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Abstract: High ammonium release from chicken manure poses a significant limitation to aerobic di-
gestion, impeding microbial processes and inhibiting biogas production. In this study, we conducted
anaerobic digestion of a mixture consisting of chicken manure and corn straw as the fermented raw
material. The inoculum used was obtained from the residue of previously fermented chicken manure.
To assess the inhibitory effect, we varied the ammonia levels within the range of 750-4250 mg/L
by introducing ammonium chloride. The efficiency of aerobic digestion was monitored through
the measurement of volatile fatty acids (VFA), chemical oxygen demand (COD), total inorganic
carbon (TOC), and methane yield. Our results indicated that elevated levels of ammonia nitro-
gen had a suppressive impact on methane release, and this decrease followed a linear relationship
with the increasing ammonia nitrogen load. Moreover, the addition of ammonia led to a slower
release, with the maximum daily ammonia concentration observed at 15 days compared to the 6th
day at lower ammonia levels. Furthermore, on the 40th day of aerobic digestion, the cumulative
methane production at 4250 mg/L was inhibited by 41% compared to the 750 mg/L condition.
The patterns of VFA, inorganic carbon, and COD reduction were consistent across all ammonia
levels, with VFA and TOC levels being highest at the highest ammonia concentration and lowest
at the lowest ammonia concentration. The accumulation of VFA resulted in a decrease in pH and a
decline in methanogenic activity. Additionally, high ammonia levels altered the relative abundance
of methanogens. Acetoclastic methanogens (Methanosaeta) exhibited a decrease in abundance, while
hydrogenotrophic methanogens (Methanosaeta, Methanoculleus) and methylotrophic methanogens
(Candidatus Methanoplasma) demonstrated an increase in abundance. Overall, our findings highlight
the inhibitory effects of high ammonia concentrations on biogas production, providing insights into
the changes in microbial composition and activity during anaerobic fermentation.

Keywords: methane; methogens; chicken manure; aerobic digestion; VFAs

1. Introduction

The disposal of food waste is problematic due to its high biodegradability, organic
content, moisture content, and bulk density [1]. On the other hand, the high moisture and
calorific value make food waste suitable for anaerobic digestion, which is by methanogenic
bacteria [2]. Aerobic digestion is a natural or controlled breakdown of organic matter into
biogas and fertilizer in a complicated cascade of microbially driven events, including hy-
drolysis, fermentation (including acetogenesis and acidogenesis), and methanogenesis [3].
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Biogas, a form of biofuel, is produced in biodigesters, landfills, or wastewater treat-
ment plants [4]. It primarily consists of methane and carbon dioxide, with small amounts of
other gases such as hydrogen sulfide, nitrogen, oxygen, and trace amounts of water vapor.
Methane typically makes up 50-70% of the gas mixture, while carbon dioxide accounts for
approximately 30-50% [5]. The exact composition of biogas can vary depending on the
feedstock used and the specific conditions of the anaerobic digestion process [6]. Various
raw materials can be utilized for biogas production, including animal waste, crop residues,
organic fractions of food and industrial waste, and wastewater sludge [4].

According to FAO [7], the global chicken population has more than doubled since
1990. In 2021, there were approximately 25.8-billion chickens, compared to 13.9 billion in
2000. This significant increase has led to a massive generation of chicken manure, reaching
267-million tons. Converting chicken manure into biofuel offers a sustainable solution
for food disposal and energy generation [5]. However, chicken manure alone cannot be
efficiently converted into biofuel. Therefore, it is often combined with plant materials such
as straw and grass [8].

Biogas production has emerged as a promising approach for managing chicken ma-
nure waste. However, the high content of total ammoniacal nitrogen in chicken manure and
other organic waste inhibits the activity of methanogenic bacteria and hampers biogas pro-
duction [9,10]. Ammoniacal nitrogen comprises both free ammonia (NH3) and ammonium
ion (NH4"), and both forms contribute to the inhibition of anaerobic digestion, with free
ammonia being the stronger inhibitor. The reported threshold for ammonia concentration,
beyond which stable biogas production is compromised, varies widely among studies due
to differing operating conditions [11]. Most studies have identified a range of inhibitory
ammonia concentrations, typically ranging from 0.7 to 15 g/L [12-14]. Yin et al. [10] re-
ported a substantial reduction in methane generation (94%) and a significant increase in
volatile fatty acid (VFA) accumulation (over 60-fold) during aerobic fermentation of chicken
manure when the substrate and ammonium loads were increased (up to 8.5 g/L).

Research has shown that the co-digestion of livestock manure with non-degraded
organic matter, particularly crop straw, enhances the utilization rate of waste/raw materials
remaining in the biogas slurry [15-18].

The community of a manure digester consists of three groups of microbes: hydrolytic,
acid-forming, and methanogenic bacteria. Hydrolytic bacteria break down proteins and
polymeric carbohydrates into monomeric sugars and amino acids. Acid-forming bacteria
are responsible for the production of VFAs, either directly (acetogenic), through the forma-
tion of acetate (homoacetogenic), or by converting larger VFAs into acetate and hydrogen
gas (hydrogenogenic). Methanogens, which include acetoclastic and hydrogenotrophic
methanogens, convert acetate and hydrogen gas into methane and carbon dioxide [18].
Among the microbial groups involved in anaerobic digestion, methanogens are considered
more susceptible to inhibition by ammonia. An ammonia load can inhibit or alter the
composition of the methanogenic community [19,20]. Utilizing tolerant methanogens can
help overcome the inhibition and enhance methane production by more than 30% [14].

The main focus of this research is to optimize the capacity of aerobic digestion by
identifying the operational parameters that maximize methane production for different
feedstocks. Ammonia release during the digestion of chicken manure reflects the efficiency
of aerobic digestion. Our objective is to assess the inhibitory effect of different levels
of ammonia nitrogen on methane production using chicken manure and corn straw as
feedstocks. We will examine the abundance of methanogens and evaluate how varying
concentrations of ammonia nitrogen affect VFA, chemical oxygen demand (COD), and
methane production.

2. Materials and Methods
2.1. Test Material

In the experiment, a mixture of chicken manure and corn straw was utilized as the
fermentation raw material. The inoculum for the experiment was selected from the residue



Agriculture 2023, 13, 1645

3of 14

of chicken manure that had been fermented for over 60 days under normal temperatures.
The chicken manure was obtained from Taigu Honghao Breeding Cooperative in Jinzhong
City, Shanxi Province. The corn stalks and inoculum were sourced from biogas digesters at
the Dongyang Experimental Demonstration Base of Shanxi Agricultural University. The
weeds were removed from the corn stalk, and corn stalk media was sun-dried and crushed
to reduce particle size to 3-5 mm. The physicochemical characteristics of the fermentation
materials and inoculum are presented in Table 1.

Table 1. Physicochemical properties of fermentation materials and inoculum.

Test Raw Total Solids Volatile Solids Total Organic Carbon Total Nitrogen C/N
Materials (%) (%) (%) (%) (%)
Chicken manure 45.11 15.64 30.77 2.013 15.28
Corn straw 90.45 84.70 40.81 0.791 51.56
Inoculum 5.40 3.20 ND ND ND

ND indicates no detection.

2.2. Test Device

The mesophilic anaerobic digester used in this study was a 10-L fully mixed continuous
stirred-tank reactor (CSTR), manufactured by the Biogas Technology Laboratory of Shanxi
Organic Dry Farming Agriculture Research Institute at Shanxi Agricultural University, as
depicted in Figure 1. The device consists of three main components: a gas production unit,
a gas collection unit, and a liquid collection unit.
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Figure 1. Schematic diagram of anaerobic fermentation generator (10 L). 1: feed inlet; 2: thermometer;
3: mixing motor; 4: exhaust pipe; 5: switch knob; 6: air connection pipe; 7: drainpipe; 8: circu-
lating water pipe; 9: discharge pipe; 10: power switch; 11: display meter; 12: mixing controller;
13: temperature controller; 14: water bath; 15: gas collection bottle; 16: water collection bottle.

The gas production unit comprises a liquid-reaction vessel and a parameter-control
device. The gas collection unit is primarily composed of a gas collection bottle, an exhaust
pipe, and a gas-connection pipe. The liquid-collection unit consists of a water-collection
bottle and a drain pipe. The liquid-reaction vessel in the gas-production unit includes
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a stirring motor, a thermometer, an inlet, an outlet, and a water bath heating zone in
the interlayer.

The parameter-control device comprises a stirring-motor controller, a water bath
temperature controller, a water bath pot, a circulating water pipe, and other components.
The fermentation liquid is introduced into the reaction device through the inlet, and the
reaction temperature is regulated by the water bath. The biogas produced during the
reaction enters the gas-collecting bottle, which is filled with water, through the exhaust
pipe. Following the principle of the drainage gas-collection method, as the air pressure
inside the gas-collection bottle increases, the water from the bottle flows into the water-
collection bottle via the drain pipe. The volume of water in the water-collection bottle is
then measured to determine the quantity of biogas produced.

To analyze the composition and content of the biogas, a gas-collection bag is connected
to the gas pipe. The switch clip is opened to allow the gas to enter the collection bag.
Subsequently, the bottle is connected to a biogas-component analyzer to determine the
gas composition.

2.3. Experimental Design

The volatile solid (VS) fermentation mass ratio was set as a mixture of chicken manure
and corn stalk in a ratio of 6:4, and a total of 8000 g of material were used. We selected
this ratio based on the findings from our previous research, where we analyzed various
ratios (9:1, 8:2, 7:3, 6:4, and 5:5) of chicken manure and corn stalk and found that the gas-
production efficiency, daily gas production, cumulative gas production, and total methane
production were highest at the ratio of 6:4 (unpublished results).

The mass concentration of the fermentation material was 8% (in terms of VS), and
the inoculum accounted for 30% of the mass concentration of the fermentation material.
We conducted the fermentation at a medium temperature (35 £ 1 °C) for 40 days. The
batch-fermentation method of one-time feeding and discharging was adopted.

To create different ammonia nitrogen concentrations in the fermentation-feed liquid,
we used NH,Cl solution as the inorganic nitrogen source. The initial mass concentration of
ammonia nitrogen in the reaction feed liquid was 746.32 mg/L. We prepared six different
ammonia nitrogen concentrations in the fermentation feed liquid as follows: T; =750 mg/L,
T, = 1500 mg/L, T3 = 2250 mg/L, T4 = 3000 mg/L, T5 = 3500 mg/L, and Te = 4250 mg/L.
T; served as the control (CK). The rates were calculated according to formula (1):

Co
C =14.01 x T35 1)
In the formula, C represents the target mass concentration of ammonia nitrogen
(mg/L); Cy represents the mass concentration of the prepared NH,Cl solution (mg/L);
14.01 represents the relative atomic mass of N; and 53.5 indicates the relative molecular
mass of NH4CL
Each treatment was repeated three times. Biogas production was measured daily,
and methane content was measured every 2 days. Various indicators, including the pH
value, volatile fatty acid (VFA) content, total inorganic carbonate (TIC) content, ammonia
nitrogen (NH;-N) concentration, chemical oxygen demand (COD), and other physical and
chemical indicators of the fermentation liquid were measured every 5 d. For this, about
30 mL of liquid were collected from the discharge pipe, and after centrifugation, 10 mL
of supernatant were used to determine physicochemical indicators. The remaining liquid
was mixed with 10 mL of water and then re-entered the generator through the feed inlet
to keep the fermentation liquid volume unchanged. At the end of the 40-day reaction, we
measured the microbial community and abundance by collecting an appropriate amount
of fermentation feed liquid.
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2.4. Indicator Determination and Method
2.4.1. Measurement of Performance Indicators of Fermentation Materials

(1) Determination of dry matter (TS): Samples of chicken manure, corn stalks, and
inoculum were weighed, placed in an oven at a temperature of 105 °C, dried until reach-
ing constant weight, and reweighed to calculate the dry matter based on the difference
in weight.

(2) Determination of volatile solids (VS): The dried samples mentioned above were
placed in a muffle furnace at a high temperature (550 °C) to burn away organic components,
and the resulting ash was used to calculate the volatile solids (VS) based on the difference
in weight [21].

2.4.2. Determination of Performance Indicators of Fermentation-Feed Liquid

A small amount of sample solution was extracted before the reaction and every 5 days
during the reaction and then centrifuged at 5000 r/min for 15 min. After centrifugation, the
supernatant was measured, and the excess sample solution was poured into the generator.
The pH value, alkalinity, ammonia nitrogen (NH,*-N) mass concentration, chemical oxygen
demand (COD), volatile fatty acid (VFA) content, and total inorganic carbonate (TIC)
content were determined.

(1) The pH value was measured using a PHS- 3C acidity meter (Leici, Shanghai, China).

(2) The total inorganic carbonate content (TIC) was determined by neutralization
titration (calculated as CaCOs3).

(3) The concentration of NH4"-N was determined by the distillation-neutralization
titration method according to the Chinese Standard (HJ537-2009) [22], and calculation was
performed using formula (2):

N = %7%) x ¢ x 14.01 x 1000 )
where py represents the mass concentration of ammonia nitrogen in the water sample,
expressed as nitrogen (mg/L); V represents the volume of undiluted water sample (mL);
V. represents the volume of HCl standard titrant consumed for titrating the water sample
(mL); Vy, represents the volume of HCI standard titration solution consumed by titrating
the blank (mL); c represents the concentration of HCI standard titration solution (mol/L);
and 14.01 represents the relative atomic mass of nitrogen.

(4) Chemical oxygen demand (COD) was measured with reference to the standard
GB/T11914-1989 [23]. The COD in water samples was calculated as Equation (3):

c(Vo—V
o= (Vo —Vy)

v x 8 x 1000 3)

where p represents COD (mg/L); c represents the concentration of ferrous ammonium
sulfate standard solution (mol/L); Vj represents the volume of the ferrous ammonium
sulfate standard titration solution consumed by the titration blank (mL); V; represents the
volume of ferrous ammonium sulfate standard titrant consumed by the sample (mL); V,
represents the volume of undiluted water sample (mL); and 8 denotes the molar mass of
1/2 O (g/mol).

(5) The content of volatile organic acids (VFAs) was determined by gas chromatogra-
phy (7890B gas chromatograph, Agilent) after centrifugation with hydrogen flame detector
(FID), polar chromatographic column HP-FFAP (30 m x 0.25 mm X 0.25 pm), nitrogen as
the carrier gas (flow rate 40 mL/min), and an injection volume of 1.0 uL. The temperature
of the inlet and the detector was 250 °C, and the temperature program was used according
to the detection needs with an initial temperature of 70 °C, stabilized for 3.5 min, and
then raised to 180 °C according to the temperature increase of 20 °C/min and stabilized at
180 °C for 5 min.
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(6) Determination of microbial community and abundance: DNA extraction was
performed using TGuide 596 magnetic soil DNA extraction kit (Tiangen Biotech, Beijing,
China). The 165V3 and V4 of methanogenic archaea were amplified using double-ended
primers Arch349F (5-GYGCASCAGKCGMGAAW-3') and Arch806R (5-GGACTACVSG
GGTATCTAAT-3'). The amplified and purified samples were subjected to high-throughput
sequencing through the Illumina Novaseq sequencing platform to analyze the community
of methanogenic microorganisms.

2.4.3. Determination of Daily Methane Production and Cumulative Methane Production

The daily biogas production was determined by measuring the volume of water
collected in the water collection bottle daily. Gas produced by each test group was collected
from a gas-collection bag daily, and methane production was measured using the 7890B
gas chromatograph (Santa Clara, Agilent, United States). The chromatography conditions
were as follows: HP-INNOWAX chromatographic column with a temperature range of
40-240 °C and dimensions of 60 m x 530 um X 1 um. The carrier gas used was hydrogen
with a flow rate of 5 mL/min, a pressure of 7.2443 psi, an average linear velocity of
35.701 cm/s, and a retention time of 2.8011 min. The FID detector operated at a temperature
of 300 °C, with an airflow rate of 400 mL/min and a hydrogen gas flow rate of 30 mL/min,
while the gas-flow rate was set at 25 mL/min. The TCD detector temperature was set to
250 °C, the reference flow was 40 mL/min, and the tail-gas flow (H;) was 2 mL/min.

The methane content in the biogas was calculated by formula (4) and cumulative
methane production was calculated by formula (5):

Vo= Mk, 4)
Pwater
Q=Vi+Vy+V3+4+---4+V, 5)

In the formula, Q is the cumulative methane production, V,, represents the methane
production of the nth d of the anaerobic reaction (mL); M, represents the mass of water in
the water-collection bottle on the nth day of anaerobic reaction (g); pwater represents the
density of water at standard atmospheric pressure of about 1 g/cm?; and Ky, is the methane
content in the biogas in the nth day of anaerobic reaction (%).

2.5. Data Processing

IBM SPSS Statistics (Version 21) were employed for data processing. Origin 2021 and
Microsoft Excel were used for graphics drawing.

3. Results and Discussion
3.1. Effects of Different Ammonia Nitrogen Concentrations on Daily Methane Production

The results showed that methane production increased initially with the duration of
fermentation and then started to decline (Figure 2). During the first 11 days of fermentation,
the highest methane production was observed at the lowest ammonium nitrogen concen-
tration (T1). As the ammonium nitrogen concentration increased from T1 to T6, methane
production gradually decreased. Specifically, at T1, the highest methane production of
4.7 L/d was recorded on the 6th day of fermentation. It was observed that most of the
methane was released within the first 15 days at T1, after which the rate of release gradually
decreased. This suggests that the easily digestible materials were utilized during the initial
15 days under low ammonium nitrogen conditions, while the less digestible materials
contributed to the slower release of methane [24,25].
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Figure 2. Effects of different ammonia nitrogen concentrations on methane production. Each value is
a mean =+ standard deviation of three replicates. T1 = 750 mg/L, T2 = 1500 mg/L, T3 = 2250 mg/L,
T4 = 3000 mg/L, T5 = 3500 mg/L, and T6 = 4250 mg/L of ammonium nitrogen.

The maximum methane production was observed on different days of fermentation
for each ammonia nitrogen concentration (T1, T2, T3, T4, T5, and T6), with the 6th, 7th,
9th, 12th, 14th, and 18th days showing the highest methane production, indicating a
delayed release of methane with increasing ammonium concentration. Among the different
concentrations, T1 exhibited the steepest positive slope, while T6 had the lowest positive
slope. These results demonstrate the inhibitory effects of increasing ammonia nitrogen
load on methane release, with a linear decrease in methane production corresponding
to higher ammonia nitrogen concentrations. Methane production is primarily driven by
microbial activity, particularly by methanogens. Although ammonia nitrogen is essential
for microbial growth, high concentrations can impede methanogens. Previous studies have
identified an inhibitory threshold for total ammonia nitrogen concentrations (including
free ammonia and ammonium) above 1.7 g/L [8,26]. The reduced methane production can
be attributed to the accumulation of volatile fatty acids (VFA), which leads to a decrease
in pH. The acidic pH, in turn, inhibits the activity of methanogens, as they thrive in a
near-neutral pH range [26]. Yin et al. [9] reported a 50% decline in methane production at
pH 6 compared to alkaline pH conditions.

On the 1st day of aerobic digestion, the methane release ranged from 146-395.7 mL/d,
while on the 40th day, methane release ranged from 53-72 mL/d, indicating that most of
the methane was released within the 40 days.

3.2. Effects of Different Ammonia Nitrogen Concentrations on Cumulative Methane Production

The cumulative methane production per mass of volatile solids (VS) added increased
with the duration of fermentation but decreased as the ammonium nitrogen concentration
increased from T1 to T6 (Figure 3). During the first 20 days of fermentation, the highest
methane production was observed at the lowest ammonium nitrogen concentration (T1).
However, from Day 21 to Day 39 of fermentation, cumulative methane production at T2
surpassed that of T1. This indicates that higher ammonium concentration hindered the
cumulative methane production.
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Figure 3. Effects of different ammonia nitrogen concentrations on cumulative methane production.
Each value is a mean =+ standard deviation of three replicates. T1 = 750 mg/L, T2 = 1500 mg/L,
T3 = 2250 mg/L, T4 = 3000 mg/L, T5 = 3500 mg/L, and T6 = 4250 mg/L of ammonium nitrogen.

3.3. The Effect of Different Concentrations of Ammonia Nitrogen on Volatile Fatty Acids

Volatile fatty acids (VFAs) are intermediate or end products generated during the
hydrolysis and acidification of organic matter. They primarily include acetic acid, propionic
acid, butyric acid, and other fatty acids with fewer than five carbon atoms [9]. VFAs
produced during anaerobic digestion are ultimately converted into methane and carbon
dioxide by methanogenic bacteria. VFA concentration is an important parameter that
reflects the degradation status of organic matter during anaerobic fermentation. After 5 days
of fermentation, VFA concentrations increased and gradually decreased until reaching
stability around 25 to 30 days of fermentation (Figure 4).

7000

4Tl —&—T2 —%-T3

6000 - i —0—T4 ——T5 —+—T6

5000 -

4000 -

3000 A

VFAs (mg/L)

2000 .

1000

Fermentation days (d)

Figure 4. Effects of different ammonia nitrogen mass concentrations on the VFAs of the fermentation
feed liquid. T1 =750 mg/L, T2 = 1500 mg/L, T3 = 2250 mg/L, T4 = 3000 mg/L, T5 = 3500 mg/L, and
T6 = 4250 mg/L of ammonium nitrogen.
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The concentrations of VFAs were highest at the highest concentrations of ammonium
nitrogen (T6) from 5 to 40 days of fermentation. Conversely, as ammonia nitrogen con-
centrations decreased, the VFA concentration in the media also decreased. T1 had the
lowest VFA concentration, while T6 had the highest. The average initial nitrogen content
in chicken manure was 2.013% (Table 1). During aerobic digestion, proteins and amino
acids present in the manure are degraded, leading to the production of VFAs, particularly
propionic and acetic acids.

These results indicate that high ammonia nitrogen levels lead to increased accu-
mulation of VFAs, either by slowing down the anaerobic digestion of manure through
methanogen inhibition [27] and/or by enhancing the hydrolysis of organic matter into
VFAs [9]. The inhibited activity of methanogens due to high ammonia nitrogen results
in higher production of VFAs compared to their consumption [26]. The addition of high
nitrogen alters the composition and concentration of VFAs by lowering the pH of the
medium, as lower pH levels favor VFA accumulation [9]. Yin et al. [28] also reported
that methanogen activity is 50% inhibited at pH 6. Therefore, at low pH levels, aerobic
digestion is disrupted and slowed down due to reduced methanogen activity, leading to
increased VFA accumulation. The accumulation of VFAs has been observed to place the
process under greater stress, increasing the risk of process failure and reducing methane
release, particularly under high organic load conditions [8]. In the present study, the
elevated VFA levels resulting from increased ammonia nitrogen align with the reduced
methane production.

3.4. Effects of Different Ammonia Nitrogen Mass Concentrations on Total Inorganic Carbonate

Total inorganic carbonate (TIC) was increased after 5 d of fermentation and then
started a sharp decrease until 25 d of fermentation before nearly becoming stable (Figure 5).
TIC was increased with the increase of ammonia nitrogen, and the least TIC was reported
at T1 (750 mg/L ammonia nitrogen).

& —0-T1 —&-T2 —*-T3
o —0—T4 —<—T5 —+—T6

Fermentation days (d)

Figure 5. Effects of different ammonia nitrogen mass concentrations on the TIC of the fermentation
feed liquid. T1 =750 mg/L, T2 = 1500 mg/L, T3 = 2250 mg/L, T4 = 3000 mg/L, T5 = 3500 mg/L, and
T6 = 4250 mg/L of ammonium nitrogen.

TIC is a crucial parameter that indicates the buffering capacity of a system as it helps to
mitigate the presence of acidic substances and maintain system stability. TIC mainly exists
in the form of dissolved inorganic carbon, including carbonate (CO3%~), carbon dioxide
(COy), carbonic acid (H,CO3), and bicarbonate (HCO3 ™), as well as particulate inorganic
carbon like CaCO3. In systems with high ammonia levels, the abundance of inorganic
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carbon is elevated, resulting in enhanced buffering capacity. This is particularly important
for counteracting low pH conditions (acidification) and minimizing the conversion of
ammonia nitrogen into biogas [29]. Following stabilization, the TIC range observed was
within the normal range of 835-1710 [16].

3.5. Kinetic Changes in the pH Values at Different Ammonia Nitrogen Concentrations

The pH exhibited a significant decline from its initial value after 5 days of fermentation
(Figure 6). Subsequently, between Days 10 and 20 of fermentation, the pH began to rise
again, followed by a slower decline. The ammonia nitrogen concentration had a noticeable
impact on the pH levels. The pH was most alkaline at T1 (750 mg/L ammonia nitrogen)
and gradually became acidic as the ammonia nitrogen concentration increased from T1
(750 mg /L) to T6 (4250 mg/L). pH plays a vital role in regulating metabolic processes and
has a direct influence on methane and VFA production [30]. Ammonia nitrogen has a basic
nature, existing in the form of NHy* at neutral pH. The rapid decline in pH observed on
the 5th day of aerobic digestion is attributed to the accumulation of VFAs [9,26].

—0-T1 —=—T2
—*—T3 —0—-T4
——T5 —+—T6

5 10 15 20 25 30 35 40
Fermentation days (d)

Figure 6. Effects of different ammonia nitrogen mass concentrations on the pH value of the fermenta-
tion feed liquid. T1 = 750 mg/L, T2 = 1500 mg/L, T3 = 2250 mg/L, T4 = 3000 mg/L, T5 = 3500 mg/L,
and T6 = 4250 mg/L of ammonium nitrogen.

3.6. Effects of Different Ammonia Nitrogen Mass Concentrations on COD

The COD initially increased from its initial value to the 5th day of fermentation,
reaching its maximum level (Figure 7). Between Days 5 and 20 of fermentation, the COD
value exhibited a sharp decline, followed by stabilization or a very slight decrease. The
ammonia nitrogen concentration had an impact on the COD value. The highest COD
value was observed at T1 (750 mg/L ammonia nitrogen), and as the ammonia nitrogen
concentration increased from T1 to T6 (4250 mg/L), the COD value started to decrease.
COD serves as an indicator of oxygen demand in anaerobic digestion and measures the
organic matter present in the absence of oxygen [31]. Overloading leads to the rapid
hydrolysis of chicken manure and the accumulation of excessive VFAs [25]. Increasing
ammonium concentration reduces COD by diminishing methanogenic activity [32].
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Fermentation days (d)

Figure 7. Effects of different ammonia nitrogen mass concentrations on chemical oxygen de-
mand. T1=750mg/L, T2 = 1500 mg/L, T3 = 2250 mg/L, T4 = 3000 mg/L, T5 = 3500 mg/L, and
T6 = 4250 mg/L of ammonium nitrogen.

3.7. Variation in the Relative Abundance of Microbial Communities under Different
Concentrations of Ammonia Nitrogen

The effect of different ammonia loads was observed on methanogen abundance at the
genus level. Results showed substantial changes in the relative abundance of methanogens
(Figure 8). The abundance of Methanosaeta and LNR_A2_18 were decreased by increasing
the concentration of ammonia nitrogen. Meanwhile, the abundance of Methanosarcina,
Methanoculleus, and uncultured bacteria increased with the ammonia level.

Treatments

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Relative abundance

@ Methanosaeta Methanosarcina
Buncultured_bacterium_c_Bathyarchaeia & Methanoculleus

LNR_A2-18 uncultured_bacterium_f GZKB75

= Candidatus_Methanoplasma RumEn_M2

EPir4d_lineage B uncultured_bacterium_p_Aegiribacteria

Figure 8. Relative abundance of methanogens (genus level) in each treatment. T1 = 750 mg/L,
T2 =1500 mg/L, T3 = 2250 mg/L, T4 = 3000 mg/L, TS5 = 3500 mg/L, and T6 = 4250 mg/L of

ammonium nitrogen.
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The Methanosarcina genotype belongs to the Class I methanogens of Methanosarcinales
and is indicative of high ammonium levels and unstable fermentation [14]. Methanosarcina
is a mixotrophic methanogen and perhaps the only known anaerobic methanogen that
utilizes all three recognized metabolic pathways for methanogenesis. Methanosarcina spp.
can utilize not only acetate but also CO,, Hy, and methanol as substrates [33]. Consequently,
Methanosarcina species exhibit relatively higher tolerance to high ammonia concentrations
compared to other methanogens and can withstand levels of up to 7000 mg ammonia/L [34].
Methanosarcina spp. Demonstrates a higher yield and growth rates than Methanosaeta under
high ammonia conditions [20,35].

Under conditions of low acetate availability, methane production can occur through the
activity of hydrogenotrophic methanogens utilizing CO, and H,. The relative abundance of
Methanoculleus increased with higher ammonia nitrogen concentrations. Methanoculleus is a
hydrogenotrophic methanogen that converts CO, and H; into methane [36,37]. In anaerobic
environments with low ammonia nitrogen levels (<1000 mg/L), where ammonia inhibition
is absent, methane formation typically occurs through acetoclastic methanogens utilizing
acetate (67%) and hydrogenotrophic methanogens utilizing H, (33%) [38]. However, under
conditions of ammonia inhibition, there is a shift in the dominant methanogenesis from
acetoclastic to hydrogenotrophic [39] and syntrophic [40,41] pathways. Studies have
reported that the proportion of methane generated through syntrophic acetate oxidation
coupled with hydrogenotrophic methanogenesis (SAO-HM) increased from 9-23% to
68-75% when total ammonia nitrogen (TAN) concentrations increased from 0.2 to 1.6 g/L
to 3.6-6.1 g/L, respectively [40].

Bathyarchaeia (or Bathyarchaeota) is considered one of the most abundant microbial
groups in anaerobic environments. In our study, it was found to be the third-most abundant
archaeal species under low ammonia conditions, but its abundance decreased as ammonia
levels increased to < 3500 mg/L [42]. This research suggests that Bathyarchaeia may play a
role in methane metabolism, although its exact function remains unclear. Previous studies
have indicated the capacity and involvement of Bathyarchaeia spp. in methylotrophic
acetogenesis [43,44].

On the other hand, Candidatus Methanoplasma is known to produce methane through the
methylotrophic pathway, utilizing methanol with a hydrogen-dependent reduction [45,46].
The relative abundance of Methanoplasma was found to increase with higher ammonia
concentrations [45]. Previous studies have also reported positive correlations between the
relative abundance of Methanoplasma and concentrations of TAN and VFA [45], which is
consistent with our current findings (Figure 6).

4. Conclusions

At a low ammonia nitrogen concentration (750 mg/L), minimal levels of volatile
fatty acids (VFA) and total inorganic nitrogen were detected after 25 days of aerobic
digestion, while the highest daily methane production (4726 mg/L) occurred on the 6th day.
These findings indicate the effective removal of ammonia. As the ammonia concentrations
increased (from 1500 to 4250 mg/L), there was a gradual increase in VFA and total inorganic
carbon, which was accompanied by a decrease in pH on a specific day and a decrease in
chemical oxygen demand (COD). The ammonia nitrogen level also influenced the relative
abundance of methanogens, with a decrease in acetoclastic methanogens and an increase in
hydrogenotropic methanogens, indicating a shift in the composition of methanogens. These
results suggest that reducing ammonia nitrogen levels can enhance methane production
during the aerobic digestion of chicken manure.
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