of biochar in the AD process

« Pyrolysis temperature



Pyrolysis temperature is the most relevant factor that influences biochar’s properties as it affects the yield, specific surface
area (SSA), pH, type, and amount of surface functional groups in biochar8l. Various experiments have been carried out to
investigate the impact of temperature on the composition of biochar, and it has been noted that high temperature brings
about high SSA, low cation exchange capacity (CEC), high pH, reduced yield, and high carbon fractions. In addition, the
temperature at which pyrolysis is conducted has an influence on the elemental composition of biochar. Higher
temperatures increase the carbon percentagel®®. The substantial differences in hydrogen (H) and oxygen (O) contents
after pyrolysis have been ascribed to the cleaving of heterocyclic compounds and nitrile groups at high temperaturesidl,
From the aforementioned, it can be seen that conducting pyrolysis at high temperatures can either be beneficial or
detrimental to biochar yield. Thus, in pyrolyzing biomass for the AD process, the choice of temperature should be based
on the intended purpose of biochar in anaerobic digestioni23. However, Tripathi et al. 13 stated that to make the process
economical, temperatures between 450 and 600 °C are the most suitable based on the type of substrate that suits the
purpose of biochar production

* Biochar dosage

Several authors have noted that increasing the quantity of biochar used in anaerobic digestion increases the efficiency of
the process, but extremely high doses have detrimental effects on the efficiency of the process4S The decline in
digestion performance at high dosage levels can be attributed to inhibition caused by elevated concentrations of alkali-
based metals exceeding acceptable limits and the disruption of microbial networks' diversity2€. For instance, Paritosh et
al.17 [76] conducted an experiment using hardwood biochar (HBC) at varying doses (5, 10, 15, 20, 25, and 30 g/L) in the
digestion of wheat straw. They observed that compared to the control group without HBC (110 L/kg VS), the optimal
biochar dosage of 10 g/L doubled the methane yield (223 L/kg VS). However, dosing the digester with biochar beyond 10
g/L resulted in a decrease in methane production. With 15, 20, 25, and 30 g/L HBC, the methane yields were 179.6,
160.0, 148.8, and 149.8 L/kg VS, respectively. In another study by Linville et al.28, walnut shell biochar was added to a
digester during the anaerobic digestion of food waste, with different concentrations (0.96, 1.91, and 3.83 g biochar/g VS
added). The addition of biochar increased the methane yield (ranging from 77.5% to 98.1% CH4) compared to the control
digester. However, very high dosages (3.83 g biochar/g VS added) resulted in cation toxicity in the digester. These
findings highlight the importance of optimizing the dosage of biochar in anaerobic digestion. While increasing the biochar
guantity can enhance the process efficiency, exceeding certain threshold levels can have negative effects on methane
production due to alkali metal concentrations and cation toxicity. Therefore, careful consideration of the appropriate
dosage is necessary to achieve the desired improvements in AD performance while avoiding potential drawbacks.

* Feedstock type

Biochar can be produced from various biomass sources, including plant materials, manure, sludge, and agricultural/food
processing residuesi¥. The choice of feedstock for biochar production directly influences its yield, chemical composition,
and physical properties, which, in turn, impact its effectiveness in the anaerobic digestion (AD) process. Generally, plant
and wood-based feedstocks that are rich in lignin and fixed carbon content yield biochar with high specific surface area
(SSA), a fine aromatic structure, and low ash content2Y. On the other hand, animal manure and sludge, which have high
mineral content, result in biochar with elevated ash content and reduced surface structure and functional groups!2. The
higher SSA of wood-based biochar promotes interspecies electron transfer and accelerates the AD process, making it
more efficient in direct interspecies electron transfer (DIET) compared to biochar derived from animal manure or sewage.
Moreover, plant-based biochar maintains its cell structure and contains interconnected pores, ranging from 5 to 10 um in
diameter. These abundant pores provide a favorable environment for the entrapment and immobilization of
microorganisms, thereby enhancing digestion 22, All these properties give plant/wood-based biochar an edge over
manure or sludge biochar. Though plant/wood-based biochar has a large SSA and high porosity, its ash content is low,
and the concentration of alkaline metals—calcium (Ca), magnesium (Mg), sodium (Na), and potassium (K)—in it is low,
leading to less alkalinity and a lower ability to prevent acidification in the AD process (from the buildup of volatile fatty
acids)23l. Thus, compared to plant/wood-based biochar, the use of manure or sewage biochar will make the biochar more
basic, thereby mitigating ammonia inhibition and increasing the tolerance of the microbial community to acidity. Another
important factor to take into consideration with regards to the composition of the parent material is the presence of surface
functional groups, thereby enabling direct interspecies electron transfer. Biochar's EC and abundant surface functional
groups increase the methane production rate through direct or indirect electron transfer mechanisms by anaerobes
[83,84]. In general, livestock manure and sewage sludge biochar have higher nitrogen (N) and sulfur (S) contents than
biochar derived from plants, which are richer in carbon. From the aforementioned, it can be inferred that in choosing
feedstock for the production of biochar (that will be used in the anaerobic digester), the availability of the feedstock as well
as the aim of the digestion process should be given due consideration.



3. Mechanisms through which biochar improves the performance of the
AD process

« Mitigation of ammonia inhibition

The production of ammonia nitrogen during anaerobic digestion (AD) can provide nutrients and partial alkalinity, but
excessive levels of ammonia inhibit the AD process[24. High concentrations of ammonia can penetrate bacterial cell
membranes, disrupt proton balances and intracellular pH, and hinder enzymatic activities, thereby impairing the
effectiveness of anaerobic digestion. Introducing biochar into the AD process can enhance its tolerance to elevated
ammonia and nitrogen levels22l. Biochar not only acts as a catalyst to accelerate anaerobic digestion but also provides a
surface for the growth of microorganisms and the formation of biofilms, which effectively mitigate ammonia inhibition
compared to suspended microorganisms2®! (see Figure 1). Furthermore, the surface functional groups of biochar interact
with ammonia, rendering it unreactivel2l. Research has demonstrated that black carbon, which includes biochar, can
chemically react with nitrogen compounds and convert them!28l. The oxygen groups present on the biochar surface can
react with adsorbed ammonia, converting it into amines and amides even under ambient conditions22. These amines and
amides are typically resistant to degradation, resulting in their stability.
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Figure 1: Roles of biochar in the AD process
« Volatile fatty acid reduction

The hydrolysis stage of AD leads to the formation of numerous organic acids, the accumulation of these acids (especially
VFAs) lowers the pH of the digestion process and inhibits methanogens, especially at high organic loadingsY. In
addition, the high concentration of the acids can cause their penetration into the cell membrane and subsequent damage
to macromoleculesl. For an improved syntrophic relationship, the pH of the digester must be kept in the neutral
rangel®2. Due to its highly basic nature, biochar can relieve the acid inhibition brought about by hydrolytic acidification
(Figure 1). Wang et al.33 assessed how vermicompost biochar (VCBC) aids in acid buffering when digesting kitchen
waste and chicken manure. They noted that, in comparison with the control digester without VCBC, the bioreactor with
VCBC had better buffering capacity as the reduction in pH was milder. The high buffering capability of VCBC can be
attributed to the high concentration of alkali-based metals (Na, K, Ca, and Mg), which are 8.47 g/kg, 2.53 g/kg, 15.82 g/kg,
and 0.44 g/kg, respectively, in VCBC B4,



« Effect of biochar on microorganisms

The performance of the anaerobic digestion (AD) process relies on the collective activities of diverse functional groups of
microbial communities!22], Incorporating biochar into the AD process provides a platform for the entrapment, binding, and
colonization of microorganisms, promoting the formation of biofilms and acclimatization of microbes. This facilitates
interspecies electron transfer, prevents microbial washout, and enhances overall process efficiency28 (see Figure 1).
Furthermore, biochar contributes to the enrichment of beneficial microbial communities in the AD system by catalyzing
their generation and activity. In addition to enriching microbial communities, the introduction of biochar can induce
significant changes in the microbial community structure of the AD process, ultimately enhancing methane production.
This phenomenon has been observed by several researchers. Wang et al.BZ investigated the anaerobic digestion of food
waste and dewatered activated sludge with sawdust biochar. When the 16S rRNA gene sequences were analyzed, it was
revealed that the application of biochar restructured the bacterial community, as it was observed that only the biochar-
amended digesters had Anaerolineaceae and Methanosaeta, which are typical microorganisms involved in direct
interspecies electron transfer.

Though directly applying biochar to AD improves the functionality of microorganisms, it has some limitations. One such
limitation is that there is usually an alteration in the number of methane-generating microorganisms attached to
biocharl28l, Additionally, it takes several days for the complex microbial communities to form on a solid support?2. One
technique that can be applied to improve this is using biochar, which is already loaded with microorganisms. To reduce
costs associated with continuous production of biochar, the pre-loaded biochar can be biochar recycled from high-solids
digesters or effluent from low-solids digesters!4d,

« Direct Interspecies Electron Transfer

During the methanogenic stage of anaerobic digestion, hydrogenotrophic methanogens!#l play a crucial role in converting
CO, to carbonates, facilitating methane formation. This conversion heavily relies on the syntrophic relationship
established between organic acid-oxidizing acetogenic bacteria and CO,-reducing methanogenic Archaea®2. Interspecies
electron transfer is essential for maintaining syntropy in the AD process, typically occurring through indirect interspecies
electron transfer (IIET), where hydrogen and formate serve as electron carriers between syntrophic-producing bacteria
and methanogens3l. The exchange of metabolites between microorganisms is regulated by diffusion4l. However, the
diffusion-mediated transfer of soluble metabolites is generally slow!4¥], and hydrogen-mediated interspecies electron
transfer poses a significant challenge to efficient methane production€l. To enhance the rate of the digestion process,
direct interspecies electron transfer (DIET) can be facilitated using conductive materials such as graphene, activated
carbon, magnetite, and biochar®d. These materials possess surface chemical properties that enable them to donate and
accept electrons, thereby accelerating the conversion process. DIET has been reported by various researchers as more
effective than IIET since it bypasses diffusion and is not limited by the rate of electron carrier diffusion, such as hydrogen
and formatel48l. DIET has been found to expedite the conversion of diverse reduced organic compounds into methane22,
For example, Zhao et al.29 investigated the role of two conductive materials, magnetite, and granular activated carbon
(GAC), in enhancing and stabilizing the digestion of organic waste. Magnetite was found to facilitate the breakdown of
complex organics into simpler forms, while GAC promoted the syntrophic conversion of fermentation products to methane
through DIET. This demonstrates that the application of activated carbon can enhance the rate of methane production in
the AD process. Compared to activated carbon, biochar offers certain advantages due to its unique properties, including
the presence of redox-active metal groups on its surface. For instance, Shanmugam et al.2ll studied the anaerobic
digestion of glucose and aqueous phase bio-oil using biochar and GAC and observed that both materials facilitated DIET
and increased methane yield. However, biochar exhibited a 72% increase in methane yield, whereas GAC increased it by
40%. The presence of redox-active compounds on the surface of biochar facilitated rapid electron movement between
fermentative bacteria and methanogens (see Figure 1), contributing to its superior performance compared to other
conductive materials.

« In-situ cleanup of biogas

Biochar can serve as a valuable addition to the anaerobic digestion (AD) process by facilitating the in-situ removal of
carbon dioxide (CO,)2. Implementing biochar for on-site biogas cleanup can significantly reduce the cost of upgrading
biogas to meet fuel specifications!®3l. The physical properties of biochar, such as its large surface area (SSA) and high
porosity, create favorable conditions for the capture of CO, and hydrogen sulfide (H,S)24. Additionally, its chemical
properties, including high concentrations of alkali-based metals such as potassium (K), magnesium (Mg), and sodium
(Na), aid in the in-situ removal of CO, within the bioreactor. Typically, CO, removal involves its dissolution in water to form
carbonates, followed by reactions with alkali-based metals (e.g., Ca, Mg, and K) to form calcium magnesium and
potassium carbonates®. Biochar, with its abundant monovalent and divalent cations, acts as a catalyst for the



carbonation process during ADE8 (see Figure 1). The presence of alkaline metals promotes the conversion of CO, to
carbonate/bicarbonate. Therefore, when preparing biochar for use in the AD process, it is crucial to optimize pyrolysis
conditions to favor the formation of an alkaline surface that enhances in situ CO, removal. Another approach to ensure
alkaline conditions in the digester is by operating at thermophilic temperatures (50-60 °C). Digesting at elevated
temperatures facilitates the release and dissolution of alkali-based metals from biochar, thereby enhancing the in-situ
removal of CO, and H,SE4. Furthermore, compared to mesophilic conditions, thermophilic conditions result in lower
toxicity levels due to improved hydrolysis and a faster microbial reaction rate, leading to the release of cations®8l, Apart
from high-temperature digestion, the use of small-sized biochar particles can also enhance the availability of alkali and
alkaline earth metals, promoting biochar dissolution and facilitating CO, adsorption=2!,

| 4. Areas of Future Research

Based on the reviewed literature, further research is needed in the following areas regarding the application of biochar in
the anaerobic digestion (AD) process:

« Optimal levels of parameters for thermophilic AD:

The research suggests that conducting digestion under thermophilic conditions (between 50 and 60 °C) can mitigate
volatile fatty acid (VFA) and ammonia inhibition, leading to increased biomethane yield. However, research is required to
determine the optimum levels of other parameters that can be used in conjunction with thermophilic temperatures to
mitigate the negative effects of high temperatures on organic waste digestion with biochar. This will help optimize the AD
process and enhance its performance.

« Interdependency of different mechanisms in inhibiting AD:

In addition to thermophilic temperatures, various mechanisms, such as ammonia adsorption on biochar surfaces, have
been reported to alleviate inhibition during the AD process. However, most studies have focused on investigating these
mechanisms in isolation. It is essential to explore the interplay between different inhibitory factors, such as the interaction
between ammonia and VFA inhibition, to gain a comprehensive understanding of their combined effects and the role of
biochar in mitigating them. Dissolution may not always be the primary reason for ammonia inhibition mitigation by biochar,
and further clarification is needed.

¢ Use of biochar-immobilized bacteria:

The research identified limitations regarding the microbial community structure in the AD process with biochar, including
changes in the population of methanogenic microorganisms attached to biochar, the time required for the formation of
complex microbial communities on biochar support, and fluctuations in microbial communities within the digester.
Therefore, urgent research is needed on the use of bacteria immobilized on biochar or preloaded biochar. Immobilized
bacteria can expedite the acclimatization process in the digester, thereby enhancing the efficiency of the AD process.

« Interactions between biochar, digestate, and soil:

Further investigation is necessary to understand the interactions between biochar, digestate (the residue from the AD
process), and soil to effectively utilize the mixture of digestate and biochar as soil conditioners. Future studies should
consider the agronomic value of the resulting digestate, including its nutrient content, impact on germination, and
phytotoxicity index, among other relevant factors. Understanding these interactions will contribute to optimizing the use of
biochar and digestate for soil improvement purposes.

| 5. Conclusion

Biochar offers an efficient solution for addressing multiple challenges in the anaerobic digestion (AD) process. However,
certain challenges need to be addressed to maximize its effectiveness. These challenges involve making appropriate
choices regarding feedstock selection, pyrolysis conditions, and biochar activation to achieve the desired product for
targeted use in the AD industry. Furthermore, the dosage of biochar applied in the AD process significantly impacts its
efficiency. Therefore, it is crucial to ensure that the entire process, from biochar preparation to its application in AD,
promotes the development of desirable properties such as a large specific surface area (SSA), a substantial pore
structure, a high pH, and surface functional groups. This research highlights that pyrolyzing biomass at high temperatures
(>450 °C) facilitates the formation of these crucial properties. However, it is important to note that high-temperature
pyrolysis can result in the removal of oxygen (O) and hydrogen (H) functional groups from the biochar surface. Therefore,
when pyrolyzing biomass for the AD process, the choice of temperature should be based on the intended purpose of



biochar in the AD system. In addition to considerations related to biomass pyrolysis, optimizing the operational parameters
of anaerobic digesters is essential for achieving higher methane yield and improved biogas quality. Therefore, enhancing
the design and stability of anaerobic digesters becomes necessary to maximize the benefits of biochar in the AD process.
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