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This study investigated the effects of different rotation speeds on the performance,
microbial communities, and carbon and nitrogen metabolism functions of an
iron-carbon material-enhanced semi-continuous anaerobic digestion system for
kitchen waste. The reactors were operated at 36 = 1 ° C, an organic loading rate of
2.51 g VS/L/d, and a sludge retention time of 45 d, with four stirring conditions of 20,
60, 80, and 120 rpm. The results showed that the 60 rpm group achieved the highest
average methane production rate of 492.0 mL/g VS, which was 5% - 7% higher than
that of the other groups. Moderate stirring helped maintain stable concentration levels
of volatile fatty acids and ammonia nitrogen. Community analysis showed that
Chloroflexi, Bacteroidetes, Proteobacteria, and Firmicutes were the dominant
bacterial phyla, while Methanothrix was the dominant methanogen. Functional
analysis indicated that stirring at 60 rpm enhanced the potential for glycolysis,
pyruvate metabolism, and volatile fatty acid metabolism, while promoting ammonia
assimilation. Excessive stirring may enhance denitrification and intensify competition

for carbon sources between denitrifying bacteria and methanogens.

1. Introduction

Kitchen waste is characterized by its large volume, high moisture content,
abundance of organic matter, and susceptibility to decomposition. If not treated
promptly and effectively, it can release foul odors, generate leachate and greenhouse
gases, and promote the proliferation of pathogenic microorganisms, posing risks to

the ecological environment and public health. At the same time, kitchen waste



contains large amounts of carbohydrates, proteins, and lipids (Chen et al., 2026a),

giving it considerable potential for energy recovery and resource utilization.

Anaerobic digestion uses anaerobic microorganisms to convert complex organic
matter into methane (Ajala et al., 2026) and carbon dioxide. Compared with treatment
methods such as incineration, landfilling, and aerobic composting, anaerobic digestion
offers the advantage of a high energy recovery rate and has been widely applied to
organic waste treatment. However, kitchen waste has a complex composition and is
prone to rapid acidification. Its anaerobic digestion process is susceptible to problems
such as volatile fatty acid (VFA) accumulation, low methane production efficiency,
and insufficient system stability (Chen et al., 2026b). In addition, the ammonia
nitrogen produced during protein degradation may inhibit microorganisms under

certain conditions, thereby affecting the long-term stable operation of the system.

Researchers have in recent years investigated the enhancement of addition such
as biochar, activated carbon, magnetic materials, and iron-based conductive materials
on high solid anaerobic digestion (HSAD). These materials provide attachment sites
for microorganisms and may promote electron transfer between them. Chen et al.
(Chen et al., 2026a) found that when the organic loading rate reached 8.0 g VS/L/d,
methane production in the BC-Fe>O3 group increased to 625.66 mL/g VS, whereas
that in the control group was only 261.01 mL/g VS. Under higher loading conditions
(11.0 and 14.0 g VS/L/d), the BC-Fe2O3 group was still able to maintain methane
production, while the control and BC groups failed to produce methane completely. In
addition, oxygen-containing functional groups and iron of different valence states in
the sludge-based iron-carbon composite mediator can promote electron transfer
between microorganisms. This material can also enrich key functional

microorganisms, thereby improving methane production rate (Wei et al., 2025).

In addition to additives, reactor mixing conditions are also an important factor
affecting the efficiency of anaerobic digestion. For example, biogas recirculation can
improve the vertical mixing and flow-field distribution of highly viscous substrates in
the reactor. After mixing optimization, biogas production increased by 14.3%, while
hydrogen sulfide emissions decreased by 59.4% (Shao et al., 2026). Wu et al. (Wu et
al., 2026) reported that when the reactor height-to-diameter ratio was 2.4 and the
mixing speed was 30 rpm, lipid conversion efficiency reached 96.3%. This indicates
that appropriate hydrodynamic conditions can reduce lipid stratification and microbial
inhibition, thereby improving anaerobic digestion performance. In anaerobic digestion

systems enhanced with conductive materials, moderate mixing can promote mass



transfer and prevent the accumulation of organic acids. However, insufficient mixing
may cause the conductive materials to settle and prevent adequate contact, whereas
excessive mixing may disrupt microbial aggregates, impair methanogen activity, and

increase energy consumption.

Currently, research on enhancing anaerobic digestion with iron-carbon materials
has focused mainly on material type, dosage, and surface properties, while the
synergistic effects between hydraulic conditions and iron-carbon materials have
received insufficient attention. In addition, existing studies have mainly assessed
enhancement effects using macroscopic indicators, such as methane production rate.
However, the responses of carbon metabolism processes, including glycolysis,
pyruvate metabolism, volatile fatty acid conversion, and the tricarboxylic acid cycle,
remain poorly understood. The responses of nitrogen metabolism processes, such as
denitrification, dissimilatory nitrate reduction, and ammonia assimilation, are also not

well understood.

Accordingly, this study focuses on an iron-carbon material-enhanced anaerobic
digestion system for kitchen waste and systematically investigates how different
hydraulic conditions (rotation speeds: 20, 60, 80, and 120 rpm) regulate system
performance and underlying metabolic mechanisms. The main research components
include: (1) evaluating the system’ s continuous operating performance at different
rotation speeds and elucidating the patterns of methane production rate, VFA
dynamics, and ammonia nitrogen variation; (2) analyzing the structural characteristics
of bacterial and methanogenic communities; and (3) clarifying in depth the
mechanisms by which hydraulic regulation affects key carbon metabolism processes
and nitrogen metabolism processes. This study aims to provide a solid theoretical
basis for optimizing process parameters and promoting the industrial application of

iron-carbon enhanced anaerobic digestion technology.

2. Materials and Methods

2.1 Kitchen Waste and Inoculum

The substrate of kitchen waste (KW) was collected from the cafeteria of a
university. KW was prepared according to the standard formulation previously
established by our laboratory. It consisted of vegetables, meat, rice, and vegetable oil

mixed in fixed proportions. The samples were processed using a grinder to reduce the



particle size to less than 1 mm and then stored at 4 ° C until use. The inoculum
sludge was collected from a long-term, stably operated anaerobic digestion reactor.
During the semicontinuous experiments, the total solids (TS) content of the kitchen
waste was 32 - 38%, its volatile solids (VS) content was 30 - 34%, and its pH was
4 - 5; the TS content of the inoculum sludge was approximately 22%, its VS content

was approximately 13%, and its pH was approximately 7.0.

2.2 Experimental Methods

The semicontinuous experiments were conducted in reactors with an effective
volume of 1 L. The optimal parameters determined in the preliminary study were used:
a total solids content of 12% and an iron-carbon microelectrolysis material dosage of
50 g/L. Under these conditions, the iron-carbon material was not prone to significant
settling and could maintain sufficient contact with the microorganisms and substrate,
thereby effectively enhancing anaerobic digestion. The SRT was set to 45 d, and the
reactor temperature was maintained at 36 = 1 °C using a circulating water bath.
Four semicontinuous reactors were operated at rotation speeds of 20, 60, 80, and 120
rpm, respectively, with 2 min of mixing followed by a 2 min pause. They were
designated R20, R60, R80, and R120, respectively. The experiment lasted 80 d in total,

including a 30 d start-up period and a 50 d formal operation period.

2.3 Analytical Methods

The reactors were fed and discharged once daily at the same time. Biogas
production and methane content were recorded, while pH and NH3-N were measured
every two days. Digestate was periodically withdrawn from each reactor and first
centrifuged at 4000 rpm for 5 min to remove suspended particles. The supernatant
was then passed through a membrane filter with a pore size of 0.45 um, and the
resulting filtrate was used to determine volatile fatty acids (VFAs). The biogas
composition and concentrations of the various VFAs were analyzed using a gas
chromatograph (GC6890, Shandong Tenghai Analytical Instruments Co., Ltd., China).
To standardize the characterization of the concentrations of different VFAs, the
measured results were converted to COD equivalents (mg COD/L). The conversion
factors for acetic acid and propionic acid were 1.07 and 1.51 mg COD/mg,
respectively; both n-butyric acid and isobutyric acid used a conversion factor of 1.82

mg COD/mg; and both n-valeric acid and isovaleric acid used a conversion factor of



2.04 mg COD/mg.

2.4 Metagenomic Analysis

Anaerobic digestate was collected for microbial analysis. Samples of anaerobic
digestate from R20, R60 and R120 were stored frozen at —20 °C until analysis, after
which metagenomic sequencing was commissioned. Samples from each reactor were
collected at the end of the experiment and subjected to metagenomic sequencing
analysis. Following genomic DNA extraction and quality assessment, the samples
were used for sequencing library construction and Illumina high-throughput
sequencing. The raw sequencing data were sequentially subjected to quality filtering
and removal of contaminating sequences. Trimmomatic was used to remove adapter
sequences and low-quality reads, while KneadData was further used to filter
contaminating sequences, yielding high-quality valid sequences (clean reads). The
valid sequences were then assembled using MEGAHIT, and assembly quality was
assessed using QUAST. Taxonomic and functional annotation analyses were

subsequently performed.

3. Results and Discussion

3.1 Effects of hydraulic regulation on the performance of iron—carbon material

enhanced anaerobic digestion

The changes in methane production rate for each reactor during the
semicontinuous anaerobic digestion of kitchen waste are shown in Fig 1(a). During
the operation phase, the organic loading rate (OLR) was 2.51 g VS/(L * d), and the
sludge retention time (SRT) was 45 d. In the first 30 days of operation, the methane
production rate of each group fluctuated significantly; after day 30, the methane
production rate gradually stabilized. During the stable operation phase, the average
methane production rates of the R20, R60, R80, and R120 groups were 468.5, 492.0,
468.1, and 459.9 mL/g VS, respectively. Compared with the R20, R80, and R120
groups, the average methane production rate of the R60 group increased by 5.0%,
5.1%, and 7.0%, respectively. After day 30, the methane production rates of the R20,
R60, R80, and R120 groups fluctuated within the ranges of 430 - 500, 440 - 520,
400 - 500, and 400 - 500 mL/g VS, respectively. Among them, the R60 group had the
highest methane production rate, followed by the R20 group; when the rotation speed

exceeded 60 rpm, the methane production rate decreased as the speed increased. This



indicates that 60 rpm may be beneficial to the mass transfer efficiency and microbial
activity of the system, as it ensures sufficient mixing of the materials while avoiding

the adverse effects of excessive shear force on the methanogenic community.

During the semi-continuous anaerobic digestion experiment, the changes in
volatile fatty acids (VFAs) for each group are shown in Fig. 1(b). For the first 9 days,
the total VFAs in each reactor were maintained between 350 mg COD/L and 550 mg
COD/L, with acetic and propionic acids accounting for over 50% of the total VFAs
across the four reactors. On day 11, the total VFA content in each reactor increased,
reaching 573.6 mg COD/L, 572.2 mg COD/L, 563.5 mg COD/L, and 631.8 mg
COD/L in the R20, R60, R80, and R120 groups, respectively. The pH values of all
reactors also dropped to their lowest levels of the entire formal operation period.
Throughout the experiment, the proportions of butyric and valeric acids in the R60
group remained relatively low without notable fluctuations. Studies indicate that the
slow utilization of propionic and butyric acids easily leads to the accumulation of
organic acids, which in turn causes acidification of the anaerobic digestion system and

hinders methanogenesis (Liu et al., 2023).

The changes in ammonia nitrogen for each group are shown in the Fig. la.
During anaerobic digestion, protein degradation leads to the accumulation of
ammonia nitrogen in the system. Studies have shown that an ammonia nitrogen
concentration below 3000 mg/L does not inhibit the anaerobic digestion of kitchen
waste. Throughout the 50-day formal experiment, the ammonia nitrogen may not pose
inhibition to the system. On day 11, the VFA content in each group increased, and
correspondingly, the ammonia nitrogen content also rose. Subsequently, on day 13,
the ammonia nitrogen content in R20, R60, R80 and R120 reached their peaks, after

which the levels in all reactors began to decline, gradually stabilizing after day 21.
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Fig. 1(a) Variations in methane production rate, ammonia nitrogen concentration,
and pH during the operation period. (b) concentrations and compositional

distributions of volatile fatty acids (VFAs) in each reactor on different sampling days.

3.2 Microbial community characteristics of iron—carbon material enhanced

anaerobic digestion under hydraulic regulation

At the bacterial phylum level, the dominant bacteria in each reactor mainly
included Chloroflexi, Bacteroidetes, Proteobacteria, and Firmicutes. Among them,
Chloroflexi was the most abundant bacterial phylum. It has a strong capacity for
organic matter degradation and can participate in carbohydrate hydrolysis and
fermentation, as well as the conversion of volatile fatty acids (Zhang et al., 2026a).
Bacteroidetes can secrete various hydrolytic enzymes that facilitate the breakdown of
complex organic matter, such as polysaccharides and proteins, and produce
intermediate metabolites such as acetate and propionate (Zhang et al., 2026a).
Proteobacteria are involved in organic matter degradation, acid production, and
nutrient transformation. Some members of Firmicutes can form endospores, making
them highly tolerant of environmental changes, and contribute to the degradation of
cellulose, proteins, and lipids (Yu et al., 2025; Zhang et al., 2026a). Additionally,
Synergistetes can produce acetate, hydrogen, and carbon dioxide by fermenting amino
acids and carbohydrates, and their growth is closely associated with the system’s

electroactive environment (Yu et al., 2025). Candidatus Cloacimonetes may be



involved in propionate oxidation and syntrophic metabolism (Alalawy et al., 2021).
The above dominant bacteria jointly promote the hydrolysis, acidification, and
acetogenesis of organic matter, continuously supplying substrates for methanogens

and thereby sustaining methane production in the anaerobic digestion system.

At the family level, Kosmotogaceae, Synergistaceae, and Anaerolineaceae were
the three most abundant families in the system. Kosmotogaceae may create favorable
conditions for efficient methanogenesis by facilitating interspecies hydrogen transfer
and acetate conversion while maintaining the system’s redox balance (Gao et al.,
2026). Synergistaceae are a typical group of syntrophic bacteria that can participate in
direct interspecies electron transfer (DIET) (Zhang et al., 2026b). Additionally, the
literature indicates that Synergistaceae can produce hydrogen through the metabolism
of octadecane, while also generating substantial amounts of acetate (Eq. 9) (Qi et al.,
2024). Anaerolineaceae is a functional bacterial family primarily involved in
short-chain fatty acid (SCFA) oxidation. During anaerobic digestion, it provides
methanogens with substrates by degrading short-chain fatty acids such as acetate and
propionate, playing an important role in maintaining the system’s methanogenic

efficiency (Zhang et al., 2026b).
CisHss +18H,O—9CH3COOH+29H,  AGo'=21 kJ/mol  (9)

Methanothrix primarily produces methane via the acetoclastic pathway (Jiao et
al., 2026). Methanolinea (Solon et al., 2026), Methanospirillum (Jiao et al., 2026),
Methanoculleus and Methanobacterium (Seo et al., 2026) are hydrogenotrophic
methanogens, which use hydrogen to reduce carbon dioxide and produce methane.
Candidatus Methanofastidiosum primarily uses the methylotrophic methanogenesis
pathway (Yang et al., 2025). Methanosarcina is a metabolically diverse group of
methanogens that can use a variety of substrates, including acetate, hydrogen and
carbon dioxide, and methylated compounds, to produce methane (Jiao et al., 2026).
Considering the overall community composition, Methanothrix was dominant in the
R20, R60, and R120 samples, indicating that methanogenesis in all three samples was
predominantly driven by the acetoclastic pathway. The hydrogenotrophic pathway
also played an important auxiliary role, whereas the contribution of the

methylotrophic pathway was relatively minor.

3.3 Effects of hydraulic regulation on carbon metabolism in iron—carbon

material enhanced anaerobic digestion

Core carbon metabolism primarily includes pathways such as glycolysis,



pyruvate metabolism, volatile fatty acid metabolism, and the tricarboxylic acid cycle
(Cao et al., 2026). These pathways mediate the stepwise conversion of complex
organic compounds such as starch and sucrose into pyruvate, acetyl-CoA, and volatile
fatty acids, thereby providing substrates for subsequent methane production.
Different stirring intensities may alter the abundance of relevant enzymes, affecting
carbon source degradation and conversion, the production and consumption of
volatile fatty acids, thereby influencing methane production in anaerobic digestion

systems.

As a central pathway of energy and carbon metabolism, glycolysis catalyzes the
conversion of monosaccharides to pyruvate, which is subsequently converted into
volatile fatty acids (VFAs) through downstream fermentation pathways (Liu et al.,
2026). In the R60 group, most enzymes involved in the initial stage of glycolysis were
more abundant, indicating greater metabolic potential. Compared with R20, the
abundance of EC 2.7.1.2 in R60 increased from 6.26 X 10—4 to 7.06 X 10—4, an
increase of approximately 12.9%, which may facilitate the conversion of «
-D-Glucose to a -D-Glucose-6P and thereby channel glucose into the central carbon
metabolic network. EC 2.7.1.63 was also approximately 21.2% higher in R60 than in
R20, indicating more active conversion between the relevant intermediates.
Meanwhile, EC 3.1.3.10 increased by approximately 32.1%. These changes indicate
that, compared with R20, R60 favors the entry of upstream carbon sources into
downstream glycolysis, thereby providing substrates for pyruvate formation, VFA

production, and methanogenesis.

B-D-Glucose can be converted to [B-D-Glucose-6P and subsequently to
D-Fructose-6P and D-Fructose-1,6P.. Compared with R20, R60 showed increased
relative abundances of most enzymes involved in this stage, suggesting that
B-D-Glucose conversion and D-Fructose-1,6P> metabolism may be enhanced, thereby

promoting Glyceraldehyde-3P formation.

Glyceraldehyde-3P is sequentially converted to Glycerate-1,3P2, Glycerate-3P,
and Glycerate-2P. Compared with R20, the relative abundances of EC 1.2.1.12 and
EC 2.7.2.3 in R60 increased by 16.7% and 10.5%, respectively, indicating an
enhanced potential for the conversion of Glyceraldehyde-3P to Glycerate-3P. EC
5.4.2.11 increased by 11.7% and 13.7% in R60 and R120, respectively, reaching its
highest level in R120, which suggests that the interconversion between Glycerate-3P
and Glycerate-2P may be promoted. In contrast, EC 5.4.2.12 decreased by 13.4% in
R60 but partially recovered in R120, while EC 4.2.1.11 showed little variation among



the three groups. Overall, R60 promotes the sequential conversion of downstream
glycolytic intermediates, whereas R120 retains a strong potential for glycerate

metabolism.

In the terminal steps of glycolysis, EC 2.7.1.40, EC 2.7.9.1, and EC 2.7.9.2 were
more abundant under R60 and R120 than under R20, suggesting that higher rotation

speed may promote the conversion of phosphoenolpyruvate to pyruvate.

Pyruvate can be metabolized to acetate. Compared with R20, EC 2.3.1.8 and EC
2.7.2.1 increased by 4.1% and 2.1%, respectively, in R60, potentially further
promoting the conversion of acetyl-CoA to acetate via acetyl-P. Although EC 2.3.1.12
and EC 6.2.1.13 were more abundant in R120, several key upstream ECs were less
abundant than in R60. The metabolism in the anaerobic digestion system with the
rotation speed of 60 rpm may provide substrates for acetoclastic methanogenesis and
prevent excessive acetate accumulation by balancing substrate supply and

consumption, thereby promoting methane production.

Propionate metabolism is a crucial link between organic acid conversion and
methane production during anaerobic digestion. Compared with R20, R60 showed
increases of 4.1% and 2.1% in EC 2.3.1.8 and EC 2.7.2.1, respectively, while EC
2.8.3.1 increased by 20.0%, indicating enhanced potential for the interconversion of
propanoyl-CoA, propanoyl phosphate, and propanoate. It should be noted that the EC
2.3.1.8 and EC 2.7.2.1 also participate in the metabolism of pyruvate as mentioned
before. Meanwhile, EC 5.4.99.2 increased by 3.3%, suggesting that the conversion of
(R)-methylmalonyl-CoA to succinyl-CoA was enhanced. Notably, propionate can
undergo syntrophic oxidation via the methylmalonyl-CoA pathway, and the timely
consumption of acetate and hydrogen can reduce the thermodynamic barriers to this
process; accordingly, the abundance of enzymes involved in these steps also increased
(Zhang et al., 2025a). However, compared to R20, EC 2.1.3.1 and EC 2.8.3.27
decreased by 79.9% and 41.9%, respectively in R60, indicating that the pathway was

not uniformly enhanced.

The butanoate metabolism analysis is as follows. Compared with R20, EC
2.7.2.7 and EC 2.3.1.19 increased by 24.1% and 23.2%, respectively, in R60.
Metagenomic functional analysis indicated that the system’s regulatory potential for
the butanoate metabolic pathway was enhanced. Specifically, the abundances of genes
associated with both the direct conversion of butanoate to butanoyl-CoA and the

two-step cascade in which butanoate is first converted to the intermediate butanoyl-P



and then to butanoyl-CoA showed upward trends. Compared with R20, EC 1.3.8.1
increased by 17.2% in R60, potentially facilitating the conversion of butanoyl-CoA to
crotonoyl-CoA. Downstream, EC 1.1.1.36 increased markedly by 428.6%, while EC
4.2.1.17 and EC 1.1.1.157 increased slightly. Meanwhile, EC 2.3.1.9 increased by
18.9%, indicating an overall enhancement in the functional potential for converting
crotonoyl-CoA to acetoacetyl-CoA and acetyl-CoA. Except for EC 6.2.1.2, EC
4.2.1.55, EC 4.2.1.-, and EC 2.3.3.10, which decreased, all other enzymes were more
abundant in R60 compared to those of R20. Under the R120 condition, the relative
abundances of the relevant ECs were generally high, with most exceeding those in
R20, suggesting that a higher stirring intensity is possibly more favorable for

butanoate metabolism and promotes acetyl-CoA production.

TCA cycle-related functions differed under varied mixing conditions. The
relative abundance of EC 1.1.1.42, which catalyzes the conversion of isocitrate to
2-oxoglutarate, increased from 5.51 x 10 in R20 to 6.03 x 10~ in R120, whereas EC
1.1.1.37, which catalyzes the oxidation of (S)-malate to oxaloacetate, was most
abundant in R20. Both EC 1.1.1.42 and EC 1.1.1.37 are key enzymes involved in
NADH generation(Zhang et al., 2025a). This suggests that R120 may be more
favorable for NADH generation at the isocitrate node, whereas R20 may primarily
promote NADH generation during the conversion of (S)-malate to oxaloacetate. EC
6.2.1.5, which catalyzes the conversion of succinyl-CoA to succinate, reached its
highest abundance of 4.03 x 10" in R60. This enzyme catalyzes the only reaction in
the TCA cycle that directly generates ATP (Zhang et al., 2025a), indicating that R60
may have a relatively high ATP-generating potential. Overall, different mixing
intensities may enhance distinct metabolic nodes within the TCA cycle: R20 possibly
promotes (S)-malate oxidation and associated NADH generation, R60 possibly
facilitates ATP generation at the succinyl-CoA stage, and R120 possibly enhances the
NADH supply at the isocitrate stage. It was reported that ATP provides energy for
carbon metabolism, while NADH serves as an electron donor whose electrons can be
transferred along the respiratory chain to the conductive membrane (Zhang et al.,
2025a). Thus, mixing intensity may alter the system’s energy-generation and
electron-transfer potential by regulating key reactions in the TCA cycle, thereby

affecting carbon metabolism.
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Fig.2 Carbon metabolic pathways and enzyme abundance in anaerobic digestion

enhanced by iron—carbon materials

3.4 Effects of hydraulic regulation on nitrogen metabolism in iron—carbon

material enhanced anaerobic digestion

While the biotransformation of nitrogenous substances sustains the nutritional
needs of anaerobic digestion microorganisms, it also poses a risk of inducing system
inhibition (Zhang et al., 2025b).

Denitrification is a biological process in which microorganisms gradually reduce
nitrate or nitrite to nitrogen gas under anoxic conditions, serving as a crucial step in
the nitrogen cycle. During the acetogenesis stage, denitrifying bacteria consume part
of the carbon source for gas production, reducing the substrate available for
methanogens (Qi et al., 2024). The denitrification pathway tended to be enhanced
with increasing rotation speed. Compared to R20, the abundance of EC
1.7.5.1/1.7.99.-, which catalyzes the conversion of nitrate to nitrite, increased by 59.3%
in R120; EC 1.7.2.1, which catalyzes the conversion of nitrite to nitric oxide,
increased by 32.9%; and EC 1.7.2.5 and EC 1.7.2.4 increased by 24.5% and 52.7%,



respectively, possibly promoting the sequential conversion of nitrite oxide to nitrous
oxide and nitrogen gas. The results indicate that increasing the rotation speed possibly
enhance the complete denitrification potential from nitrate to nitrogen gas and reduce
the accumulation of nitrogenous intermediates. Notably, the competition for carbon
sources between methanogens and denitrifiers mainly occurs during the acetogenic

stage of anaerobic digestion.

As mentioned above, with the increase in rotation speed, the abundance of EC
1.7.5.1/1.7.99.-, which catalyzes nitrate reduction, generally increases; meanwhile, the
abundance of EC 1.7.2.2 and EC 1.7.1.15, which catalyze the reduction of nitrite to
ammonium, shows little change. This suggests that high rotation speeds may promote
the initial stage of the process, but have little impact on the potential for converting

nitrite to ammonium.

Changes in the abundance of key enzyme genes during the assimilation of
ammonia into L-glutamate are in response to rotation speed. The results showed that
NAD-dependent glutamate dehydrogenase (EC 1.4.1.2) exhibited minor variations
across different speeds, with fluctuations between the R20 and R120 groups
remaining within 3%, suggesting that this enzyme is possibly insensitive to stirring
intensity. In contrast, the abundance of NADP-dependent glutamate dehydrogenase
(EC 1.4.1.4) was significantly upregulated (+10.8%) from R20 to R60, and then
stabilized from R60 to R120. This indicates that increasing the stirring intensity to 60
rpm possibly activates this assimilation pathway, and further increasing the speed has
a limited promotional effect on the relative abundance of enzyme. In summary,
moderately enhancing stirring possibly improves mass transfer efficiency and
increases the supply of intracellular reducing power (NADPH), thereby enhancing the
microbial assimilation and utilization of free ammonia, which helps alleviate the
potential inhibitory effects of high ammonia nitrogen environments on the system.

The relevant reactions are shown in the equations (1) and (2).
a-Oxoglutarate + NH3 + NADH + H' = L-glutamate + NAD" + H,O (1
a-Oxoglutarate + NHs + NADPH + H" = L-glutamate + H,O + NADP"  (2)

The GS - GOGAT pathway, which is jointly mediated by glutamine synthetase
(GS, EC 6.3.1.2) and glutamate synthase (GOGAT, EC 1.4.1.13), is an important
high-affinity ammonia assimilation pathway in microorganisms under low ammonia
conditions. First, GS consumes ATP to incorporate ammonia into L-glutamate,

producing L-glutamine. GOGAT then uses L-glutamine and a -ketoglutarate as



substrates to produce L-glutamate in the presence of reducing equivalents. The results
showed that the abundance of GS-related enzymes varied little across rotation speed,
with fluctuations of less than 3%, indicating that GS was possibly insensitive to
changes in agitation intensity. In contrast, the abundance of GOGAT-related enzyme
initially decreased and then recovered: compared with R20, it decreased by 8.4% at

R60 and by 5.5% at R120. The relevant reactions are given in Egs. (3) and (4).
ATP + L-glutamate + NH3 — ADP + phosphate + L-glutamine 3)
L-glutamine+a-ketoglutaratetNADPH+ H" — 2L-glutamate+NADP* 4)

It can be inferred that as the rotation speed increases, microbial ammonia
assimilation may partially shift from the GS-GOGAT pathway—which consumes
more ATP but has a higher affinity for ammonia at low concentrations—to the less
energy-intensive GDH-mediated direct reductive amination pathway. This shift may
reflect adjustments in ammonia availability and cellular energy allocation strategies at

different rotation speeds.
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Fig.3 Nitrogen metabolism and the abundance of main related enzymes

3.5 Potential Mechanisms

Based on the overall system performance, microbial community structure,
carbon and nitrogen metabolic functions, hydraulic regulation may enhance the effects
of iron-carbon materials on anaerobic digestion by influencing microbial interactions,

and metabolic flux distribution. The potential mechanisms are as follows:

(1) The R60 group exhibited an overall higher relative abundance of enzymes
related to glycolysis, pyruvate metabolism, and VFA metabolism, which may
promote the conversion of carbon sources into methanogenic substrates such as
acetate, reduce the risk of organic acid accumulation, and continuously provide

substrates for the dominant acetoclastic methanogen Methanothrix.

(2) Functional microbial groups such as Synergistaceae and Anaerolineaceae



may participate in interspecies electron transfer and short-chain fatty acid

oxidation.

(3) Moderate mixing may promote ammonia assimilation via the GDH pathway,
whereas excessively high rotation speeds may enhance denitrification potential,
intensifying competition between denitrifying bacteria and methanogens for

carbon sources during the acetogenesis stage.
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anaerobic digestion

4. Conclusion

This study investigated the effects of hydraulic regulation on the enhancement of
anaerobic digestion of kitchen waste by iron-carbon materials. The results showed
that moderate stirring increased methane production rate. At an organic loading rate of
2.51 g VS/(L * d) and a sludge retention time of 45 d, the R60 group achieved the
highest average methane production rate, reaching 492.0 mL/g VS, which is 5.0%,
5.1%, and 7.0% higher than those of the R20, R80, and R120 groups, respectively.
Microbial community analysis showed that the dominant bacterial phyla in the system
included Chloroflexi,

Methanothrix was the predominant methanogen, indicating that methane production

Bacteroidetes, Proteobacteria, and Firmicutes, while

mainly proceeded via the acetoclastic pathway. Metagenomic analysis showed that 60



rpm enhanced the metabolic potential for glycolysis, pyruvate metabolism, and
volatile fatty acid metabolism, while promoting ammonia assimilation, thereby
helping maintain the balance of carbon and nitrogen metabolism. Excessively high
rotation speeds may intensify competition for carbon sources between denitrifying

bacteria and methanogens.
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