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A B S T R A C T

Rare earth oxides (REOs) have been shown to effectively promote methane production, yet little is known about 
their role in the anaerobic digestion (AD) process under ammonia stress. The aim of this work was to investigate 
the influence of REOs on methane production under ammonia stress. Lanthanum oxide (LO), yttrium oxide (YO) 
and neodymium oxide (NO) were prepared via direct pyrolysis at 800 ◦C, and their roles in AD were system
atically investigated. Compared to NO, LO and YO exhibited a higher electron exchange capacity (EEC), indi
cating their superior performance in facilitating electron transfer during AD. LO performed better than YO and 
NO in promoting methanogenesis, resulting in a 26% increase in methane yield and a 24 % increase in the 
maximum methane production rate compared to the control group. Microbial analysis showed that REOs 
facilitated the enrichment of putative electroactive Trichococcus and Methanosarcina. Apart from potentially 
promoting the putative direct interspecies electron transfer (DIET) between these two microbes, LO could also 
boost methanogenesis, potentially by enhancing alternative pathways such as acetate decarboxylation and uti
lization of H2, methanol, and methylamine. However, YO and NO promoted methane yield likely by facilitating 
the acetate decarboxylation and the utilization of H2, methanol, and methylamine, whereas the putative DIET 
pathway played only a minor role. This work offers some important references for the operation of laboratory- 
scale and batch AD systems subjected to high ammonia stress.

1. Introduction

Anaerobic digestion (AD) has been extensively employed for treating 
diverse biomass wastes while concurrently generating renewable energy 
in the form of methane (CH4) (Xu et al., 2022). Dicranopteris pedata has 
been widely used in ecological restoration in rare earth mining areas, 
and its biomass is rich in cellulose, hemicellulose, and lignin (Feng et al., 
2025). AD of Dicranopteris pedata biomass (DPB) can not only facilitate 
the resource utilization but also provide a viable pathway for renewable 
energy supply. However, during the AD process, the accumulation of 
ammonia nitrogen (NH4

+-N) is recognized as a critical inhibitor of 
methanogenesis, with reported inhibitory thresholds ranging from 1.7 to 
14 g/L (Chen et al., 2008; Shapovalov et al., 2020). High NH4

+-N con
centrations can severely inhibit methanogenesis, not only reducing CH4 
yield by over 30 % but potentially causing complete system collapse and 
termination of all methanogenic activity (Cai et al., 2021b; Ngo et al., 
2022, 2023). Ammonia nitrogen exists in two forms: ammonia ions 

(NH4⁺) and free ammonia (NH3, FAN), both of which can directly or 
indirectly inhibit the anaerobic digestion process (Mlinar et al., 2022). 
Hydrophobic NH3 molecules enter microbial cells via passive diffusion, 
where they combine with intracellular protons (H+) to form NH4

+ (Shi 
et al., 2017). This process not only consumes protons essential for 
maintaining energy metabolism but also alters intracellular pH, thereby 
disrupting the transmembrane proton gradient and ATP synthesis. High 
NH4

+-N can also alter microbial community structure and function, 
leading to excessive accumulation of certain volatile fatty acids (VFAs). 
Propionate, in particular, is more susceptible to NH4

+-N effects, which 
can hinder its degradation and lead to reduced CH4 production (Bonk 
et al., 2018; Guo et al., 2024; Yang et al., 2024). Novel methods and 
strategies are urgently needed to address ammonia inhibition in AD.

The fundamental principle of direct interspecies electron transfer 
(DIET) involves the electron exchange between VFA-oxidizing bacteria 
and electron-accepting methanogens. Unlike traditional pathways that 
involved the release of soluble electron carriers such as hydrogen (H2) or 
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formate, the released electrons by VFA-oxidizing bacteria are directly 
transferred to adjacent methanogens (Al Hasani et al., 2025). The 
mechanism of DIET primarily involves electron transfer through 
conductive components, such as cell surface cytochrome c, conductive 
pili, or externally introduced conductive materials (Al Hasani et al., 
2025; Baek et al., 2018). Both carbon-based and iron-based conductive 
materials had been extensively used to enhance methane production in 
AD systems (Yin et al., 2020). These materials not only acted as electron 
carriers but also improved electron transfer efficiency by interacting 
with cytochrome c, pili, flavin, and the other components. Such mech
anisms represented promising technical strategies for mitigating 
ammonia inhibition during AD (Baek et al., 2018; Lu et al., 2022). 
Table S1 lists the effectiveness of different conductive materials in 
boosting methane yield under high ammonia stress. For example, Wang 
and coworkers demonstrated that under an ammonia concentration of 6 
g/L, biochar increased cumulative methane production by approxi
mately 21 % and elevated the maximum methanogenic rate by 2.1-fold. 
This enhancement was attributed to the enrichment of putatively elec
troactive bacteria (e.g., Clostridium) and methanogens (e.g., Meth
anosarcina) and the subsequent establishment of DIET between them 
(Wang et al., 2023a). Similarly, Lu et al. reported that the addition of 
nano-Fe3O4 biochar under 5 g/L ammonia stress enhanced methane 
yield by 62.61 %, concomitant with the enrichment of potentially 
electroactive Chloroflexi and methanogenic Methanosarcina, thereby 
facilitating the DIET-mediated methanogenesis under high ammonia 
conditions (Lu et al., 2022). In addition, Dai et al. observed that the 
Fe3O4 addition enriched Desulfobacterium, Clostridiales, and Methano
thrix, and increased methane yield by 13.8 % at 3 g/L of ammonia (Dai 
et al., 2024). Macrotranscriptomic analysis revealed that the Fe3O4 
addition up-regulated conductive pili and cytochrome-related gene 
expression, indicating the key role of the Fe3O4-driven DIET-dependent 
methanogenesis (Dai et al., 2024).

Rare earth elements (REEs) have attracted growing interest due to 
their unique 4f electron configurations and redox couples (e.g., REE3+/ 
REE2+ or REE4+/REE3+), which confer potential application to AD (Liu 
et al., 2022; Rotaru et al., 2014; Su et al., 2024). Liu et al. demonstrated 
that supplementing wheat straw AD systems with low concentrations of 
cerium dioxide nanoparticles not only enriched Methanobacterium and 
Methanosaeta but also resulted in a 20.15 % increase in methane pro
duction (Liu et al., 2022). Similarly, Su et al. reported that La2O3 and 
CeO2 could function as electron conduits to potentially facilitate DIET 
between Geobacter and Methanospirillum, thereby enhancing methane 
yield (Su et al., 2024). While it has been established that REOs can 
improve methane production in AD, the mechanisms underlying their 
potential to alleviate ammonia-induced inhibition remain unclear. To 
date, little is also known about the interplay among the AD performance, 
the electrochemical properties of REOs, and the functional microbial 
communities. Therefore, a comprehensive investigation is warranted to 
elucidate the fundamental mechanisms of ammonia inhibition and the 
mitigating effects conferred by REOs in AD systems.

In this study, three types of rare earth oxides (LO, YO, and NO) were 
synthesized through pyrolysis of their corresponding nitrates at 800 ◦C 
and subsequently introduced into AD systems to evaluate their distinct 
effects on mitigating ammonia inhibition. The research aimed to: (1) 
determine whether REOs could alleviate ammonia inhibition and pro
mote methane production, and (2) investigate the mechanism by which 
REOs enhance CH4 production. This work offers a novel approach to 
addressing ammonia inhibition during the AD process.

2. Methods and materials

2.1. DPB and inoculum

DPB collected from ion-type rare earth mining areas in Fujian 
Province was used as the raw material. The DPB samples were pulver
ized, dried, and screened. Samples with a particle size below 120 mesh 

were selected for AD, and their total solids (TS) and volatile solids (VS) 
were 91.05±0.08 % and 92.81±0.18 %, respectively. Anaerobic diges
tion sludge obtained from a laboratory reactor operating at 35 ◦C was 
used as inoculum to initiate methane production. The reactor was 
periodically fed with a mixture of Pennisetum gianteum biomass and 
kitchen waste at a mass ratio of 1:1. TS and VS of sludge were 10.46 ±
0.13 % and 58.09 ± 0.66 %, respectively.

2.2. Preparation of rare earth oxides

REOs were prepared in a tube furnace. La(NO3)3⋅6H2O, Y 
(NO3)3⋅6H2O, and Nd(NO3)3⋅6H2O were separately placed in the tube 
furnace for calcination. Under an N2 atmosphere, the furnace was first 
purged for half an hour, then heated at a rate of 5 ◦C/min with an N2 
flow rate of 250 ml/min to 800 ◦C. The temperature was maintained at 
the target value for 2 h. The resulting lanthanum oxide, yttrium oxide, 
and neodymium oxide were respectively ground into fine particles and 
stored in centrifuge tubes, which were labeled as LO, YO, and NO, 
respectively.

2.3. Anaerobic digestion experiment

This study was conducted in 120 mL anaerobic bottles with a 
working volume of 50 mL and an NH4⁺-N concentration of 5 g/L, under 
static incubation at 35 ◦C. The anaerobic digestion procedure was as 
follows: DPB (27.9 g-VS/L), individual REO (15 g/L), and sludge (8.7 g- 
VS/L) were introduced into the anaerobic bottles, followed by the 
addition of phosphate buffer solution and thorough mixing to initiate 
batch anaerobic digestion. Afterwards, to establish anaerobic environ
ment, the bottles were sealed with butyl rubber stoppers and aluminum 
crimp caps, and their headspace air was replaced with high-purity N2. 
Subsequently, 0.3 mL of 0.2 M sodium sulfide solution was injected to 
remove the residual dissolved O2 in the culture medium. All experiments 
were performed in triplicate. The bottles supplemented with lanthanum 
oxide, yttrium oxide and neodymium oxide were designated as the LO, 
YO, and NO groups, respectively. The REO-unamended bottle was 
designated as the control group.

2.4. Analytical methods

X-ray diffraction (XRD) (Panalytical, model X'Pert Pro, Holland) was 
employed to identify the crystalline structure and phase composition of 
REOs (Tripathi et al., 2024). TS and VS were determined at 105 ◦C and 
550 ◦C, respectively (Li et al., 2022). A three-electrode electrochemical 
cell was utilized to assess the electron accepting capacity (EAC), electron 
donating capacity (EDC), and electron exchange capacity (EEC) of REOs 
(Xu et al., 2025). The activity of the electron transfer system (ETS) was 
analyzed via the 2-(p-iodophenyl)-3-(p-nitrophenyl)-5-phenyl tetrazo
lium chloride (INT-ETS) assay (Shi et al., 2024). Cyclic voltammetry 
(CV) and differential pulse voltammetry (DPV) experiments were con
ducted using a 20 mL three-electrode electrochemical cell (Xu et al., 
2025; Yang et al., 2022). Methane content was quantified by a gas 
chromatography (GC-2014C, Shimadzu, Japan), and volatile fatty acid 
(VFA) concentrations were detected by a gas chromatography equipped 
with a flame ionization detector (Xu et al., 2024, 2025). Methane pro
duction data were subjected to analysis of variance (ANOVA) using IBM 
SPSS 19.0.

At the end of AD, 7 g samples were collected and preserved at − 80 
◦C. Amplicon sequencing of the extracted total genomic DNA was per
formed by Majorbio Inc. (Shanghai, China). Amplicon sequence variants 
(ASVs) were clustered and taxonomically classified using QIIME2. Based 
on the generated ASVs and the KEGG database, Phylogenetic Investi
gation of Communities by Reconstruction of Unobserved States 2 (PIC
RUSt2) was employed to predict functional genes associated with 
microbial metabolic pathways (Liu et al., 2025; Xu et al., 2025). Visu
alization of analysis results was performed using R version 4.3.3.
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3. Results and discussion

3.1. Characterization of REOs

As shown in Fig. S1, the XRD patterns of the REOs showed distinct, 
sharp peaks matching the reference patterns for La2O3 (PDF#05–0602), 
Y2O3 (PDF#73–1334), and Nd2O3 (PDF#41–1089) (Alhassan et al., 
2024; Chen et al., 2017; Kaya and Gürmen, 2020; Michel et al., 2013; Mu 
and Wang, 2011). The typical peaks for La(OH)3 (PDF#06–0585) and 
Nd(OH)3 (PDF#06–0601) were also observed in LO and NO, possibly 
due to the surface reaction of La2O3 and Nd2O3 with ambient water 
vapor (Luo et al., 2024). In addition, previous studies have demon
strated that EAC, EDC and EEC are key parameters for assessing the 
electron transfer capacity of conductive materials (Cruz et al., 2017). As 
shown in Table 1, compared to YO and NO, EAC of LO increased by 71.4 
% and 54.3 %, respectively. Additionally, in comparison to LO and NO, 
EDC of YO increased by 62.3 % and 60.2 %, respectively. Notably, LO 
and YO had higher EEC values, which were 14.7 % and 38.4 % higher 
than that of NO, respectively. Thus, it was possible that LO and YO 
performed better than NO in facilitating electron transfer during AD 
(Qin et al., 2020).

3.2. AD performance

Methane production changes in the presence of REOs were shown in 
Fig. 1a. After ten days of AD, methane yields in the LO and YO groups 
were higher than that of the control group at each day point. However, 
after 35 days of AD, methane yield in the NO group exceeded that of the 
control group. Furthermore, the final methane yields of the LO, YO, and 
NO groups were 31.16, 30.45 and 29.87 mL/g-VS, representing in
creases of 26 %, 24 %, and 21 % over the control group, respectively 
(Table S2). These results indicated that LO, YO, and NO were beneficial 
for enhancing methane production and alleviating ammonia inhibition. 
In addition, under high ammonia stress, the methane yield in the REO- 
unamended group (24 mL/g-VS) was markedly lower than that in the 
non-ammonia inhibition group (67.29 ± 10.97mL/g-VS) (Fig. S2). This 
yield was also substantially lower than the value (85.36 mL/g-VS) re
ported in a prior study conducted without exogenous ammonia addition 
(Xu et al., 2025). This might be due to the fact that high ammonia 
concentrations severely inhibited the methanogenic activity 
(Shapovalov et al., 2020).

Kinetic analysis revealed that the addition of both LO and YO 
significantly enhanced the maximum methane production rate (Rm) 
(Table S2). Specifically, both LO and YO differentially enhanced Rm 
compared to the control group, with increases of 24 % and 17 %, 
respectively. However, the NO group exhibited a slight decrease in Rm 
relative to the control. Furthermore, LO, YO, and NO also shortened the 
lag-phase time. YO performed better than YO and NO in reducing the 
lag-phase time. The findings indicated that YO can effectively stimulate 
methane production at the early stage of AD compared to LO and NO.

As depicted in Fig. 1b, during the initial phase of anaerobic AD, all 
groups exhibited a sharp decrease in pH, likely attributable to the rapid 
accumulation of total VFAs. Compared to the control, the LO, YO, and 
NO groups exhibited a less pronounced decline in pH. After 15 days of 
AD, the LO, YO, and NO groups showed a rapid restoration in pH 
compared to the control group. However, the pH in the control group 
varied between 5.9 and 6.2 after 15 days of AD. These findings indicated 
that REOs could enhance the buffering capacity of the AD system.

As illustrated in Fig. 2, VFAs were composed of acetate, propionate, 
butyrate, valerate, and caproate, with acetate and propionate identified 
as the predominant metabolites. All experimental groups exhibited a 
consistent pattern of initial VFA accumulation followed by subsequent 
degradation. The YO group reached peak concentration on day 5, 
whereas the LO and NO groups peaked on day 15. Moreover, substantial 
accumulation of propionate was observed across all groups. However, 
the REO-amended groups showed a rapid acetate consumption, with 
nearly complete acetate degradation at the end of AD. These results 
indicated that LO, YO, and NO were beneficial for the degradation of 
acetate rather than propionate under ammonia inhibition. The low 
propionate degradation may be attributed to a significant inhibition of 
the propionate-oxidating bacteria (e.g., Syntrophobacter) and disruption 
of syntrophic cooperation between the syntrophic bacteria and metha
nogens (Bonk et al., 2018; Guo et al., 2024; Lee et al., 2019; Yang et al., 
2024).

3.3. Electrochemical analysis

CV scan showed that a pair of redox peaks was observed for each 
group (Fig. S3a). The peak intensity and integral area of CV curve were 
reported to be related to the electron exchange capacity of the AD sys
tems (Liu et al., 2025). Compared to the control group, the LO and NO 
groups had a higher peak intensity and integral area, indicating an 
improvement of the electron exchange capacity of the AD systems. 
However, in comparison to the control group, YO did not cause an 
enhancement in the peak intensity and integral area, while it promoted 
methane production. This indicated that the electron exchange capacity 
of the YO-amended AD system made a minor contribution to the 
improved methanogenesis. It was possible that methane production 
from intermediates such as H2, methanol or methylamine could also be 
stimulated during the AD of DPB (Liu et al., 2018; Xiao et al., 2019).

As shown in Fig. S3b, DPV scan showed that a typical peak at around 
0 V was observed in all groups, which might be linked with the outer 
membrane c-type cytochromes (Okamoto et al., 2013; Wang et al., 
2023b). Compared to the control group, YO and NO caused increases in 
the peak intensities, whereas LO showed a negative effect. The outer 
membrane c-type cytochromes were reported to participate in DIET 
(Zhao et al., 2020), suggesting its minor role in the LO-driven meth
anogenesis (Wang et al., 2021). Furthermore, Fig. 3 shows that the ETS 
activities in the LO, YO, and NO groups increased by 21 %, 32 %, and 24 
% compared to the control group, respectively. It has been reported that 
microbial intracellular electron transfer (IET) capacity was related to the 
ETS activity (Zhuo et al., 2025), suggesting that LO, YO, and NO had the 
potential for enhancing the IET capability of microbes.

3.4. Microbial community analysis

The dominant bacterial genera were Trichococcus, Clostridium, 
Brooklawnia, Proteiniphilum, Terrisporobacter, Thermovirga, and Bacter
oides (Fig. 4a). Clostridium, Brooklawnia, Terrisporobacter, and Proteini
philum were reported to convert proteins, carbohydrates, and cellulose 
into VFAs (Cai et al., 2021a; Li et al., 2023b; Wu et al., 2021; Xiao et al., 
2024; Yan et al., 2020). In addition, Bacteroides can convert carbohy
drate to VFAs, H2, and CO2 for subsequent methanogenesis (Zhang et al., 
2022). These bacterial genera were selectively enriched in the presence 
of LO, YO, and NO Specifically, compared to the control, the relative 
abundances of Trichococcus and Proteiniphilum increased on average by 
2.8-fold and 1.3-fold in the LO, YO, and NO groups, respectively. 
Conversely, the relative abundances of Clostridium and Terrisporobacter 
decreased on average by 29 % and 38 %, respectively. Moreover, the 
relative abundances of Bacteroides decreased by 91 % and 80 % in the YO 
and NO groups, respectively, while LO showed a positive effect. In AD 
systems, high ammonia concentrations not only alter bacterial com
munity structure but also inhibit acidogenesis, leading to substantial 
accumulation of VFAs (e.g., propionate) (Yang et al., 2024). In this work, 

Table 1 
Electrochemical properties of REOs.

Material EDC (mmol e-/g) EAC (mmol e-/g) EEC (mmol e-/g)

LO 0.108±0.019 0.159±0.018 0.266±0.035
YO 0.063±0.007 0.258±0.039 0.321±0.039
NO 0.070±0.022 0.161±0.001 0.232±0.022
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the propionate degradation was inhibited, indicating that the syntrophic 
propionate-oxidizing process were severely inhibited under high 
ammonia conditions (Guo et al., 2024). Trichococcus has been reported 
as a putative electroactive bacterium that can utilize acetate and 
perform the EET process (Ma et al., 2021; Ren et al., 2020), suggesting 
that REOs contributed to the enrichment of ammonia-tolerant electro
active microbes and the enhancement of acetate degradation.

As shown in Fig. 4b, the dominant methanogens were Methanosaeta, 
Methanosarcina, Methanospirillum, and Methanobacterium. The relative 
abundances of Methanosaeta decreased on average by 14 % in the 
presence of LO, YO, and NO Methanosaeta has ability to produce 
methane from via the DIET and acetate decarboxylation pathways (Ren 
et al., 2020; Zhao et al., 2020), implying that its role was weakened in 
promoting methanogenesis due to the ammonia inhibitory effect. 
However, when LO, YO, and NO were added into the AD systems, the 
relative abundances of Methanosarcina, Methanospirillum, and Meth
anobacterium increased on average by 190 %, 44 %, and 34 %, respec
tively. Previous studies reported that Methanosarcina can produce 
methane via the DIET and acetate decarboxylation pathways (Holmes 

et al., 2021; Zhang et al., 2022), and that Methanospirillum and Meth
anobacterium can produce methane through interspecies hydrogen 
transfer (IHT) (Chen et al., 2018; Zhou et al., 2024). Thus, it was possible 
that REOs enriched different functional methanogens to enhance 
methane production under high ammonia concentrations.

3.5. Metabolism prediction

As shown in Fig. S4, compared to the control group, the relative 
abundances of carbohydrate metabolism such as citrate cycle 
(ko00020), glycolysis/gluconeogenesis (ko00010), pentose phosphate 
pathway (ko00030), pyruvate metabolism (ko00620), and starch and 
sucrose metabolism (ko00500) in the LO group increased by 1.4 %, 3.7 
%, 3.9 %, 1.1 %, and 6.9 %, respectively. Notably, the relative abun
dances of the aforementioned carbohydrate metabolism pathways 
except for ko00020 increased by an average of 10.4 % in the YO group. 
However, NO caused only a 1 % increase in the relative abundance of 
ko00020, while it exerted a negative effect on other carbohydrate 
metabolism pathways. Moreover, the relative abundances of most amino 

Fig. 1. Changes of cumulative methane production (a) and pH (b) during the AD process.

Fig. 2. Changes of individual VFA in the presence of LO, YO, and NO during the AD process.
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acid metabolism pathways decreased on average by 11 % in the LO 
group. In contrast, the abundances of all such pathways declined on 
average by 11.8 % and 5 % in the YO and NO groups, respectively. 
Previous studies showed that the carbohydrate metabolisms can provide 
substrate for acidogenesis, and that amino acid metabolism can be 
converted to acetyl-CoA for subsequent methane production (Liu et al., 
2025; Xu et al., 2025; Zhu et al., 2022). Thus, it was possible that LO and 
NO could promote methanogenesis by stimulating carbohydrate meta
bolism, thereby increasing the supply of intermediates for methane 
production. In addition, YO caused a mere 1.9 % increase in the relative 
abundance of propanoate metabolism (ko00640), while LO and NO had 
a negative effect. The relative abundances of fatty acid degradation 
pathway (ko00071) and butanoate metabolism (ko00650) decreased on 
average by 10.3 %, 11 %, and 5.6 % in the LO, YO and NO groups, 
respectively. These findings suggested that REOs had a limited ability to 
regulate the degradation of propionate, butyrate, and fatty acids under 
high ammonia concentrations.

Oxidative phosphorylation pathway can generate energy for main
taining life activities of microbial cells (Xu et al., 2025). The key mod
ules of this pathway include NADH:quinone oxidoreductase (M00144), 
succinate dehydrogenase (M00149), cytochrome bd complex (M00153), 
and cytochrome c oxidase (M00155 and M00156) are the key compo
nents (Jiang et al., 2024). As shown in Fig. S5, compared to the control, 
LO led to an increase of up to 6.7 % in the gene abundances of M00153 

and a decrease in the abundances of most genes in the other modules. YO 
caused an increase of up to 34.4 % in the gene abundances of M00155 
and M00156 and a decrease in the abundances of all genes in the other 
modules. NO resulted in a decrease of up to 8.8 % in the gene abun
dances of M00153 and an increase in the abundances of partial genes in 
the other modules. These findings suggested that the impact of REOs on 
the oxidative phosphorylation pathway was type-specific. Moreover, the 
oxidative phosphorylation pathway can establish an electrochemical 
gradient, which is then utilized by bacterial F-type ATPases (M00157) 
and archaeal V/A-type ATPases (M00159) to drive ATP synthesis (Zhao 
et al., 2020). As shown in Fig. S6, in comparison to the control group, the 
relative abundances of most genes in M00157 and M00159 increased on 
average by 1.7 % and 1.9 % in the LO group, respectively, while YO 
exhibited only a positive effect on M00157. However, as for the NO 
group, a widespread decrease was observed in the abundance of genes in 
M00157 and M00159. These findings suggested that LO could effec
tively stimulate ATP synthesis in both bacterial and archaeal commu
nities compared to YO and NO.

As illustrated in Fig. S7, the relative abundances of genes encoding 
key enzymes in methanol (M00356) and (Di/Tri) methylamine 
(M00563) pathways showed considerable increases (up to 2.4-fold) in 
the presence of REOs, particularly for NO In addition, LO, YO, and NO 
caused clear increases in the relative abundances of most genes encoding 
key enzymes in the acetate decarboxylation pathway (M00357). More
over, as for the carbon dioxide reduction (M00567), previous reports 
showed that the genes (e.g., fwdA-E and mtd) were related to the DIET- 
based CO2-dependent methanogenesis (Zhao et al., 2020; Zhu et al., 
2022). However, only the relative abundances of fwdA and fwdB showed 
an increase in the presence of LO, YO and NO, suggesting that the reg
ulatory effect of REOs on the DIET-based methane metabolism was 
weakened. Notably, REOs caused increases (up to 48.5 %) in the relative 
abundances of fwdH, fwdF and mch, suggesting that the IHT-driven 
methanogenic pathway might make important contribution to meth
anogenesis (Dai et al., 2024). Overall, these findings potentially indi
cated that REOs could stimulate multiple methanogenic pathways to 
enhance methanogenesis under high ammonia concentrations.

3.6. Role of REOs in methanogenesis

This work demonstrated that the stimulatory effects of REOs on 
methanogenesis were highly dependent on their types under high 
ammonia concentrations. Specifically, LO and YO can effectively 
improve methane yield and Rm, while NO had the ability to improve 
methane yield rather than Rm. In addition, the addition of LO, YO and 
NO altered the microbial community composition and enriched different 

Fig. 3. Changes of ETS activity in the REO-amended AD systems.

Fig. 4. The relative abundance of bacterial (a) and archaeal (b) communities at the level of genus.
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types of acidogenic bacteria and methanogens, concomitant with the 
change in the electrochemical response pattern and the varied compo
sitions and concentrations of VFAs during AD. Notably, the REO addi
tion facilitated the degradation of acetate rather than propionate. The 
over-accumulation of propionate was observed in the presence of 
REOs. It was possible that the activity of propionate-oxidating bacteria 
could be seriously inhibited under high ammonia stress, thereby dis
rupting their syntrophic cooperation with methanogens (Bonk et al., 
2018; Guo et al., 2024; Lee et al., 2019; Yang et al., 2024). In this work, 
REOs could have a low regulating ability to improve propionate meta
bolism (Fig. S4), which resulted in a low syntrophic conversion of pro
pionate to methane.

It has been reported that Trichococcus was a putative electroactive 
bacterium that can utilize acetate and establish DIET with methanogens 
such as Methanosaeta (Ma et al., 2021; Ren et al., 2020). Methanosarcina 
has been reported to have the ability to accept exogenous electron to 
drive the conversion of CO2 to methane via the conductive materials 
(Holmes et al., 2021; Liu et al., 2025). In this work, LO caused an 
enrichment of Trichococcus and Methanosarcina. Thus, it was possible 
that DIET might be established between Trichococcus and Meth
anosarcina, thereby promoting a rapid syntrophic conversion of acetate 
to methane. In this process, LO could function as electron conduits to 
facilitate DIET due to its high EEC and the enhancement of ETS activity 
and electron change capability of the AD system. In addition, although 
the relative abundance of Methanosaeta decreased by 12 %, its high 
percentage (58.7 %) indicated its potential role in the DIET-based 
methanogenesis. However, apart from potentially enhancing the 
DIET-based syntrophic acetate metabolism, LO might also stimulate 
methane production via multiple pathways, including IHT and the uti
lization of methanol, methylamine and acetate. This is potentially sup
ported by the increase in the relative abundances of these pathways 
based on the metabolic prediction (Fig. S7). Thus, LO may alleviate the 
ammonia inhibitory effect and enhance methanogenesis by stimulating 
multiple methanogenic pathways.

Prior reports showed the DIET efficiency was closely related to Rm 
(Lee et al., 2019; Liu et al., 2025; Xu et al., 2025). Although YO caused 
an enrichment of Trichococcus and Methanosarcina and enhanced the ETS 
activity, it did not enhance the electron exchange capacity of the AD 
system. In addition, Rm in the YO group declined by 5.1 % compared to 
the LO group, indicating the LO-mediated DIET could make a minor 
contribution to improving methanogenesis. Thus, the findings, com
bined the potential enhancement of M00356, M00563, M00357, and 
M00567 based on the metabolic prediction (Fig. S7), suggested that the 
positive effect of YO in AD mainly by potentially stimulating the other 
pathways such as the acetate decarboxylation and the utilization of H2, 
methanol, and methylamine during the AD of DPB (Liu et al., 2018; Xiao 
et al., 2019). Moreover, compared to the control group, the stimulatory 
effect of NO was limited to methane yield and did not extend to Rm 
(Table S2). The possible reasons were mainly due to the facts: (1) the 
ETS activity and electron exchange capacity were higher in the NO 
group than those in the control, indicating that the microbial electron 
transfer capacity might be enhanced (Zhuo et al., 2025). In addition, the 
metabolism prediction suggested that NO could enhance the relative 
abundances of partial genes associated with the oxidative phosphory
lation pathway. Thus, the low Rm suggested that a portion of electrons 
and energy could be used for supporting microbial growth (Liu et al., 
2025); (2) compared to the LO and YO groups, the NO group showed a 
low enrichment of Trichococcus. The findings, combined with low EEC of 
NO, suggested that the stimulatory effect of NO on the putative 
DIET-based methanogenesis could contribute marginally to the 
enhanced methane production. However, the metabolism prediction 
showed that the relative abundances of most genes for the methanogenic 
pathways such as the acetate decarboxylation and the utilization of H2, 
methanol, and methylamine were higher in the NO group than those in 
the LO and YO groups. Thus, it was possible that NO could promote 
methane yield mainly by stimulating multiple methanogenic pathways, 

while the putative DIET-based methanogenesis played a minor role. 
Prior reports showed that the IHT-mediated methanogenesis relies on 
the rate-limiting H2 diffusion (Akram et al., 2024), thereby causing no 
improvement on Rm in the LO group.

Although REOs facilitated methane production from DPB under high 
ammonia concentrations, the methane yield obtained in this work (31 
mL/g-VS) was markedly lower than the reported values for untreated 
DPB (85–104 mL/g-VS) (Xing et al., 2022; Xu et al., 2025). This indi
cated that the methanogenic activity was severely inhibited in this work. 
Moreover, it has been reported that the methane yield of DPB reached 
181 mL/g-VS after NaOH pretreatment (Xing et al., 2022). However, this 
value was still lower than the reported values from other grass biomass 
such as Arundo donax L (228–266 mL/g-VS), Pennisetum giganteum 
(224.3–294.7 mL/g-VS), herbaceous garden plants (332.7 mL/g-VS), 
and energy crops (400–475 mL/g-VS) (Córdoba et al., 2026; Liu et al., 
2025; Triolo et al., 2012). The low methane yield could be attributed to 
the high lignin content in DPB, due to its recalcitrance to anaerobic 
microbial degradation (Xing et al., 2022). Thus, future research should 
prioritize the development of high-performance pretreatment methods 
to enhance DPB biodegradability (Xue et al., 2020). Moreover, the 
over-accumulation of propionate, caused by ammonia inhibition, was 
also a key factor contributing to a low methane yield from DPB. Studies 
have demonstrated that bioaugmentation by adding specific microbial 
strains or consortia is the most effective approach to mitigating 
ammonia inhibition and enhancing the methanogenic performance (Li 
et al., 2023a). Thus, bioaugmentation with well-constructed propiona
te-degrading microbial strains or consortia could be beneficial for 
improving methane production from DPB. Overall, to address the 
inherent biodegradability limitations of DPB and the over-accumulation 
of propionate under high ammonia stress, the combination of REO 
amendment with DPB pretreatment and bioaugmentation is highly 
recommended.

4. Conclusion

This work demonstrated that the positive effects of REOs on meth
anogenesis were highly dependent on their types under high ammonia 
concentrations. LO and YO can effectively improve methane yield and 
Rm, while NO had the ability to improve methane yield rather than Rm. 
LO, YO, and NO altered the microbial community composition, causing 
a selective enrichment of different types of the acidogenic bacteria and 
methanogens and changes in the electrochemical response pattern of the 
AD systems. Apart from stimulating the putative DIET-based syntrophic 
acetate metabolism between Trichococcus and Methanosarcina, LO could 
also facilitate methanogenesis, potentially by enhancing alternative 
pathways such as IHT, utilization of methanol and methylamine, and 
acetate decarboxylation. Moreover, YO and NO promoted methane yield 
likely by enhancing the acetate decarboxylation and the utilization of 
H2, methanol, and methylamine, whereas putative DIET-based meth
anogenesis played only a minor role. Overall, REOs could alleviate the 
ammonia inhibitory effect and enhance methanogenesis by stimulating 
multiple methanogenic pathways. This work offers practical guidance 
for using REOs to tackle ammonia inhibition issues and improve meth
anogenic performance in laboratory-scale AD systems operated in batch 
mode.
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