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Abstract

Sludge, a by-product of wastewater treatment, contains harmful components that neg-
atively impact the environment. One of the most ecologically viable and cost-effective
methods for sludge treatment is anaerobic digestion, which produces biogas and stabilized
digestate that can be applied to agricultural land. However, anaerobic digestion has certain
limitations that reduce biogas yield. To address these issues, various improvement methods
have been developed, including the addition of biochar. Biochar, a carbon-rich biomass,
enhances the decomposition of organic matter, reduces ammonia toxicity, and supports
the growth of methanogenic archaea. Additionally, biochar improves the quality of the
resulting digestate, making it more suitable for agricultural use and plant growth. This
sustainable approach to sludge management not only benefits the wastewater sector, but
also contributes to the energy and agricultural industries.

Keywords: anaerobic digestion; sludge; biochar; methane; microbial structure; DIET;
syntrophy mechanism; digestate quality

1. Introduction
Sludge is a residual stream produced in wastewater treatment plants [1]. Adequate

sludge management at the plant is complex and represents one of the most important
challenges in waste management [2]. Sludge is an organic substrate rich in nutrients (N,
P, K) and other useful components that can be used in different sectors, which indicates
the possibility of opening a new concept of sludge management as a potential resource.
This bridges the traditional view of sludge as waste, strengthening the application of
the circular economy concept. However, the presence of harmful components, such as
heavy metals, bacteria, pathogens, and persistent compounds, causes concern during its
application [3].
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In order to stabilize the sludge and ensure its safe use, one of the technologies used is
anaerobic digestion. Anaerobic digestion is a technology in which biosolids and biogas are
produced by microorganisms in the absence of oxygen [4]. Anaerobic digestion represents
one of the most feasible and environmentally acceptable methods of waste valorization [5].
The process of anaerobic digestion occurs in four phases: hydrolysis, acidogenesis, acetoge-
nesis, and methanogenesis. Hydrolysis of complex organic matter is very important in the
process of anaerobic biodegradation. During hydrolysis, bacteria transform the insoluble
complexes (such as carbohydrates, proteins, and lipids) of the organic substrate into soluble
monomers and polymers [6]. Acidogenesis is the second phase in which the components
formed in the hydrolysis phase are broken down. Acidogenic bacteria mainly produce
volatile fatty acids (VFAs), i.e., acetate and organic acids such as propionate, butyrate
valeric acid, formic acid, lactic acid, carbon dioxide, hydrogen sulfide, ammonia, and
other by-products [7,8]. In the third phase, acetogenesis, short-chain fatty acids, except
for acetate formed in acidogenesis, are further converted into acetic acid, carbon dioxide,
and hydrogen by acetogenic bacteria [7]. Methanogenesis is the final stage of anaerobic
digestion, in which gas is produced as the final product.

Successful anaerobic digestion means total phases have been completed to the final
stage. However, hydrolysis represents a limiting factor, due to the slow rate and incom-
plete decomposition [9]. In addition, there are other factors that influence the success of
anaerobic digestion, such as pH, temperature, organic loading rate, hydraulic retention
time, C/N rate, and many others. The most important factors are pH and temperature. The
anaerobic digestion system can operate at three optimal temperature levels: psychrophilic
(temperature lower than 20 ◦C), mesophilic (20–43 ◦C), and thermophilic (50–60 ◦C) [10].
By comparing the temperatures, it was determined that the rate of hydrolysis increases
with temperature [11]. Maintaining optimal conditions in anaerobic digestion is particu-
larly challenging. In order to overcome the limitations of anaerobic digestion and make
the process efficient, anaerobic digestion is improved by various physical, chemical, and
biological methods [12]. One of the key factors of anaerobic digestion is the microbial com-
munity; each microorganism in the anaerobic reactor has its own function, entering various
interactions that must be known to improve the efficiency of anaerobic digestion [13]. For
this reason, a detailed understanding of each parameter of anaerobic digestion is necessary.

In recent research, special importance is attached to carbon-based materials. The
researchers also discovered their application as additives used in anaerobic digestion in
order to improve the stability of the process [14,15]. Among them, conductive carbon
materials, such as granular activated carbon (GAC) and biochar, have attracted special
attention [16]. It has been observed that biochars can improve the efficiency of anaerobic
processes by alleviating ammonia inhibition and promoting the growth of methanogenic
archaea [17]. Biochar is a carbon-rich material produced through the pyrolysis of different
organic wastes [18].

The impact of different reaction mechanisms of biochar in anaerobic digestion requires
additional research. A schematic overview of these processes is presented in Figure 1. This
review paper aims to understand the effect of biochar on the microbial community and
different parameters of anaerobic digestion and the influence of biochar on the quality of
the produced digestate.
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Figure 1. Schematic overview of the anaerobic digestion of sludge with the addition of biochar.

2. Biochar
2.1. Biochar Production

Biochar is a carbon-rich material produced from biomass through pyrolysis, a process
that decomposes organic matter at high temperatures (300–700 ◦C) in the absence of
oxygen [18,19]. The yield and properties of biochar are governed by multiple parameters,
such as feedstock characteristics (e.g., moisture content and particle size), operational
conditions (temperature and heating rate), and the processing atmosphere (type and flow
rate of the carrier gas) [20]. The pyrolysis temperature plays a crucial role in determining the
physicochemical properties of the resulting biochar. Increasing the temperature generally
enhances the surface area and porosity of biochar due to the destruction of aliphatic
alkyl and ester groups [21,22]. At higher temperatures, the release of volatile substances
decreases, while the biochar tends to have a higher pH, greater ash content, higher porosity,
and lower volatile matter values—characteristics attributed to the extensive decomposition
of organic matter [23,24]. In recent years, alternative technologies for carbon-rich materials
have emerged, such as hydrochar production through hydrothermal carbonization (HTC).
Hydrochar is produced under wet conditions at relatively lower temperatures (180–250 ◦C)
and autogenous pressure [25,26]. Compared to conventional pyrolysis, HTC offers several
advantages, including lower energy consumption, reduced emissions, and no need for
feedstock drying prior to processing. It also allows for higher yields with a lower energy
input [27]. The main parameters influencing HTC include temperature, reaction time,
pressure, feedstock loading ratio, and the use of catalysts [28]. The resulting hydrochar
can serve as a low-cost adsorbent for the removal of heavy metals, organic pollutants,
phosphate, and pathogens from wastewater [29].

This review paper aims to highlight the effect of biochar on the anaerobic digestion of
sludge with a focus on the impact of biochar on the microbial community.

2.2. Properties of Biochar

Biochar typically contains over 60% carbon, along with other essential elements, such
as nitrogen, phosphorus, potassium, and calcium [30]. It is characterized by its high
porosity and a large surface area, properties that enable the adsorption and retention of
water, nutrients, and pollutants [31]. Differences in feedstock and pyrolysis temperature
result in pronounced changes in the structural and chemical properties of biochar, including
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its surface area, pore distribution, and elemental composition [32]. Common feedstocks
for biochar production include agricultural residues, owing to their wide availability and
the high quality of biochar they produce [33]. An increase in pyrolysis temperature alters
the elemental composition of biochar: the contents of magnesium (Mg), calcium (Ca),
and phosphorus (P) generally increase, while the carbon (C) and nitrogen (N) contents
decrease [34,35]. These changes directly influence the potential applications of biochar in
environmental and agricultural systems.

The internal structure of biochar consists of three main pore types: micropores (<2 nm),
mesopores (2–50 nm), and macropores (>50 nm). Macropores enhance substance diffusion,
mesopores serve as pathways for mass transfer, and micropores provide adsorption sites
for small molecules and ions [36].

The yield of biochar depends strongly on the pyrolysis mode. Fast pyrolysis (retention
time in the range of 0.1–0.3 s; heating rate: 10–200 ◦C/s) typically yields 15–20% biochar,
while slow pyrolysis (retention time: 15–30 min; heating rate: 0.1–1 ◦C/s) produces up to
35% [37]. Although slow pyrolysis yields more biochar, higher temperatures tend to reduce
the overall yield due to water loss, the thermal degradation of organic compounds, and the
formation of stable aromatic structures [37].

2.3. Application of Biochar

Biochar is widely used in agriculture due to its binding properties [38]. As a highly
porous material, it reduces soil density, improves aeration, and enhances soil water reten-
tion. When incorporated into the soil, biochar boosts soil quality by promoting natural
carbon sequestration [39]. Due to its large surface area and high cation exchange capacity,
biochar also has the ability to adsorb both organic and inorganic compounds [40]. This
makes biochar an effective and inexpensive adsorbent in water and wastewater purification
processes. Moreover, biochar production supports waste valorization and resource recov-
ery while helping to mitigate negative environmental impacts, such as greenhouse gas
emissions [18]. As a soil amendment tool, biochar offers a sustainable solution to improve
soil properties, especially in degraded and nutrient-poor soils [41]. Its application supports
sustainable development and aligns with the principles of the circular economy [42]. The
adsorption mechanisms of biochar for removing pollutants are varied and depend on its
physicochemical properties, such as dosage, pyrolysis temperature, and the pH of the
medium. These mechanisms can include electrostatic interactions, ion exchange, pore
filling, and precipitation. The immobilization of heavy metals by biochar occurs via several
pathways, such as electrostatic attraction, ion exchange processes, surface complexation,
precipitation of insoluble metal compounds, and redox-mediated transformation followed
by adsorption [43]. In addition to heavy metals, biochar can also adsorb organic pollu-
tants. This is facilitated by mechanisms such as pore filling, hydrophobic interactions,
partitioning, electrostatic interactions, and electron donor-acceptor (EDA) interactions [44].

This study aims to provide valuable insights into the influence of biochar on various
parameters of anaerobic digestion, as well as the quality of the produced digestate.

3. Influence of Biochar on Anaerobic Digestion
Numerous studies that have been conducted in order to better understand the impact

of biochar on anaerobic digestion show that biochar has a positive effect on anaerobic
digestion and biogas production [15,45,46]. Due to its high porosity, large specific surface
area, and good adsorption properties, studies have shown that the use of biochar in
anaerobic digestion contributes to the stability of the system and the promotion of biogas
production [47]. There are various studies on the impact of biochar on improving anaerobic
digestion and increasing biogas production [48–51]. Biochar as a conductive carbon material
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exhibits properties such as a high electron exchange capacity, tunable surface functionality,
as well as the possibility of microbial immobilization [52]. The good adsorption capacity of
biochar reduces the inhibitory effects of polluting components and co-product anaerobic
digestion [53]. Thanks to its large surface area, biochar provides space for the colonization of
microorganisms, providing protection from toxic stresses caused by external influences [54].
However, it should be taken into account that biochars can also inhibit the process of
anaerobic digestion. Given that biochars are produced from different biomasses under
different production conditions, there are certain variations in their physical and chemical
properties, which further can affect the efficiency of anaerobic digestion [55].

Several studies have confirmed that the addition of biochar facilitates the formation
and degradation of VFA [56]. When biochar is used in anaerobic digestion, biofilm forma-
tion is facilitated due to the porous structure of biochar, and direct interspecies electron
transfer (DIET) of functional microbes is promoted due to the redox-active property of
biochar [57,58]. Given that biochar is an ecologically acceptable material, its use in improv-
ing anaerobic digestion is increasingly common. Biochar has a comparable performance in
improving anaerobic digestion compared to other additives, at a relatively low cost [59].

3.1. Effects of Biochar on Methane Yield

The addition of biochar to anaerobic digestion enhances oxygen consumption effi-
ciency and reduces the lag phase of methanogenesis, ultimately leading to an increase in
the methane yield [50]. Despite some existing limitations, using biochar as a pre-treatment
helps address these challenges, further boosting methane production. The advantages of
adding biochar to an anaerobic digestion system are reflected in the properties of biochar,
such as the large surface area for biofilm formation, the adsorption of inhibitory compounds
such as ammonium, and pH buffering capacity [60].

In the work of Zhou et al. [61], biochar produced from cornmeal led to an increase
in methane production of 26.2%. In the study of Zhang et al. [62], the impact of nine
types of biochar generated from three different raw materials on anaerobic digestion was
examined. The results showed that methane production could be significantly increased
(218.45 L per kg VS) with biochar from corn straws. Biochar exhibits biostability, providing
a food source for methanogens during anaerobic digestion, which later produces a higher
methane yield [63]. However, the increase in methane production needs to be viewed
from several aspects, such as the type of biochar used, pyrolysis temperature, and dose. In
addition to the type of biochar, the dose of biochar added to the anaerobic digestion system
also has a significant impact [62]. Studies show that higher doses of biochar (greater than
10 g/L) can have inhibitory effects, leading to a reduction in the methane yield [62].

The reason for this may be that a moderate addition of biochar can efficiently alleviate
the accumulation of VFAs, which promotes methanogenic activity, while more biochar
could lead to the accumulation of propionic acid, which would disturb the stability of the
system and reduce methane production (Figure 2). Namely, the accumulation of propionic
acid (greater than 937.1 mg/L) leads to a slower rate of propionic acid acetogenesis, which
leads to less methane production [64]. For instance, Torri et al. [65] found that the optimal
dose for enhancing methane production in anaerobic digestion was 10 g/L. While moderate
amounts of biochar contribute to methane production, excessive doses can have a negative
effect on the system. As demonstrated by Shi et al. [66], higher doses of biochar can
hinder the conversion of organic matter into butyrate, with methanogenesis efficiency
decreasing by 32.5%.
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Figure 2. Influence of biochar doses on methane yield.

Effects of Pyrolysis Temperature and Feedstock Source of Biochar on Methane Yield

Pyrolysis conditions, such as heating rate, temperature, and retention time, affect the
properties of biochar, which further affect the performance of anaerobic digestion. Temper-
ature is considered a more important condition that affects the properties of biochar [55].
The pyrolysis temperature and the feedstock biomass can significantly affect the methane
yield during anaerobic digestion. Various experiments were conducted to investigate a
clear correlation between pyrolysis temperature and biochar properties (Table 1).

Table 1. The correlation between the methane yield, feedstock, and pyrolysis temperature.

Feedstock Temperature
Pyrolysis

The Highest Yield of
Methane Comments Ref.

Food waste 550 ◦C 65. 8 L/day Biochar increased methane
production by 23.8%

Zhang et al.,
2025 [47]

Cedar wood,
wheat straw,

digestate, and
municipal

sludge

400–950 ◦C 417.79 ± 5.38 mL/g VS

Biochar produced at a lower
temperature of 400 ◦C

increased methane
production by 40%

Vayena et al.,
2024 [55]

Sawdust waste 500–700 ◦C 12.6–13.7 mL/day
Biochar pyrolyzed at 500 ◦C

proved to be the most
effective

Wang et al.,
2020 [67]

Cornmeal leads 500 ◦C 66 g/L Biochar enhanced methane
production by up to 26.2%

Zhou et al.,
2020 [61]

Corn straw,
coconut shell,
and sewage

sludge

400, 500,
600 ◦C

218.45 ± 9.55 L per kg
VS

Biochar derived from corn
straw pyrolyzed at 600 ◦C

proved to be the most
effective

Zhang et al.,
2019 [62]

Oil sludge 500, 600,
700 ◦C 143 mL/g VS

Biochar from oil sludge
pyrolyzed at 600 ◦C was

used; it showed the highest
capacity and accumulative

methane yield

Feng et al.,
2023 [68]

Corn stover 600 ◦C 3.06 g/g TS

Biochar derived from corn
stover pyrolyzed at 600 ◦C

increased the methane yield
by a range of 8.6–17.8%

Wei et al.,
2020 [69]

The results show that a higher temperature leads to a higher specific surface area of
biochar, a lower cation exchange capacity, higher pH, reduced yield, and higher carbon
fractions [56]. Biochar produced at different pyrolysis temperatures had different degrees
of carbonization, and a highly order structure formed when the pyrolysis temperature
exceeded 400 ◦C [57]. The effect of the pyrolysis temperature on the properties of biochar
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can be seen through several different aspects. In biochars that are pyrolyzed at lower
temperatures (300–600 ◦C), redox-active surface functional groups contribute to the electron
exchange capacity. In biochars that are pyrolyzed at higher temperatures (400–700 ◦C),
the main factor contributing to electron exchange is electrical conductivity [51]. For this
reason, it is necessary to make a correlation between the pyrolysis temperature of biochar
and the yield of methane. In the study by Wang et al. [57], biochar pyrolyzed at different
temperatures (300–700 ◦C) was analyzed. Biochar pyrolyzed at 500 ◦C proved to be the
most effective. Biochar pyrolyzed at 700 ◦C is less efficient than swept biochar, although
the electrical conductivity is significantly higher. The reason can be cited as the abundance
of redox-active functional groups in biochar pyrolyzed at 500 ◦C [57]. Pyrolysis at high
temperatures can potentially lead to the release of toxic substances that inhibit anaerobic
digestion, while low pyrolysis temperatures may not fully stabilize the pyrolyzed biomass,
leading to the production of biochar that contributes to methane production through the
content of biodegradable organic matter. This is supported by the results of a study in which
wood-based biochar (BCW800) subsequently treated by gasification at high temperatures
inhibited the anaerobic digestion process with 52% reduction in methane, at an addition
of 15 g/L, with an 18% reduction in methanogens and microbial diversity. When biochar
contains residual biodegradable organic matter due to the incomplete pyrolysis (BC400)
used, an increase in biogas yield of 417.79 ± 5.38 mL/g VS, was observed [55].

By reviewing the literature, different feedstocks for biochar production can be estab-
lished. However, there is some variation in the efficiency of anaerobic digestion. Biochar
derived from wood proved to be more efficient for methane production compared to
biochar derived from agricultural waste [51]. Biochar derived from wood exhibits prop-
erties such as a higher specific surface area (253.39 m2/g) and electron-donor capacity
(0.019 ± 0.0002 µS/cm) [51]. On the other hand, biochar derived from agricultural waste
contains nutrients necessary for growth microorganisms [53]. The type of raw material and
the pyrolysis temperature should be considered together due to the combined effect on the
physicochemical properties of the produced biochar.

In one study, the methane yield was monitored using biochar from different biomasses,
such as corn straw, coconut shell, and sewage sludge, pyrolyzed at different tempera-
tures. The results show that different sources of biomass and pyrolysis temperatures
used for biochar formation stimulate methane production. The maximum methane yield
was 218.45 ± 9.55 L per kg VS for CS600, followed by SS500, CS500, CS400, CCS600,
SS600, SS400, CCS400, and CCS500, and the control had cumulative methane yields of
207.49 ±7.29, 195.77 ± 6.92, 184.12 ± 9.69, 174.44 ± 7.72, 165.85 ± 8.02, 155.86 ± 8.19,
143.85 ± 8.92, 125.50 ± 9.36, and 117.36 ± 8.96 L per kg VS, respectively. CS600 proved to
be the most suitable, increasing the yield by 86.14%. Of all the biochars, biochar produced
from sewage sludge showed the highest increase in ash content of 42.2%. Also, it was
observed that the ash content increased with pyrolysis temperature. Biochar sources such
as corn may have more nutrients that encourage microorganisms that improve anaerobic
digestion. An increase in the pyrolysis temperature causes an increase in the specific
surface area of biochar, the removal of volatile substances, and an increase in the pores
of biochar [62]. And the larger specific surface area of biochar favors the growth of mi-
croorganisms [56]. In another study using corn stover as biomass pyrolyzed at 600 ◦C,
there was an increase in the methane yield in the range of 8.6–17.8% [69]. Sewage sludge
contains large amounts of inorganic matter, which are composed of biochar during the
pyrolysis process [70,71]. In a paper by Feng et al. [68], biochar from oil sludge pyrolyzed
at 600 ◦C was used; it showed the highest capacity and an accumulative methane yield of
143.96 mL (g VS−1). Therefore, both the biomass source and pyrolysis temperature signifi-
cantly influence the properties of biochar, such as its specific surface area and ash content.
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Based on the data presented, it can be concluded that a pyrolysis temperature of 600 ◦C and
the use of food waste biomass are the most suitable for the production of biochar intended
for the enhancement of anaerobic digestion.

3.2. Effects of Biochar on Ammonia Inhibition

During anaerobic digestion, nitrogen substances are broken down, which leads to the
accumulation of ammonia and long-chain fatty acids [72]. Ammonia is both a nutrient
and an inhibitor; optimal concentrations (600–800 mg/L) support microbial growth, while
excessive levels (up to 7000 mg/L) can severely inhibit methanogenesis [73]. Depending
on the temperature and pH of the system, total inorganic ammonium–nitrogen exists in
two forms: ammonium ions and free ammonia. Free ammonia is considered toxic, and
its concentration increases with increasing temperature and pH due to the conversion of
ammonium into free ammonia [74]. Free ammonia suppresses methanogens to the aceto-
clastic pathway, such as Methanosaeta, while it is considered less toxic to hydrogenotrophic
methanogens [75]. High concentrations of ammonia cause the disruption of the cytoplasmic
pH in the cells of acetoclastic methanogens and lead to a loss of intracellular potassium [76].
Total ammonia nitrogen (TAN) concentrations ranging from 2.500 to 11.000 mg/L have
been reported to induce toxicity in methanogenic archaea [77]. In general, the doses of TAN
that inhibit anaerobic digestion vary among studies, which can be attributed to differences
in substrate and inoculums type, experimental parameters, and acclimation periods [78].
Biochar helps regulate community structures and encourage the accumulation of bacteria
that consume acetate under ammonia inhibition [79]. Biochar is characterized by a large
adsorption surface and high porosity, which is useful for ammonia adsorption [80]. Addi-
tionally, biochars and microorganisms form a biofilm that limits ammonia inhibition [81].
The role of biochar in inhibiting ammonia during anaerobic digestion can be reflected in
the following: the adsorption of ammonia to reduce its content in the system, provision
of microbial attachment to avoid exposure to ammonia, buffering of pH disturbances
caused by the accumulation of VFAs, and regulation of electron transfer in syntrophic
methanogenesis [82].

Studies have shown that the total concentration of ammonium–nitrogen is reduced
at lower concentrations of biochar (10 g/L), i.e., it increases with a higher dose of biochar
(>10 mg/L) [83,84]. The reason for this is that a higher dose of biochar causes greater
organic decomposition, which leads to the release of more ammonium–nitrogen in the
process of anaerobic digestion. It has been shown that NH4

+-N exerts a minimal effect on
anaerobic digestion when its concentration remains below 3500 mg/L [81]. On the other
hand, reducing the dose of biochar leads to a decrease in the concentration of ammonium–
nitrogen on the surface of the biochar by the mechanisms of electrostatic ion exchange
due to the high affinity of the sorption of negatively charged functional groups of biochar
toward positively charged ammonium ions [85]. A dose of biochar up to 30 g/L can be
used without fear of inhibition due to the increased decomposition of organic matter [51].
The use of biochar to remove ammonia in anaerobic digestion involves three mechanisms:
physical adsorption, electrostatic attraction, and cation exchange [86]. The adsorption of
free ammonia on the surface of biochar is carried out by van der Waals forces. Negatively
charged functional groups on the surface of biochar, such as (–OH and –COO), react with
ammonia through electrostatic attraction and promote adsorption. The cation exchange
mechanisms facilitate the adsorption of ammonia by means of cations located on the
surface of the biochar [87]. The mechanisms and interactions are schematically illustrated
in Figure 3.
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Figure 3. Mechanisms of action of biochar functional groups and ammonia.

Functional groups on the surface of biochar can interact with ammonia, potentially
inhibiting the anaerobic digestion process. Specifically, oxygen-containing functional
groups can react with adsorbed ammonia, converting it into amines and amides, which
are non-degradable and may contribute to the inhibition of digestion [88]. Due to its
large specific surface area, high porosity, abundance of functional groups, good buffering
capacity, and electrical conductivity, biochar has proven to be an effective supplement for
mitigating the toxic effects of ammonia [89].

This is supported by the research conducted by Wei et al. [69], which found that
biochar derived from corn stover improved process stability and alleviated ammonia
inhibition due to its buffering capacity, resulting in a 13.8–18.8% increase in methane
content. Similarly, Zhang et al. [62] demonstrated that the addition of biochar helps stabilize
the anaerobic digestion system by alleviating ammonia toxicity, thereby creating a more
favorable environment for methanogen growth. Furthermore, Lü et al. [90] concluded that
biochar addition enhanced system stability by preventing the harmful effects of ammonia,
leading to improved methanogenesis.

3.3. The Influence Biochar on the Production of VFAs and pH

pH is a critical parameter in anaerobic digestion that directly impacts system stability.
There are three main types of bacteria involved in biogas production: hydrolytic bacteria,
fermentative bacteria, and methane-producing archaea. Fermentative bacteria can operate
within a pH range of 4.0 to 8.5, with an optimal range of 5.0 to 6.0, while methanogenic
archaea function best within a pH range of 5.5 to 8.5, with an optimal range of 6.8 to 8.0.
Any disturbance in pH can pose risks to the digestion process. For example, an increase
in volatile solids can lead to a high production of organic acids by acidogenic bacteria,
causing a sharp decline in pH below 5.0. This is harmful to methanogenic bacteria, which
have an optimal pH range of 6.5 to 8.0. Conversely, if the pH rises above 8.0, it becomes
toxic to most anaerobic microorganisms, inhibiting their biological functions [7]. Given the
alkaline nature of biochar, its addition increases the pH during anaerobic digestion [62].
During the hydrolysis and acidogenesis steps, VFAs are produced, which can cause a pH
increase in the system [91]. This effect is counterbalanced by syntrophic acetogens and
methanogens, which convert VFAs into methane and carbon dioxide. However, in the
cases of a high organic load, when VFA production exceeds the rate of consumption, VFA
accumulation occurs, leading to a sharp pH drop [92]. The buffering capacity in a digester
is determined by its ability to neutralize VFAs through the production of carbon dioxide
and bicarbonate [93].

Biochar shows a good buffering capacity due to the high production of ammonia,
which neutralizes VFAs [15]. The buffering capacity of biochar depends on two key
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factors: functional groups and inorganic content. During anaerobic digestion, the rapid
accumulation of VFAs can lead to a pH drop. Biochar’s functional groups, such as amines,
can adsorb H+ ions and capture electrons, mitigating the sharp drop in the pH. Additionally,
biochar contains alkaline elements such as Ca, K, Mg, and Na, which contribute to its
alkalinity [94]. As mentioned earlier, biochar contributes to system stability by adsorbing
volatile fatty acids and ammonia, thanks to the large surface area, pore volume and surface
functional groups [86].

In a study by Zhang et al. [62], corn straw and coconut shell were used as raw materials
for the preparation of biochar to improve the anaerobic digestion of sludge. Pyrolysis was
conducted at temperatures in the range of 350–600 ◦C. The results showed that the addition
of biochar led to an increase in pH, which is consistent with the alkaline nature of biochar.
However, the pH value of all digesters initially decreased during the first six days due to
the accumulation of VFAs resulting from the decomposition of organic matter in the sludge.
After this period, the pH began to rise in all digesters, reflecting the consumption of VFAs
and the ammonification of proteins. In a study by Zhou et al. [61], two types of biochar
were used: one produced from the pyrolysis of raw corn stover and the other from sulfuric
acid-pretreated corn stover. The addition of the first type of biochar significantly increased
the alkalinity (pH = 7.38–7.52), while the second type did not result in a significant increase
compared to the control (pH = 7.0). As mentioned earlier, both the raw material used
to produce the biochar and the pyrolysis temperature play crucial roles in determining
the biochar’s properties, which, in turn, affect the performance of anaerobic digestion.
Additionally, the VFA/alkalinity ratio was found to be less than 0.4, indicating that the
system was stable. In a study by Wang et al. [95], vermicompost biochar was found to
help buffer acids during the anaerobic digestion of kitchen waste and chicken manure. In
another study, the influence of hardwood biochar on the anaerobic digestion of sludge
was investigated at doses of 5, 10, 15, 20, 25, and 35 g/L. The results showed that higher
doses of biochar increased the alkalinity. The dose of 10 g/L of biochar resulted in the
highest alkalinity, with a value of 3.2 g/L CaCO3 and a pH of 7.6. However, the addition of
biochar beyond this dose further increased alkalinity but caused the pH to become more
distributed across the system, potentially reducing its stability [96].

3.4. Impact of Biochar on Microbial Structures

The structure and abundance of the microbial community are closely related to the
presence of biochar in anaerobic reactors. Biochar favors the growth of attached biomass by
acting as an inert core, leading to the rapid formation of microbial aggregates [58]. Biochar
can provide an available source of nutrients for microbes, which affects the increase in
co-metabolism and proliferation, which increases microbial activity. At the genus level,
Methanosarcina was the most abundant methanogen, followed by Methanosaeta, Methanobac-
terium, and Methanospirillum [97] Bacteria Methanosarcina and Methanosaeta are typical ace-
toclastic methanogens that use acetate for methane production. Specifically, Methanosarcina
in samples with biochar had a higher proportion in the range of 65.97–75.93%, while
in the control group it increased from 57.92% to 64.4% in 34 days [58]. The importance
of Methanosarcina is reflected in the fact that it has several methanogenic pathways that
it uses to produce methane [98]. In the work of Sugiarto et al. [99], it was proven that
iron-containing biochar plays an important role during biogas production, especially by
promoting the growth of Clostrida. Higer Clostridia growth rates convert more substrate
to acetic acid and butyric acid, leading to an increased biogas yield. There was also an
increase in the population of Methanosaeta. Methanosaeta is an acetoclastic methanogen
responsible for converting acetic acid into methane. This claim is supported by a study
by Qi et al. [87] in which the results showed that the addition of biochar led to a four-fold
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increase in the number of Methanosaeta species compared to the control group. Also, it was
shown that there was more Methanobacterium in the control group than the sample with
biochar, indicating that the addition of biochar promotes the growth of more acetoclastic
methanogens than hydrogenotrophic methanogens. The increase is related to their binding
to the biochar particles due to its high porosity, which promotes biofilm growth [100]. In a
study by Wu et al. [101], the effects of pyrochar and hydrochar obtained from wastewater
sludge on the mesophilic anaerobic digestion of activated sludge were compared. By
adding biochar to the reactors, the archaea community showed a significant difference. The
addition of hydrochar changed the structure of the bacterial community. This study showed
that pyrochar compared to hydrochar has more surface functional groups and a larger
surface area, which provided a more favorable environment for the growth of microbes,
which in this case was shown by Proteobacteria. After 32 days of anaerobic digestion, the
three most important genera in all the samples were Methanosaeta, Methanobacterium, and
Methanosarcina. Zhao et al. [102] found that when some of the carbonaceous materials
were removed from the reactor, the rate of syntrophic metabolisms decreased to a rate
comparable to a control reactor without the addition of carbonaceous materials.

3.4.1. Syntrophy Mechanisms

In hydrolysis, which is the first step of anaerobic digestion, the action of extracellular
hydrolytic enzymes leads to the breakdown of complex organic molecules, such as polysac-
charides, proteins, fats, or other polymer into sampler molecules, such as sugars, amino
acids, fatty acids, or some other monomers. Monomers formed in the hydrolysis phase
by the action of primary fermenting bacteria are further broken down into volatile fatty
acids, succinate, lactate, and ethanol. Fermentation products, such as acetate, H2/CO2,
and formate, can be directly used by methanogens for methane production. However,
some other fermentation products, such as VFAs, cannot be used by methanogenic bac-
teria, which requires further fermentation by secondary fermenting bacteria (syntrophic
bacteria). Syntrophic bacteria are capable of converting the fermentation products into
acetate, formate, or some other carbon compounds that can be used by the methanogenic
bacteria [103–105]. Within the anaerobic system, syntrophic relationships have been iden-
tified between the acetogenic and methanogenic phases, in which both microorganism
groups depend on each other [106,107]. This concept was first proven in 1967, when Bryant
et al. [108] proposed the theory of “Interspaces electron transfer”. The observation of
a culture of Methanobacillus omelianskii, an anaerobic methanogenic culture, previously
thought to be pure, led to the conclusion that the two strains established a syntrophic
relationship leading to methane production. This first strain, the “S organisms,” was able
to oxidize ethanol, producing hydrogen, which is used by another bacterium, Methanobac-
terium bryantii M.o.H, to produce methane. These results were the first to suggest that
the syntrophic relationship between these microorganisms is based on electron transfer:
fermentative bacteria used as the final carrier of H+ electrons produce H2, which is used by
methanogens to produce methane [103]. Syntrophy can be defined as a process in which
two or more microorganisms combine their metabolic abilities to catabolize a substrate
that cannot be catabolized by either of them individually [109]. The efficiency of the anaer-
obic digestion process is determined by the interspecies electron transfer (IET) between
secondary fermenting bacteria that produce diffuse electron carriers such as formate and
hydrogen and methanogenic archaea [110]. In the process of anaerobic digestion, bacteria
break down the available substrate into acetate, H2, and/or formate, which is consumed by
the syntrophic partner of methanogen [94]. However, in addition to the mentioned electron
carriers, other molecules, such as humic substances, quinines, or insoluble biochemical
compounds, can participate in electron transfer [111]. Compared to hydrogen and formate,
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these electron carriers have a lower interspecies electron transfer efficiency due to their
poor diffusion, which represents a limiting factor for methanogenesis [112].

Interspecies electron transfer can be classified into two types. The first is shuttled
interspecies electron transfer (SIET), which implies an exchange mechanism mediated by
chemical shuttle molecules, mainly H2 and formate. The other is direct interspecies electron
transfer (DIET), a mechanism that does not involve chemical shuttles but instead relies on
the formation of cytochromes, electrically conductive pills, or aggregates, which supports
the previous claim that interspecies electron transfer does not refer only to hydrogen and
formate as electron carriers [106,113].

3.4.2. Direct Interspecies Electron Transfer

DIET is a mechanism that was first established in 2010 by Summers et al. [114] who co-
cultivated two species of Geobacter: Geobacter metallireducens and Geobacter sulfurreducens.
The first used ethanol as an electron donor and fumarate as an electron acceptor under
anaerobic conditions. G. metallireducens were able to oxidize ethanol using fumarate as an
electron acceptor, whereas G. sulfurreducens were able to reduce fumarate to succinate but
could not oxidize ethanol. This established that interspecies electron transfer between two
types of microorganisms is required. Summers et al. [114] showed that without hydrogen
and formate as electron carriers, microorganisms aggregate together for direct electron
transfer through a conductive medium. They deleted the OmcS (Cytochrome C) gene to
study DIET, which led to a failure in electron transfer. This fact shows the important role of
Cytochrome C as an electron carrier [107]. However, DIET has some limitations. Geobacter
has the ability to degrade alcohols such as propanol and butanol, but cannot directly utilize
VFAs such as propionate and butyrate. Most of the interacting bacteria that have the ability
to utilize propionate and butyrate do not possess cytochrome, conductive pilus, or other
features of Geobacter. For this reason, additional improvements are necessary in order
to overcome these shortcomings [107]. Through these studies, it was found that a DIET
reaction could be stimulated either by the supplementation of a conductive material and/or
applying an external voltage [92,115]. So far, a large number of works have shown that the
addition of conductive materials such as active carbon, biochar, carbon fiber, magnetite, or
hematite can promote methanogenesis by improving the syntrophic interaction [116–120].

3.4.3. The Impact of Biochar on Methanogenic Archaea and DIET

Biochar, although less conductive than granular activated carbon (GAC), can provide
a place for the enrichment of functional microbes, such as DIET partners, and subse-
quently improve aggregate formation and electron transfer characteristics [58]. In the
anaerobic digestion system, which was not supplemented with carbonaceous materials,
syntrophic microorganisms such as Geobacter metallireducens and Geobacter sulfurreducens
formed aggregates for electron transfer with a rich presence of c-type Cytochrome, but
it was observed that microorganisms such as Geobacter metallireducens firmly attached to
conductive materials, but did not form aggregates compared to the environment without
carbonaceous materials, where microorganisms form aggregates to create electron transfer
trough the cellular connection [114,120]. This suggests that one of the conductive materials,
such as a biochar, can be used for electron transfer [120]. Electron transfer catalysis by
biochar can involve two types of redox structures: quinine–hydroquinone units and/or
the conjugation of π electron systems associated with unbounded aromatics structures
of biochar [58,121,122]. That is, quinine moieties, phenolic moieties, and arene rings in
biochar are possible redox active moieties responsible for its electron-accepting ability.
Biochar with a lower pyrolysis temperature has a higher content of redox-active parts
that can participate in the electron transfer process [94]. Research has shown that biochar
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conductivity is not correlated with the facilitating effect on the metabolisms of Geobacter
metallireducens and Geobacter sulfurreducens co-cultures, but that the transfer of electrons
depends on the process of charging and discharging the surface of the biochar. Charge
and discharge cycles of biochar surface functional groups reversibly accept and donate
electrons [94]. It is concluded that the addition of biochar can stimulate the DIET between
syntrophic acetogenic and methanogenic communities, prevent the acidification of the
system, and promote methane production [100]. One of the studies confirmed that addition
of hydrochar promotes the proliferation of microbes thar are suitable for direct interspecies
electron transfer, such as Peptococcaceae, Methanosaeta, and Methanobacterium [101].

4. Digestate Quality
Sludge from wastewater treatment plants is an organic substrate rich in nutrients such

as nitrogen (2.38–4.33%), phosphorus (2.66–4.03%), and potassium (0.10–0.20). Thanks to
its properties, it is suitable for use in agriculture as a fertilizer; it improves the physical
properties of the soil, such as the porosity, stability, and water retention capacity [123].
As biodegradable waste, it is used as a resource for the production of energy and materi-
als [124]. The limiting circumstance of the application of raw sludge in agriculture is re-
flected in the contents of heavy metals, toxins, bacteria, and other harmful substances [125].
There are various aspects that need to be considered before using sludge, such as health,
environmental, and economic. In order for the application of sludge to match the health
and ecological standards, prior stabilization is necessary. The most common methods of
sludge stabilization are incineration, aerobic digestion, anaerobic digestion, and compost-
ing [90,93,126]. In this paper, the focus is on anaerobic digestion, and it is necessary to
emphasize all the benefits of the produced digestate.

Digested sludge has significant agronomic value due to its nutrient content [127].
However, its application in agriculture has limitations. For instance, it leads to an increase
in greenhouse gas emissions, with a global warming potential 298 times greater than carbon
dioxide [128]. Additionally, if organic substances in the sludge are not fully decomposed
during digestion, over 45% of resistant organic matter remains in the digestate, which can
be harmful to soil quality [129]. The application untreated sludge can cause an ecological
risk. Greenhouse gases (GHGs) are one of the problems. Applying sewage sludge to land
leads to an increase in the emissions of nitrous oxide, which is considered a powerful
GHGs with a warming potential 298-times greater than carbon dioxide [127]. The anaerobic
digestion of sludge and the application to land should overcome many limitations by
returning energy to the system and producing a stable product, whilst reducing GHGs
emissions. In the study Pippo et al. [130], the anaerobic digestion of sludge showed the
lowest percentage of GHGs emissions of all stabilization technologies. The use of biogas
produced from anaerobic digestion, according to one study, can offset only 24% of the
total emissions of GHGs. [131]. In another study, it was found that the use of biogas
instead of fossil fuels can offset the total GHGs emissions of the entire process and sludge
disposal [132]. Although the application of sludge aims to reduce GHGs emissions, as a
substitute for chemical fertilizers, doubts remain due to the production of nitrogen oxides
and the presence of nitrogen in the soil [133]. However, the reduction in GHGs emissions
through the application of sludge after anaerobic digestion is reflected in the application
of biogas and the replacement of chemical fertilizers. Here, it is not enough to just list the
methods of reduction; the yield of biogas should also be taken into account, and whether it
would be sufficient to compensate for the energy used [134]. Also, studies have shown that
the use of biochar reduces the effect of GHGs emissions. Biochar has a porous structure
and an abundance of functional groups, which contributes to the reduction of GHGs
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emissions [135]. It would be useful to determine whether the addition of biochar to the
anaerobic digestion system further reduces GHGs emissions when applied to soil.

One major concern with digestate is the presence of heavy metals, which can con-
taminate soil. In the analyzed sludge, the total concentrations of Fe (842.2 mg·kg−1),
Pb (548.3 mg·kg−1), Cd (512.1 mg·kg−1), Cr (521.5 mg·kg−1), and Zn (775.4 mg·kg−1) ex-
ceeded the permissible limits for land application, indicating potential limitations for safe
use despite its nutrient richness. Therefore, while sludge offers valuable macronutrients
for agricultural purposes, the careful monitoring and management of heavy metal content
are essential to prevent environmental contamination [127,136]. Thanks to its adsorption
properties, biochar can absorb heavy metals from the sludge, thereby reducing their concen-
tration [31]. Moreover, biochar influences important soil properties, such as pH, electrical
conductivity, and organic matter content [128]. Its porous structure enhances water re-
tention, nutrient availability, and microbial activity in the soil, contributing to improved
plant growth [129]. Rich in nitrogen (N), phosphorus (P), and potassium (K), biochar helps
maintain soil fertility. When combined with the nutrient-rich digestate, it further improves
soil health. Biochar in the digestate enhances nutrient retention and mitigates the impact
of heavy metals and other pollutants through adsorption. A total of 10 g/L of biochar
produced after pyrolysis at 550 ◦C was able to remove 0.015 g/L of Cu and Pb with almost
100% removal efficiency [130]. Studies show that the presence of biochar in digestate
increases the availability of micro- and macronutrients for plants [49,137]. In conclusion,
biochar not only promotes the anaerobic digestion process but also improves the quality of
the digestate. While digestate alone has value, the addition of biochar enriches the soil with
essential nutrients and reduces the impact of harmful substances. This approach supports
the sustainable development of wastewater, energy, and agriculture sectors.

Anaerobic digestion represents an efficient way of waste reconstitution, but also of
energy production, which can potentially replace the costs of technology. It provides an
effective solution for solving the problem of sludge as waste, strengthening the energy
sector. Research by Paul et al. [138] shows that the recovery of biomethane as a fuel
together with the production of electricity, heat, and fertilizer is a cost-effective solution.
In another study, it was estimated that the production of biogas using anaerobic digestion
depends on several factors; as a limitation, the low price of natural gas was mentioned, and
technological development was necessary to increase the content of methane in biogas in
order to make natural gas profitable [139]. Another study showed that co-digestion with
agricultural waste increases profitability [140]. Nevertheless, it is necessary to emphasize
here the profitability of the anaerobic digestion of sludge with addition of biochar in terms
of the profitability of the digestate. In the research that focused on economic analysis, it
was proven that, in order to achieve economic profitability, it is necessary to reduce the
dose of added biochar, so that all costs are compensated [50]. In general, so that this topic
can be dealt with more thoroughly, additional research is necessary.

The potential of using sludge for agricultural purposes is one of the ways of imple-
menting a circular economy, with the strengthening of the wastewater and agriculture
sectors [141].

5. Conclusions
In this review, the influence of biochar on the acceleration of anaerobic digestion is

shown through its influence on the production VFAs, the reduction in ammonia inhibition,
and the promotion of direct interspecies electron transfer, which contributes to the increase
in methane yield. Anaerobic digestion is a very sensitive process; it can be affected by
various factors within the system. The properties of biochar are greatly influenced by
pyrolysis temperatures and the biomass from which the biochar is produced. The presence
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of biochar in the digested sludge additionally enriches it with nutrients, which makes the
digested sludge suitable for use in agriculture. Although there is a lot of work and research
based on the effect of biochar on the anaerobic digestion of sludge, there are gaps in the
research that need to be filled.

Future research should focus on the impact of biochar addition on microorganisms,
suggesting mechanisms of cooperation. Also, sludge is a heterogeneous system that
abounds in a large number of bacteria; it is necessary to consider their influence on anaerobic
digestion. The correlation of pyrolysis temperature and raw material is still not sufficiently
defined. It is necessary to pay attention to economic aspects in order to improve the process
and overcome all the limitations.
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