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Abstract: Anaerobic digestion is one of the most widely used treatment methods for animal manure.
Chicken manure has high methane production potential and is thus a suitable substrate for biogas
plants. However, high nitrogen content inhibits the metabolism of anaerobic microorganisms and thus
hinders methane production from chicken manure. Enhancing the performance of anaerobic digestion
for chicken manure is indeed a long-standing challenge. This review presents new insights into
maintaining methanogens’ activities, the decomposition of acetate, and the dynamics of methanogenic
pathways under high ammonia stress. This review also analyzed the possible strategies for alleviating
ammonia inhibition effects, including supplementing trace elements, co-digestion with nitrogen-less
materials, in-situ ammonia removal, and long adaptation of anaerobic consortia to ammonia stress.
The insights obtained in this paper may provide helpful information for a better understanding of
anaerobic digestion technology for chicken manure and other nitrogen-rich waste and wastewater.

Keywords: anaerobic digestion; chicken manure; ammonia inhibition; process performance; micro-
bial community

1. Introduction

Anaerobic digestion technology, the primary treatment strategy for animal manure,
can efficiently treat organic matter to generate clean energy. In China, the annual output
of animal manure reaches 3800 million tons [1]. This potential bioenergy from anaerobic
treatment represents an ideal alternative to fossil energy sources and can reduce greenhouse
gas emissions. Chicken manure is a bioenergy source that is very special as compared to
pig and cow manure. Firstly, the total solids (TS) content of chicken manure is greater than
20%. It can be treated by high solids anaerobic digestion technology. However, a large
amount of water is required to dilute chicken manure to about TS 10% before anaerobic
treatment in the actual project [2]. This increases the production of digestate and operating
costs. In addition, chicken manure contains considerable protein, uric acid, and other
nitrogen-containing organic matter, with the nitrogen content usually being higher than
4% [3]. Anaerobic digestion technology, however, recommends a suitable carbon/nitrogen
(C/N) ratio of 20–30 [4], while the C/N ratio of chicken manure is as low as 5–10 [5].

High ammonia level (total ammonia nitrogen, TAN > 3 g/L) is the primary bot-
tleneck and is one of the main factors affecting microbial community structure and the
methanogenic pathway in the anaerobic digestion of chicken manure. Previous studies
demonstrated that hydrogenotrophic methanogens (converting H2 and CO2 into methane)
were more tolerant of ammonia nitrogen than acetoclastic methanogens (cracking acetate
to produce methane), which were dominant in high ammonia conditions [6]. However,
recent studies found that acetate generated methane through syntrophic acetate oxida-
tion combined with the hydrogenotrophic methanogenesis pathway under high ammonia
stress [6]. Syntrophic oxidation is the primary metabolism of acetate at high ammonia
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levels [6]. Therefore, comprehensive knowledge of the links among ammonia levels, mi-
crobial community structure, and methanogenic pathways is critical to improving biogas
production performance through improved operating strategies.

Previous studies focused on the anaerobic treatment of high nitrogen content sub-
strates and employed deliberate strategies to enhance the ammonia tolerance of anaerobic
microorganisms or to alleviate ammonia inhibition, including adding trace elements, co-
digestion, adaptation, dilution, etc. In particular, the addition of trace elements, such as
iron, nickel, cobalt, selenium, etc., can significantly improve the activity of methanogens
despite high ammonia levels [7]. Co-digestion with a substrate with high carbon content or
dilution with water can reduce the substrate’s nitrogen content [8]. In addition, nitrogen
can be removed by in-situ, side-stream, post, and pre-anaerobic digestion stripping to avoid
ammonia inhibition and to realize the recovery of nitrogen resources [9]. These methods
significantly impact the community structure of microorganisms.

This review discusses the dynamics of the methanogenic pathway and the key func-
tional microbial community structure in the anaerobic digestion of chicken manure. It
illustrates the impact of different intentional manipulation strategies to enhance the pro-
cess performance in the methanogenic pathway, aiming to optimize methane production
performance from a biological perspective.

2. Ammonia Inhibition
2.1. Anaerobic Decomposition of Protein and Uric Acid in Chicken Manure

During the anaerobic treatment of chicken manure, process instability may occur
due to high levels of ammonia nitrogen produced as a byproduct of protein and uric acid
degradation. About 40%–70% of organic nitrogen in chicken manure comes from uric acid
and 30%–60% from protein [10]. Protein was converted into amino acids by hydrolytic
bacteria and then further converted into organic acids and ammonia by the action of
acidogenic bacteria (Table 1). The protein degradation efficiency in chicken manure is
less than 50% [11]. Notably, the degradation of proteins is complex and more sensitive
to ammonia inhibition in the hydrolysis stage. For example, the peptone degradation
efficiency was 50% under TAN levels of 2.0 g/L and rapidly decreased to 30% when the
TAN increased to 5.0 g/L. However, peptone degradation almost ceased at a TAN of 6.5 g/L,
and high ammonia levels mainly inhibit the deamination of peptone [12]. Therefore, due to
the low degradability of proteins, uric acid degradation is one of the leading causes of high
ammonia levels in the anaerobic digestion of chicken manure.

Table 1. Anaerobic degradation of protein and uric acid.

The Methanation of Substrate Equations

Protein
C16H24O5N4 + 14.5 H2O = 8.25 CH4 + 3.75 CO2 + 4 NH4HCO3 (1)
Uric acid by Clostridium purinolyticum:
C5H4N4O3 = 0.58 CH3COOH + 0.25 HCOOH + 0.06 C2H5NO2 + 3.47 CO2 (2)
Uric acid by Streptococcus sp.:
C5H4N4O3 + HCOOH = CH3COOH + 4 CO2 + 4 NH3 (3)
Uric acid by Bacteroides ternitidis:
C5H4N4O3 = 0.75 CH3COOH + 3.5 CO2 + 4 NH3 (4)

The degradation of uric acid is complicated. Uric acid can be anaerobically degraded
by Clostridium sp., Enterobacter sp., Streptococcus sp., Bacteroides sp., and so on (Table 1) [13].
These microorganisms were ubiquitous in anaerobic digestion systems, especially Clostrid-
ium and Bacteroides sp. [14]. Clostridium purinolyticum, for example, degrades uric acid into
acetate, formate, glycine, and CO2 (Equation (2)) [15]. In addition, the uric acid degra-
dation by Streptococcus sp. requires the presence of formate, which acts as a reducing
agent (Equation (3)) [16]. The degradation of uric acid by Bacteroides sp. does not require
the participation of formate (Equation (4)) [16]. Therefore, the anaerobic degradation of
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uric acid involves a variety of microbial metabolic reactions. The degradation of uric acid
should be given adequate attention during anaerobic digestion. Current research lacks
knowledge of nitrogen balance for the anaerobic treatment of chicken manure.

2.2. Ammonia Inhibition Threshold for Anaerobic Consortia

Anaerobic digestion is performed by various microorganisms, with the degradation
of substrate divided into hydrolysis, acidogenesis, acetogenesis, and methanogenesis
(Figure 1) [17]. These steps need to be performed in balance in order to obtain stable
operation. Ammonia nitrogen exists mainly as ammonium bicarbonate (NH4HCO3) under
anaerobic alkaline conditions [18]. Ammonium bicarbonate can provide alkalinity, buffer
the pH value of the digestate and enhance the buffering capacity of the system (Figure 1).
In addition, minor TAN levels (0.05–0.2 g/L) benefit microorganisms [19]. High ammonia
nitrogen levels (TAN > 3 g/L), however, can inhibit the activity of anaerobic consortia,
especially acetoclastic methanogens. The anaerobic digestion process produces undesirably
higher TAN concentrations, even more than 10 g/L for chicken manure [20]. TAN is
composed of free ammonia nitrogen (FAN, NH3) and ammonium ions (NH4

+). Temperature
and pH modulate the balance between NH4

+ and NH3, and the latter has been reported to
be the leading cause of microbial inhibition [19].
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Figure 1. Biological metabolism of organic matter in chicken manure during anaerobic digestion.

Hydrolysis and acidogenesis bacteria have higher ammonia tolerance than methanogens,
which is the main reason for organic acid accumulation at high ammonia levels [21]. The IC50
(50% inhibition) of hydrolysis and acidogenesis efficiency was reached at TAN of 5.7 and 5.3 g/L
in thermophilic conditions [21]. The hydrolysis efficiency of chicken manure was 75–77% (FAN
of 1.1 g/L) under mesophilic conditions and only about 66% under thermophilic conditions
(FAN of 2.2 g/L) with a similar TAN concentration (5.6–5.7 g/L) [22]. The IC50 of the hydrolysis
and acidogenesis processes was 2.3 and 2.2 g/L of FAN [21]. This also illustrates that the
hydrolysis and acidogenesis processes were less susceptible to ammonia inhibition.

The concentration of ammonia nitrogen can influence acetogenesis efficiency. The
efficiency of acetogenesis increased by 52% when the concentration of TAN was decreased
from 5.6 g/L to 3.8 g/L [23]. Because the acetogenic step is not considered the bottleneck,
few studies have examined the effect of ammonia levels on acetogenic bacteria. However, it
has been shown that an increased ammonia concentration (TAN 0.8 to 6.9 g/L) dramatically
influenced the putative acetogenic population structure and caused two distinct changes
in the most abundant microbial members [24]. In addition to converting organic matter
to acetate, hydrogen can be converted to acetate through homoacetogens, the process
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being thermodynamically positive (∆G0′ = −104.6 kJ/mol). Homoacetogens are suited to
survival under low temperatures and acidic or alkaline conditions and are more competitive
for hydrogen than hydrogenophilic methanogens [25]. The FAN concentration increased
from 0.1 to 0.4 g/L, and the hydrogen consumption efficiency of the homoacetogenic
process decreased from 68.5% to 4.5% [26]. It can be seen that homoacetogens have a lower
ammonia inhibition threshold, being more sensitive to ammonia inhibition than hydrolysis,
acidogenesis, and acetogenesis processes.

Ammonia levels have been found to inhibit methane production performance, with the
ammonia threshold for inhibition ranging widely from 1.5 g/L to 7.0 g/L [19,20]. Inhibition
phenomena were observed at 1.5–2.5 g/L of TAN during the anaerobic digestion of chicken
manure [19,20]. The acetoclastic Methanosaeta sp. tolerated TAN concentrations of up to
3.0 g/L. In comparison, the facultative hydrogenotrophic Methanosarcina sp. could grow
in environments containing as much as 7.0 g/L, whereas growth of hydrogenotrophic
Methanobacterium sp. was observed up to 9.0 g/L [27]. Hydrogenophilic methanogens
can tolerate higher ammonia levels and often were most dominant in high ammonia-level
reactors.

3. Methanogenic Activities under Ammonia Stress
3.1. Methanogenic Activities Consuming Acetate

Methanogens are essential microorganisms in anaerobic digestion, but low growth
rates and sensitivity to environmental stress make methanogenesis the most critical stage of
the process. Specific methanogenic activity (SMA) is a method that can measure methane
production from both the cleavage of acetate and the reduction in CO2 by hydrogen [28].
The SMA of acetate has been studied [29], whereas the SMA for dissolved hydrogen has
been reported infrequently [30]. Studies have shown that increasing the organic loading rate
(OLR) by reducing the hydraulic retention time (HRT) decreased methanogenic activity [31].
Higher solids in the feedstock may increase ammonia concentration above inhibiting levels
under an identical HRT, which results in a lower SMA (Table 2). A high SMA of 0.56 g-
COD/(g-volatile suspended solids (VSS)·d) was reported at a low TAN level of 2.4 g/L [32].
The ammonia concentration was reduced from 6.8 to 5.8 g/L through in-situ ammonia
stripping, and the SMA increased three-fold [33]. The SMA decreased by 39% and 64%
under TAN concentrations of 4.9 and 5.8 g/L, respectively, compared to the control (TAN
1.2 g/L) [34]. In addition, the SMA determination also has a more significant relationship
with acetate concentration. The acetate concentration was set to 2.0 and 10.0 g/L (different
acetate concentrations used in methanogenic activity assays), and the SMA was 0.091 and
0.357 g-COD/(g-VSS·d), respectively [22]. This illustrates that the methanogenic activity
positively correlates with the acetate concentration in a specific range (<10.0 g/L). The main
factor inhibiting SMA is the ammonia level rather than the acetate concentration in the
stable fermentation system. Reduced methanogen activity causes volatile fatty acid (VFA)
accumulation, a decrease in pH, and, ultimately, the failure of the anaerobic operation.

The SMA was lower than that of the mesophilic condition due to a higher FAN
concentration under the thermophilic condition with the same ammonia level [22]. The
SMA was 0.15 g-COD/(g-VSS·d) at 37 ◦C, which was higher than that at 55 ◦C (0.10 g-
COD/(g-VSS·d) at a low ammonia level (TAN of 2.4 g/L) [35]. The methanogenic activity
was more sensitive to ammonia under thermophilic than mesophilic conditions [22]. It
can be seen from Figure 2 that the effects of OLR and NH4

+ on SMA were challenging
to distinguish. TAN increases with the OLR. Undoubtedly, a higher OLR can also cause
the accumulation of various organic acids. Although acetoclastic methanogens tolerated
higher acetate concentrations, macromolecular fatty acids other than acetate were negative,
especially propionate. Thus, high OLR and TAN jointly curtail the activity of acetoclastic
methanogens. In addition, as can be seen from Figure 2b, higher FAN significantly reduced
the activity of acetoclastic methanogens, even at a lower OLR (<3.0 g-VS (L·d)). At a higher
OLR, the tolerance concentration of FAN by acetoclastic methanogens was low (<0.5 g/L).
It is essential to control the OLR to less than 3.0 g-volatile solid (VS)/(L·d) or regulate the
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FAN concentration to less than 0.5 g/L. Therefore, a thermophilic condition is not advisable
for the anaerobic treatment of chicken manure.
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Table 2. The methanogenic activity of acetate for the mesophilic and thermophilic digesters in treating
chicken manure.

HRT
(d)

OLR
(g-VS/(L·d))

TAN
(g/L) FAN (g/L) Acetate a

(g/L)

SMA
(g-COD/(g-

VSS·d))
References

20 4.8 6.9 0.5 4.0 0.090 [36]
20 5.3 6.9 0.6 4.0 0.040 [30]
20 5.3 6.8 0.5 2.0 0.090 [33]
20 3.6 6.5 0.8 4.0 0.13 [30]
33 2.5 6.2 1.1 2.0 0.085 [37]
20 2.8 6.0 2.4 2.0 0.035 [38]
20 5.3 5.8 0.6 4.0 0.12 [33]
20 2.5 5.6 1.1 2.0 0.17 [22]
20 2.7 5.0 1.4 4.0 0.18 [30]
50 1.1 3.9 0.8 2.0 0.082 [38]
20 1.6 2.5 0.5 4.0 0.23 [22]
20 1.7 2.4 0.03 4.0 0.23 [35]
20 1.8 2.3 0.4 4.0 0.24 [30]

Note: HRT: Hydraulic retention time; OLR: Organic loading rate; TAN: Total ammonia nitrogen; FAN: Free
ammonia nitrogen; SMA: Specific methanogenic activity; VSS: Volatile suspended solids; COD: chemical oxygen
demand; a: Acetate concentration for the SMA test.

3.2. Hydrogentrophic Methanogenic Activities

The hydrogen concentration in digesters correlates closely with the anaerobic digestion
process stability. Low hydrogen benefits the conversion and degradation of organic acid [39].
The SMA can evaluate the rate of hydrogen consumption by hydrogenophilic methanogens.
Although hydrogenophilic methanogens have a more robust tolerance to ammonia nitrogen,
the effect of ammonia cannot be ignored. The TAN of the digester was reduced from 6.8 to
5.8 g/L, and the SMA of dissolved hydrogen was increased from 0.15 to 0.20 g-COD/(g-
VSS·d) [33]. The TAN concentration was 1.0 and 7.0 g/L, respectively. The methane yields
obtained at high ammonia levels (7.0 g/L) were 22% and 41% lower than those obtained at
low ammonia levels (1.0 g/L) under mesophilic and thermophilic conditions [40]. There
are still relatively few studies on the SMA of hydrogen. Nevertheless, it is undeniable that
enhancing hydrogenotrophic activity and comprehensive knowledge is very important for
improving methane production and predicting fermentation performance. Understanding
the effects of ammonia nitrogen and the activity of hydrogenophilic methanogens requires
further research.
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4. Dynamics of Functional Microbes in the Anaerobic Digestion of Chicken Manure
4.1. Methanogenic Archaea Community

Acetoclastic methanogens, represented by the genera Methanosaeta and Methanosarcina sp.,
are essential in efficiently reducing acetate concentration and maintaining performance sta-
bility (Table 3). Research has shown that Methanosaeta sp. exhibits a high affinity for acetate
but a relatively slow growth rate. In contrast, Methanosarcina sp. has a lower acetate affinity
but a higher growth rate in comparison [41]. In addition, Methanosaeta sp. is a strict aceto-
clastic methanogen [42], while Methanosarcina sp. can utilize acetate, H2/CO2, formate, and
methanol [43]. The filamentous shape of Methanosaeta sp. expands its surface area, thus making
it more sensitive to high VFAs and toxic substances such as ammonia. Methanosarcina sp. can
be present in microbial clusters, protecting them from inhibitors and thus making them more
resistant to adverse factors [44]. The characteristics of different methanogens determine their
responsiveness to environmental changes.

It can be seen from Table 4 and Figure 3 that the facultative Methanosarcina sp. was
frequently observed in the high-ammonia digesters. The TAN concentration was 6.8 g/L,
and the acetoclastic Methanosarcina sp. relative abundance was 73%. In contrast, when the
TAN concentration was 5.8 g/L with stripping, Methanosarcina sp. increased to 83% [33].
The concentration of TAN gradually increased from 8.0 g/L to 15.0 g/L, Methanosaeta sp.
decreased from 58% to an undetectable level, and acetoclastic Methanosarcina sp. was also
reduced from 58% to 6% [11]. Methanosaeta sp. contributes significantly in digesters with
low ammonia levels, and it is essential for efficiently degrading acetate and maintaining
low organic acid levels. In addition, different nitrogen sources were observed to affect the
methanogens community. It was found that urea has a more substantial inhibitory effect on
methanogens than NH4Cl [45]. The nitrogen source in chicken manure is protein and uric
acid [36]. The inhibitory effect on acetoclastic methanogens is more prominent. It causes
the accumulation of VFAs, thus forming a dual-inhibition environment of high ammonia
and organic acids [46]. Therefore, the microbial community structure for chicken manure
anaerobic treatment is more complicated than other substrates.
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Figure 3. Microbial community structure under different OLR levels of chicken manure digestion
Note: OriginLab software made this figure based on the data in Table 4.

Hydrogenophilic methanogens, such as Methanoculleus sp. and Methanothermobacter sp.,
were more robust to ammonia and had a shorter doubling time than acetoclastic methanogens
(Table 3). Hydrogenotrophic methanogens still performed acceptably when the TAN was as
high as 8.0 g/L, as exemplified by the Methanobacterium sp. [40]. In an acetate-based reactor,
increasing the TAN concentration from 0.2 g/L to 4.0 g/L resulted in a 34% decrease in methane
yield. In contrast, the methane yield was reduced by only 13% in the H2/CO2-based reactor [47].
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At high ammonia levels (TAN > 5.0 g/L), changes in the TAN concentration may not cause a sig-
nificant reduction in methanogenesis due to the presence of ammonia-tolerant hydrogenotrophic
methanogens. Methane production efficiency was inhibited when the TAN reached 4.8 g/L
(FAN 0.7 g/L) and was almost completely inhibited at TAN 13.0 g/L [48]. The TAN concentra-
tion decreased from 5.7 g/L to 2.5 g/L, and the methanogenesis efficiency increased by only
4% (from 61.5% to 63.9%) [22]. In addition, Methanoculleus sp. and Methanobacterium sp. were
dominant at a high ammonia level and low OLR (<3.0 g-VS/(L·d)), while Methanosarcina sp. was
dominant, regardless of the ammonia level at high OLR (Figure 3). Therefore, hydrogenotrophic
methanogens play an essential role under high-ammonia conditions for methane production.

Table 3. The characteristics of the main methanogens observed in the anaerobic digestion of
chicken manure.

Genus Species Source Metabolic
Substrate

Optimum
Temperature

(◦C)

Optimum
pH

Doubling Time
(h) References

Methanosaeta M. concilii ND Acetate 35–40 7.1–7.5 65.0 [49]
Methanosaeta M. harundinacea UASB reactor Acetate 34–37 7.2–7.6 28.0 [50]
Methanosaeta M. pelagica Marine Tidal Acetate 30 7.5 298.0 [51]
Methanosaeta M. thermophila ND Acetate 55–60 7.0 ND [52]

Methanosaeta M. sp Thermophilic
digester Acetate 55 6.7 36.0 [42]

Methanosarcina M. barkeri Pyruvate
digester

H2/CO2,
Formate, Acetate 37 6.5 25.0 [53]

Methanosarcina M. thevmophila Sludge digester H2/CO2,
Formate, Acetate 50 6.5–6.8 12.0 [54]

Methanosarcina M. flavescens Full-scale biogas
plant

H2/CO2,
Formate, Acetate 45 7.0 20.4 [43]

Methanoculleus M. receptaculi Oil field H2/CO2,
Formate 50–55 7.5–7.8 8.3 [55]

Methanoculleus M. palmolei Palm oil H2/CO2,
Formate 40 6.9–7.5 13.5 [56]

Methanocalculus M. taiwanensis Estuary H2/CO2,
Formate 37 6.7 8.2 [57]

Methanocalculus M. halotolerans Oil field H2/CO2,
Formate 38 7.6 12.0 [58]

Methanocalculus M. pumilus Waste disposal
site

H2/CO2,
Formate 35 6.5–7.5 12.0 [59]

Methanobacterium M. congolense Cassava peel
digester

H2/CO2,
Formate 37–42 7.2 7.5 [60]

Methanobacterium M. petrolearium Crude oil storage
tank

H2/CO2,
Formate 35 6.5 39.5 [61]

Methanobacterium M. thermoflexum Sludge digester H2/CO2,
Formate 55 7.9–8.2 3.5 [62]

Methanobacterium M. defluvii Sludge digester H2/CO2,
Formate 60 7.0 1.5 [62]

Methanobrevibacter M. acididurans Sour digester H2/CO2 35 6.0 16.5 [63]

Methanococcus M. maripaludis Salt marsh
sediment

H2/CO2,
Formate 38 6.8–7.2 2.0 [64]

Methanomassiliicoccus M. luminyensis Human feces H2/CO2,
Methanol 37 7.6 ND [65]

Note: ND: No data.

Table 4. Community structure of methanogens obtained in the anaerobic digestion of chicken manure.

Order OLR
(g-VS/(L·d)

HRT
(d)

TAN
(g/L)

FAN
(g/L)

TVFA
(g/L)

Methanogen and Its
Substrate Abundance Methane Yield

(L-CH4/g-VS) References

1 1.9 20 0.7 0.03 0.2 Methanosarcina sp./
Acetate, H2/CO2

91% 0.27 [66]

2 1.5 60 7.5 1.5 0.5 Methanoculleus sp./
Formate, H2/CO2

83% 0.33 [67]

3 1.7 20 2.4 0.7 0.4 Methanoculleus sp./
Formate, H2/CO2

94% 0.38 [30]

4 1.8 20 2.5 0.4 0.2 Methanoculleus sp./
Formate, H2/CO2

98% 0.36 [35]

5 1.8 40 5.6 0.6 0.6 Methanobacterium sp./
Formate, H2/CO2

37% 0.35 [68]

6 2.3 40 7.2 1.8 6.4 Methanobrevibacter sp./
Formate, H2/CO2

49% 0.32 [67]

7 2.5 40 6.2 1.1 2.1 Methanobrevibacter sp./
Formate, H2/CO2

68% 0.31 [37]
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Table 4. Cont.

Order OLR
(g-VS/(L·d)

HRT
(d)

TAN
(g/L)

FAN
(g/L)

TVFA
(g/L)

Methanogen and Its
Substrate Abundance Methane Yield

(L-CH4/g-VS) References

8 2.5 30 2.3 0.3 2.0 Methanosarcina sp./
Acetate, H2/CO2

54% 0.25 [37]

9 2.7 20 5.0 1.4 2.2 Methanoculleus sp./
Formate, H2/CO2

99% 0.34 [11]

10 2.7 30 4.0 1.2 10.0 Methanoculleus sp./
Formate, H2/CO2

36% 0.34 [30]

11 3.5 35 6.9 0.8 6.1 Methanosarcina sp./
Acetate, H2/CO2

88% 0.18 [11]

12 3.6 20 6.5 0.8 4.5 Methanoculleus sp./
Formate, H2/CO2

43% 0.28 [69]

13 3.6 20 6.6 0.9 6.7 Methanosarcina sp./
Acetate, H2/CO2

94% 0.29 [30]

14 2.0 20 6.7 1.2 20.0 Methanoculleus sp./
Formate, H2/CO2

87% 0.05 [70]

15 4.8 20 6.9 0.5 22.3 Methanosarcina sp./
Acetate, H2/CO2

75% 0.18 [36]

16 4.8 20 6.8 0.6 15.1 Methanosarcina sp./
Acetate, H2/CO2

95% 0.24 [36]

17 4.9 25 6.5 0.6 4.0 Methanosarcina sp./
Acetate, H2/CO2

85% 0.19 [69]

18 5.3 20 5.8 0.6 15.2 Methanosarcina sp./
Acetate, H2/CO2

83% 0.25 [69]

19 5.3 20 6.8 0.5 21.6 Methanosarcina sp./
Acetate, H2/CO2

73% 0.19 [33]

20 5.3 20 6.9 0.6 13.6 Methanosarcina sp./
Acetate, H2/CO2

73% 0.19 [30]

21 7.1 20 8.5 0.5 25.2 Methanosarcina sp./
Acetate, H2/CO2

37% 0.02 [30]

Note: OLR: Organic loading rate; HRT: Hydraulic retention time; TAN: Total ammonium nitrogen; FAN: Free
ammonia nitrogen; TVFA: Total volatile fatty acids; VS: Volatile solids.

4.2. Syntrophic Acetate Oxidation Bacteria in the Anaerobic Digestion of Chicken Manure

Pure cultures of isolated syntrophic acetate oxidation bacteria (SAOB) currently
mainly include Schnuerera ultunense [14], Thermacetogenium phaeum [71], Pseudothermo-
toga/Thermotoga lettingae [72], Syntrophaceticus schinkii [73], and Tepidanaerobacter acetatoxy-
dans [74]. Most SAOBs were detected and isolated from the high ammonia levels di-
gesters (TAN, 6.0–7.0 g/L), as shown in Table 5. These bacteria can be detected in diverse
mesophilic and thermophilic environments, ammonia concentrations, HRT, OLR, reac-
tor types, etc. [75]. For example, S. schinkii was isolated from sludge from a mesophilic
methane production digester operating at a high ammonia level (TAN 6.4 g/L). The addi-
tion of NH4Cl (0.6 M) in the modified basal medium can achieve higher cell densities of
S. schinkii [73]. T. acetatoxydans also has a broader range of growth conditions and was
observed at a TAN of 14.0 g/L [74].

Table 6 shows the abundances of SAOB and total bacteria in 13 large-scale biogas
plants. The average gene abundance of S. schinkii was 105–1010/mL, and C. ultunense, T.
acetatoxydans, and T. phaeum were 0–108/mL under total bacteria of 1011–1013/mL [76].
However, a higher relative abundance of SAOB can also be found in extremely high ammo-
nia nitrogen concentration digesters. The relative abundance of total syntrophic bacteria
(Syntrophaceticus, Tepidanaerobacter, and Clostridium) was 15.9% at high ammonia levels (6.8
g/L), more than that of relatively low ammonia (5.8 g/L) digester (14.9%) [33]. In addition,
previous studies have also found that the relative abundance of syntrophic bacteria in-
creased significantly alongside hydrogenotrophic methanogens in extreme ammonia levels
(7.0 g/L TAN) [77]. The ammonia inhibition threshold of most SAOBs is generally high,
but no uniform conclusion can be made, as it depends on the configuration of the reactor,
including temperature, retention time, etc.
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Table 5. Characteristics and isolation of a pure culture of syntrophic acetate oxidation bacteria.

Phylum Class Order Family Genus Species Isolation Source Temperature
Scale (◦C) pH Scale NH4

+-N
Limit (g/L)

Doubling
Time (h) References

Bacillota Clostridia
Thermoanaero-

bacterales

Thermoanaero-
bacterales
Family III.

Incertae Sedis

Syntrophaceticus S. schinkii

Up-flow
anaerobic filter
(NH4

+-N 6.4
g/L) a

25–40 6.0–8.0 8.4 ND [73]

Bacillota Clostridia
Thermosedimini-

bacterales

Tepidanaero-
bacteraceae Tepidanaerobacter T.

acetatoxydans

Ammonium-rich,
mesophilic

systems
(NH4

+-N 6.4
g/L)

25–55 4.0–9.5 9.8–14.0 ND [74]

Bacillota Clostridia Eubacteriales Clostridiaceae Clostridium C. ultunense
Swine manure

digester
(NH4

+-N 7 g/L)

15–50
(37) b 5.0 –10.0 (7.0) 11.2 48–120 [14]

Bacillota Clostridia
Thermoanaero-

bacterales

Thermoanaero-

bacteraceae
Thermacetogenium T. phaeum Kraft-pulp

wastewater
40–65
(58)

5.9–8.4
(6.8) ND 23 [71]

Thermotogota Thermotogae Thermotogales Thermotogaceae Thermotoga T. lettingae Sulfate-reducing
bioreactor

50–75
(65)

6.0–8.5
(7.0) ND 4 [72]

Note: ND: No data; a: Ammonia nitrogen concentration in the reactor; b: () = optimal value.

Table 6. Syntrophic acetate oxidation bacteria in the anaerobic digestion of chicken manure.

OLR
(g-VS/(L·d))

HRT
(d)

TAN
(g/L)

FAN
(g/L)

TVFAs
(g/L)

Potential Syntrophic
Bacterial

Abundance
(%) References

4.8 20 6.9 0.5 22.3
Syntrophaceticus sp. 0.04

[36]Tepidanaerobacter sp. 0.04
Clostridium sp. 0.02

5.3 20 6.8 0.5 21.6
Syntrophaceticus schinkii 0.1 [33]Syntrophomanas wolfei 0.3

2.7 20 5.0 1.4 2.2
Tepidanaerobacter sp. 0.3 [30]Syntrophaceticus sp. 0.1

1.7 20 2.4 0.03 0.1 Syntrophaceticus sp. 0.1 [35]
/ / 8.0 / / Syntrophomonas sp. 0.5 [78]

Note: OLR: Organic loading rate; HRT: Hydraulic retention time; TAN: Total ammonium nitrogen; FAN: Free
ammonia nitrogen; TVFA: Total volatile fatty acids.

5. Methanogenic Pathways under Ammonia Stress
5.1. Acetate Metabolic Pathway

The production and consumption of acetate involve primarily anaerobic digestion
steps, including acidogenesis, acetogenesis, syntrophic acetate oxidation, and methanogen-
esis. The methanogenesis pathway of acetate cracking is a thermodynamically positive
reaction (Table 7) that can decompose organic acids. However, the reaction can be inhib-
ited by high ammonia nitrogen levels, causing the accumulation of organic acids, mainly
acetate. Under such conditions, acetate can instead be decomposed by ammonia-tolerant
syntrophic acetate oxidation bacteria to CO2 and H2 or formate (Table 7) [6]. Under
standard conditions, the syntrophic acetate oxidation (SAO) process is energetically unfa-
vorable (∆G0′ = +104.6 kJ/mol), but it is feasible if the H2 or the formate levels are kept
low by hydrogenotrophic methanogens. Thus, close cooperation between the SAOB and
the hydrogenotrophic methanogens (SAO-HM pathway) can make the acetate conversion
exergonic and has the same stoichiometry (∆G0′ = −31.0 kJ/mol) as with the acetoclastic
methanogenesis (AM) pathway. It has been shown that AM pathway would be inhibited at
high ammonia levels [79]. Therefore, adjusting the operating parameters to improve the
activity of critical anaerobic consortia, such as SAOB and hydrogenotrophic methanogens,
may be an effective strategy to improve process stability and biogas yield significantly.
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Table 7. The primary reactions during the anaerobic digestion process.

Bioreactions ∆G0′ (kJ/Mol)

Syntrophic decomposition of VFA
Acetate oxidation: CH3COOH + 2 H2O→ 2 CO2 + 4 H2 +104.6
Propionate oxidation: CH3CH2COOH + 2 H2O→ CH3COOH + 3 H2 + CO2 +76.2
Butyrate oxidation: CH3CH2CH2COOH + 2 H2O→ 2 CH3COOH + 2 H2 +48.4
Methanogenic reactions
Acetoclastic methanogens: CH3COOH→ CH4 + CO2 −31.0
Hydrogenotrophic methanogens: 4 H2 + CO2 → CH4 + 2 H2O −135.0

5.2. Ammonia Threshold for the Dynamic of the Methane Production Pathway

The isotopic labeling method has demonstrated that the AM pathway was indispens-
able under high ammonia conditions (Table 8). Using stable carbon isotopes (δ13C) to
determine the AM pathway, it was 17% under a TAN of 6.8 g/L in the mesophilic condition.
But the TAN was reduced to 5.8 g/L by ammonia stripping, and the AM pathway increased
to 23% [33]. Acetoclastic methanogens were more competitive with acetate in mesophilic
conditions. The concentration of TAN decreased from 5.3 g/L to 2.5 g/L, and the AM
pathway increased from 17% to 60% [30]. In addition, the radiolabelling carbon isotope
[2–14C] 14C quantifies the proportion of different methanogenic pathways at different
TAN concentrations (from 0.2 to 11.1 g/L). The study found that the proportion of the AM
pathway was 25–32% at high ammonia (4.5–11.1 g/L) levels, while it reached 73–91% at a
low ammonia level (0.2–1.5 g/L) [80]. The changes in methanogenic pathways depended
on the TAN concentration with thresholds of 1.0, 3.5, and 6.0 g/L [81]. Factors affecting the
AM pathway mainly include OLR, HRT, TAN, and VFA concentrations, as illustrated in
Figure 4b. The ammonia level affecting the AM pathway was divided into three regions:
TAN < 2 g/L, 2–5 g/L, and >5 g/L (Figure 4a). The corresponding proportions of AM are
higher than 70%, 30–70%, and below 30%, respectively.

Table 8. Comparison of methanogenic pathways obtained in the anaerobic digestion of chicken manure.

OLR
(g-VS/(L·d))

HRT
(d)

TAN
(g/L)

FAN
(g/L)

TVFA
(g/L) pH AM

Pathway/% References

5.3 20 6.9 0.6 13.6 7.9 17 [30]
4.8 20 6.9 0.5 22.3 7.8 16 [36]
3.6 20 6.5 0.8 6.7 8.0 38 [30]
1.8 33 6.2 1.1 2.1 8.2 42 [37]
5.3 20 5.8 0.6 15.2 7.9 23 [33]
3.0 64 5.2 0.3 4.7 7.6 14 [82]
2.7 20 5.0 1.4 2.2 8.5 42 [30]
1.7 20 2.4 0.03 0.3 8.4 59 [35]
1.7 20 2.4 0.2 0.3 8.4 50 [35]
1.8 20 2.3 0.4 0.4 8.2 60 [30]

Note: OLR: Organic loading rate; HRT: Hydraulic retention time; TAN: Total ammonium nitrogen; FAN: Free
ammonia nitrogen; TVFA: Total volatile fatty acids; AM: Acetoclastic methanogenesis pathway.
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6. Challenges and Perspectives in Maintaining the Process Stability
6.1. Optimizing Operating Parameters

An extended HRT can maintain the advantages of acetoclastic methanogens. SAOB
has a longer doubling time (2–5 d) under mesophilic conditions [76]. The doubling time of
SAOB is shortened, generally 31–72 h under thermophilic conditions. The growth rate of
SAOB can exceed that of acetoclastic methanogens, which enhances the competitiveness
of SAOB for acetate [6]. SAOB was detected in digesters with different HRT conditions
(17–130 d), especially in digesters with high ammonia nitrogen levels [6]. As discussed
above, the doubling time of acetoclastic methanogens is longer (10–65 h) [43], and hy-
drogenotrophic methanogens have shorter doubling times (2–20 h) under optimal growth
conditions [63]. Although the residence time (20–30 d) associated with anaerobic diges-
tion technology can meet the doubling time of different anaerobic consortia, the time can
increase significantly at high ammonia levels. Under TAN concentrations of 0.5–2.8 g/L,
the doubling time of Methanoculleus bourgensis was 10–13 d. However, the doubling time
increased to 23–50 d when TAN reached 4.8 g/L [83]. Therefore, an appropriate HRT
should be selected to avoid microbial loss in high ammonia-level digesters.

Some studies gradually increase the TS concentration of the substrate and keep the
constant HRT or gradually reduce the HRT and keep the constant TS concentration of
the substrate to increase the OLR, which is to obtain the maximum processing capacity
of the reactor and obtain the best operating parameters [30,67,68]. In addition, changing
the HRT and TS concentration of the substrate to obtain the constant OLR can be used
to investigate the effect of operating conditions on methane production performance [84].
Therefore, the optimization of the experiment is diverse and complex. In addition, high
ammonia nitrogen concentration and OLR are interrelated, and high ammonia levels must
accompany higher OLR, so separating the effects of both on fermentation performance is
difficult. One study showed that keeping the ammonia nitrogen concentration unchanged
and increasing the OLR does not change the type and quantity of SAOB [84]. This indicates
that the ammonia level, rather than the OLR, directly affects the structure of the SAOB flora.
However, OLR is an important parameter affecting acetoclastic methanogens and may alter
growth conditions for SAOB. In addition, the OLR was one of the critical factors affecting
the microbial network related to anaerobic digestion, including the acetogenic community
structure [85]. In anaerobic systems, there was a syntrophic and competitive relationship
between different microorganisms, and OLR may also change the community structure
and abundance of potential SAOB.

OLR typically ranges from 1.0 to 5.0 g-VS/(L·d) for continuously stirred tank reactors.
The OLR was usually below 3.0 g-VS/(L·d) for chicken manure [30]. OLR and HRT strongly
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affected the methane yield in the anaerobic digestion of chicken manure, as shown in Table 9
and Figure 5a. Different OLRs and HRTs can be divided into four regions. When the OLR
was lower than 3.0 g-VS/(L·d), the ideal fermentation performance was achieved, and HRT
was lower than 40 d (Q1); when the HRT was higher than 40 d, stable operation of the
system was ensured, and a higher methane yield was achieved (Q2). While the OLR was
higher than 3.0 g-VS/(L·d), the methane yield was very unsatisfactory when the HRT was
lower than 40 d (Q4), and when the HRT was over 40 days, stable methane production
was achieved. Nevertheless, the long-term stable operation was not maintained (Q3). In
addition, organic acids were decomposed at low OLR (<3.0 g-VS/(L·d)) even though there
were higher ammonia levels, which resulted in higher FAN concentrations. However, this
did not inhibit methane production. The degree of ammonia inhibition was closely related
to OLR and alleviated or overcome under lower OLR conditions [67,68]. Thus, methane
yield and FAN were positively correlated at lower OLR (Figure 5b); however, this was not
generalizable.
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Figure 5. Effects of HRT and OLR on methane yield (a), the links between operating parameters
and methane yield (b) in the anaerobic digestion of chicken manure. Note: This figure shows the
Spearman correlation analysis based on the data of Table 9 using OriginLab software.

Moreover, it needs to be noted that OLR directly affects the composition of the
methanogen community structure. Methanosaeta sp. dominated at lower OLR levels
and was gradually replaced by Methanosarcina sp. with higher OLR. For example, the OLR
level of 0.9–1.9 g-VS/(L·d) was dominated by Methanosaeta sp., and when the OLR was
2.9–3.7 g-VS/(L·d), the role of Methanosarcina sp. was more prominent in the treatment
of pharmaceutical wastewater [86]. Additionally, the SAO-HM pathway increased from
33% to 47% with increasing OLR (from 6.0 to 17.0 g-COD/(L·d)) in the anaerobic digestion
of maize silage at low ammonia levels (TAN 0.5 g/L) [87]. This may be because the high
VFA concentration inhibited the activity of the AM pathway, enhancing the dominance
of hydrogenotrophic methanogens and the contribution to methane formation. Therefore,
a low but acceptable OLR (about 3.0 g-VS/(L·d)) and an extended HRT (>40 d) are key
operating parameters to ensure efficient methane production.
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Table 9. Methane production performance of chicken manure under different operating conditions.

TS (%) OLR
(g-VS/(L·d)) HRT (d) TAN

(g/L)
FAN
(g/L)

pH
Value

TVFA
(g/L)

Methane Yield
(L/g-VS) References

19.0 9.0 15 6.0 0.03 6.55 43.0 0.03 [88]
20.0 7.1 20 8.5 0.5 7.7 25.2 0.02 [30]
15.0 6.0 40 6.9 0.9 8.0 9.3 0.27 [89]
15.0 5.3 20 6.9 0.6 7.9 13.6 0.19 [30]
15.0 5.3 20 6.8 0.5 7.8 21.6 0.19 [33]
15.0 5.3 20 5.8 0.6 7.9 15.2 0.25 [33]
15.0 4.8 20 6.9 0.5 7.8 22.3 0.18 [36]
15.0 4.8 20 6.8 0.6 7.9 15.1 0.24 [36]
10.0 3.6 20 6.5 0.8 8.0 6.7 0.28 [30]
15.0 3.5 35 6.6 0.6 7.9 5.4 0.19 [69]
11.0 2.8 30 8.0 1.6 8.3 5.0 0.18 [48]
8.0 2.7 30 5.0 0.8 8.2 2.0 0.20 [11]
7.5 2.7 20 5.0 1.4 8.5 2.2 0.34 [30]
7.6 2.5 20 5.7 1.1 8.3 3.0 0.25 [22]
9.0 2.3 33 6.2 1.1 8.2 2.1 0.30 [37]

15.0 2.3 40 7.2 2.3 8.5 6.4 0.31 [67]
5.0 1.8 20 2.3 0.4 8.2 0.4 0.36 [30]

13.5 1.8 23 5.9 0.4 7.8 7.6 0.26 [90]
5.0 1.7 20 2.4 0.6 8.4 0.3 0.38 [35]
5.0 1.6 20 2.5 0.5 8.3 0.4 0.25 [22]

15.0 1.5 60 7.5 1.8 8.3 0.5 0.33 [67]

Note: OLR: Organic loading rate; HRT: Hydraulic retention time; TAN: Total ammonium nitrogen; FAN: Free
ammonia nitrogen; TVFA: Total volatile fatty acids; VS: Volatile solids.

6.2. Microbial Adaptation Enhances the AM Pathway

Acetoclastic methanogens have a stronger affinity for acetate than hydrogenotrophic
methanogens and can significantly reduce the acetate level. For example, facultative
hydrogenotrophic Methanosarcina sp. has higher growth rates but requires acetate concen-
trations above 1.0 mM, whereas acetoclastic Methanosaeta sp. predominates at lower acetate
levels (<1.0 mM) [6]. As shown in Figure 3, Methanosarcina sp. played a significant role in
methane production under a high ammonia and organic acid environment. The existence
of a higher abundance of Methanosarcina sp. was the key to ensuring efficient methane pro-
duction for the anaerobic digestion of nitrogen-rich substrates. For example, the tolerance
concentration of Methanosarcina sp. to ammonia nitrogen and organic acid can reach 7.0
and 15.0 g/L, respectively [91]. However, the high concentration of organic acid residues
indicated poor fermentation performance. In contrast, Methanosaeta sp. was able to reduce
acetate to a lower level, but the tolerance to ammonia nitrogen was significantly lower than
that of Methanosarcina sp. For example, Methanosaeta thermophila has an ammonia inhibition
threshold of 3.0 g/L and was completely inhibited at 4.5 g/L [92]. These acetoclastic
methanogens should play complementary roles at high ammonia levels. On the one hand,
the activity and quantity of Methanosaeta sp. can be enhanced by adaptation or adding trace
elements, maintaining its dominance at relatively low ammonia levels (<5.0 g/L). However,
Methanosaeta sp. lost its competitive advantage over acetate at higher ammonia levels
(>5.0 g/L), and enhancing the acetate metabolic activity of Methanosarcina sp. was the key
strategy. Furthermore, and interestingly, maintaining a specific organic acid concentration
seems to be an effective way to alleviate ammonia inhibition at higher ammonia levels,
which avoids the irreversible toxicity of higher FAN to methanogens. Enhancing the activity
of acetoclastic methanogens is the key to efficient methane production in nitrogen-rich
manure and this will require more in-depth research on the metabolic mechanism.

The adaptation of the microbial community is often achieved by gradually increasing
the ammonia levels. It can take several retention times before the process becomes stable
and adequate adaptation of the microorganisms may take two months or more [93]. In
an undisturbed anaerobic digestion system, an ammonia nitrogen concentration below
3.0 g/L does not cause inhibition [19]. However, the adaptation of anaerobic sludge did
not cause poisoning, even though the TAN concentration was as high as 5.0–6.0 g/L [20].
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It was essential to carefully monitor the VFA levels, methane content, and pH during
this adaptation period. If the VFA levels increase, it is crucial to decrease the OLR and
increase the HRT for a period to allow the microbial community to grow and maintain itself
in the digesters [94]. Adaptation allows ammonia-tolerant microorganisms to grow and
perform the respective degradation steps. Ammonia adaptation includes the development
of an acetate-degrading pathway involving SAOB that cooperates with hydrogenophilic
methanogens [6]. Under high ammonia levels, the AM pathway is inhibited, and a longer
time is required to meet the growth of acetoclastic methanogens and SAOB.

Adaptation improves the ammonia resistance of various microorganisms, which is
beneficial to the stable operation of the digestion system. The relative abundance of
acetoclastic Methanosaeta sp. reached 5% through adaptation for more than 10 years in
a chicken manure biogas plant at a TAN of 6.2 g/L [37]. Interestingly, Methanosaeta sp.
was less abundant and contributed 42% of the methane production. The tolerance to
ammonia inhibition of acetoclastic Methanosaeta can significantly improve after long-term
adaptation. To our knowledge, the anaerobic consortia, including acetoclastic methanogens
and hydrogenotrophic methanogens, have a certain tolerance to ammonia inhibition. The
methane yield reached 0.34 L/g-VS when the FAN concentration reached 1.42 g/L through
an 87 d adaptation [30]. It can also be seen that the anaerobic digestion of chicken manure
can still stably operate under the FAN concentration of 1.0~2.0 g/L [37,48]. The FAN
gradually increased from 0.8 to 3.2 g/L (54 d), and the methanogenesis process was
inhibited entirely [11]. The adaptation of methanogenesis to ammonia is well above those
considered inhibitory levels [19]. Based on the physiological characteristics of anaerobic
consortia, gradual adaptation is a common and effective way to improve tolerance to
ammonia inhibition. The critical role of acetoclastic methanogens under high ammonia
conditions cannot be ignored and needs re-evaluation and rethought.

6.3. Co-Digestion

Reducing the nitrogen content of the substrate by co-digestion and modifying the
C/N ratio of the substrate to a suitable range to affect digestion may be the primary
strategy to alleviate ammonia inhibition during the anaerobic digestion of nitrogen-rich
substrates, and it is easy to implement. Nitrogen-rich substrates such as animal manure,
especially chicken manure, are co-digested with carbon-rich substances such as straw
and cattle manure. This increases biogas production and is essential for the economics of
biogas plants. For example, co-digestion of pig manure with corn stover, rice straw, or
energy crops significantly improves microbial diversity, fermentation stability, and methane
production performance [95,96]. Chicken manure and pig manure were used for co-
digestion with rice straw, and the C/N ratio reached the maximum methanogenic potential
at 25 and showed significant ammonia inhibition at 15 under mesophilic conditions [4].
In addition, food waste, cattle manure, and corn stover are highly complementary in
raw material characteristics, especially C/N [97]. Co-digestion of 75% food waste and
25% corn straw resulted in a methane yield of 500 mL/g-VS, significantly higher than
the anaerobic treatment of food waste or corn straw as a single substrate [98]. Carbon-
rich substrates were properly added to make the C/N ratio of the substrate around 20:1
to obtain better methane production performance in the anaerobic digestion of chicken
manure. In addition, the methane production performance of the mixed substrate was
better than that of single chicken manure (Table 10). The co-digestion of animal manure
and carbon-rich materials significantly improved the treatment of animal manure and the
stability of the fermentation process and methane production. Moreover, co-digestion
technology has some advantages in reducing ammonia inhibition, such as no need for
additional equipment; it can simultaneously realize the stable treatment of various wastes
and is conducive to using digestate as fertilizer.

It should be noted that if biogas plants can easily obtain the co-digestion substrate, the
co-digestion strategy can increase biogas production and obtain higher profits for the biogas
plant. However, for most biogas plants, the co-digestion of carbon-rich substrates often
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needs to be purchased and transported over long distances, which can inevitably increase
the operating costs of the biogas plant. In addition, seasonal production of carbon-rich
substrates such as corn, wheat, and rice straw cannot guarantee sufficient co-digestive
substrates. Moreover, materials such as straw need to be crushed, and pretreatments
such as hydrolysis and the acidogenesis process destroy stubborn components such as
lignocellulose, which increases operating costs and processing steps. In addition, the
improper storage of carbon-rich substrates causes rot, mildew, odor, and energy loss. All
of the above are issues that need to be carefully considered for co-digestion technology. It
is necessary to ensure that the economic benefits of the biogas plant are higher than the
additional investment costs. This is the critical factor in ensuring the long-term operation
of biogas plants.

Table 10. Co-digestion of chicken manure with carbon-rich substrates.

Substrate and Mixture
Ratio C/N Ratio Methane Yield

(mL/g-VS) Findings Reference

Chicken manure:
Dairy manure = 50:50 27.0 234

X Methane yield increased by 11–50%
compared with chicken and dairy
manure alone.

[99]

Chicken manure:
Chlorella 1067 = 8:2 8.9 239 X Methane yield increased by 24–65%. [100]

Chicken manure:
Cardboard waste = 35:65 a 18.7 319

X More hydrolase was provided with
31.6%;

X 211% enhancement of acetoclastic
pathway.

[96]

Chicken manure:
Chlorella sp. = 8:2 a 10.7 169

X Enhanced 14% and 77% methane
production than CM and Chlorella sp. [101]

Chicken manure: Corn
stover = 2:1 a 20.5 450

X High methane production performance
(>400 mL/g-VS), and high OLR (2.1–4.2
g-VS/(L·d)).

[102]

Chicken manure: Corn
stover = 1:3 a 50.0 298

X Enhanced 2% and 15% methane
production than chicken manure and
corn stover.

[103]

Chicken manure: Corn
stover = 1:1 b 30.8 255

X Enhanced 29% and 32% methane
production than chicken manure and
corn stover.

[104]

Note: ND: Data not involved; a: based on the volatile solids; b: based on total solids.

6.4. Supplementation of Trace Elements

Adding trace elements is also critical to maintaining stable operation during the anaer-
obic digestion of chicken manure. It can improve the tolerance of anaerobic consortia to
ammonia, especially for Methanosaeta sp. with weak ammonia tolerance [105]. Adding Fe2+

and Ni2+ enhanced the acetoclastic methanogen and hydrogenotrophic methanogen activity
in the anaerobic digestion of high-solids chicken manure. It increased the contribution of the
AM pathway, which was mainly converted by Methanosarcina sp. [36]. In addition, formate
dehydrogenase catalyzes the anaerobic oxidation of formate, which is highly dependent
on the trace elements selenium, molybdenum, and tungsten [106]. Moreover, iron, cobalt,
and nickel are essential cofactors for coenzyme M methyltransferase and carbon monox-
ide dehydrogenase, which play important roles in the hydrogenotrophic methanogenesis
process [107]. Therefore, in theory, adding these trace elements can enhance the metabolic
activity of hydrogenotrophic methanogens, promoting hydrogen consumption and keeping
it at a low level, thus making the SAO process more thermodynamically favorable.
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The addition of trace elements to an anaerobic digestion process dominated by the
SAO process has been shown to significantly increase methane production and promote
the degradation of organic acids [94]. However, adding trace elements did not significantly
affect the relative abundance of SAOB. Regardless of whether trace elements were added,
the relative abundance of SAOB was between 0.02–0.04% in chicken manure digestion [36].
Quantitative analysis showed no significant changes in the abundance of known SAOB
in digesters supplemented with trace element additives in the anaerobic digestion of the
organic fraction of municipal solid waste supplemented with egg albumin powder [94].
The dynamic of the methanogenesis pathway affected by trace elements seems to mainly
change the community structure of methanogens in the digester [6]. Therefore, adding trace
elements to reactors with high ammonia levels mainly affects the structure of the microbial
community, especially acetoclastic methanogens. Currently, the mechanism of promotion of
the methanogen community by trace elements is still unclear, primarily due to the complex
types and dosages of the trace elements, with further research thus being necessary.

Although the effectiveness of trace elements has been confirmed in the anaerobic di-
gestion process of different substrates, including animal manure [108], biomass straw [109],
food waste [7], etc., there are significant differences in the added types and concentrations
of trace elements in the different feedstocks. It is necessary to develop different kinds of
trace elements for different substrates and determine how various trace elements promote
performance. In addition to higher levels of protein, the nitrogen-rich substrate is accompa-
nied by higher levels of sulfur. Sulfur combines with trace elements to form metal-sulfide
precipitates, reducing metal element bioavailability during anaerobic digestion [110]. This
process involves metallic iron only, including zero-valent iron, ferrous iron, iron oxides
(magnetite and hematite), etc. [111]. The addition of iron reduces the hydrogen sulfide level
in the biogas and reduces the biotoxicity to anaerobic microorganisms. Studies have shown
that iron oxide can enhance the syntrophic oxidation of the acetate process and methane
production [6]. It shows that adding iron to the high ammonia digesters is an effective
strategy to improve fermentation performance. Further research is needed to understand
the role of trace elements fully.

6.5. Ammonia Removal from Digesters

Based on the high solid characteristic of chicken manure, it is very suitable for high-
solids anaerobic digestion technology. However, ammonia inhibition is an inevitable
bottleneck. Anaerobic digestion of high-solids chicken manure under low-ammonia con-
ditions by ammonia removal is feasible. For example, anaerobic digestion of high-solids
chicken manure with a feed TS concentration of 15% can be achieved by ammonia stripping.
The methane yield can be increased by 34% compared with the control reactor without
ammonia stripping [33]. In addition, by using activated carbon, zeolite, and other ammonia
absorption materials to reduce the ammonia nitrogen concentration, the solids concentra-
tion of the chicken manure feedstock can be increased to 22% [112]. However, the method
of absorbing ammonia nitrogen faces the disadvantage of ammonia saturation. It requires
regular replacement of absorption materials and subsequent treatment, which may not be
expedient in engineering applications. These studies, however, illustrate a vital direction
for further research: achieving high solids/dry anaerobic digestion of chicken manure at
relatively low ammonia levels.

Decreasing the ammonia levels will undoubtedly increase methane production, but it
is also accompanied by changes in methanogenesis pathways and microbial community
structures, enhancing system stability. Therefore, it is necessary to adopt appropriate ammo-
nia removal methods (ammonia stripping and absorption, ion exchange, etc.) to alleviate
ammonia inhibition and achieve stable processing capacity. The most important issue is
that reducing the ammonia level is conducive to transforming the methanogenesis pathway
from the reduction in carbon oxidation to the AM pathway, enhancing the degradation of
organic acids, and providing positive feedback to fermentation performance. For example,
the ammonia nitrogen concentration of the reactor for the anaerobic digestion of chicken
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manure was reduced from 6.8 to 5.8 g/L by ammonia stripping, the proportion of the AM
pathway increased from 17% to 23%, and the concentration of organic acids in the system
also decreased from 21.6 to 15.2 g/L [33]. In addition, by using membrane absorption (TAN
decreased from 6.6 to 2.9 g/L) in a chicken manure anaerobic digestion reactor, Methanosaeta
sp. (17%) was detected in the membrane reactor, organic acid concentration also decreased
significantly (from 12.3 to 6.3 g/L) [70]. This fully demonstrates that reducing the ammonia
level is conducive to the growth of acetoclastic methanogens, promoting the deep degrada-
tion of organic acids. In addition, ammonia stripping or ammonia absorption can control
the degree of ammonia removal by regulating the frequency of stripping, the concentration
of the acid absorbent, and the membrane area, which are conducive to controlling the cost of
ammonia removal within a reasonable range. Additionally, there are various configurations
of ammonia stripping in anaerobic digestion, including pretreatment, in-situ, side-stream,
and post-treatment [113]. In-situ ammonia removal would find more applications, both
from the economic and the technical point of view.

7. Conclusions

The properties of chicken manure determine the complexity of its microbial commu-
nity structure, activities, and methanogenic pathway compared to other animal manures
during anaerobic treatment. The ammonia level is the main factor affecting methane
production performance. Selecting more suitable process parameters can alleviate the
ammonia inhibition impacts to a certain extent, such as longer residence time or lower
organic loading rate. In addition, adaptation, adding trace elements, co-digestion, and am-
monia removal can significantly improve the anaerobic digestion performance of chicken
manure. Therefore, anaerobic treatment with the feeding of high-solid chicken manure
is possible through deliberate operational strategies. Increased knowledge of syntrophic
acetate oxidation, hydrogenotrophic and acetoclastic methanogenesis is helpful for main-
taining process stability. This requires an in-depth analysis of methane formation from the
perspective of microbiology and an analysis of changes in microbial community structure
at the fundamental level.
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