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H I G H L I G H T S  

• Nano-graphite, activated carbon, and carbon cloth were used to enhance co-digestion. 
• Application of carbon materials led to 13–22% incremental methane production. 
• DIET-mediated syntrophic acetate oxidation (SAO) enabling faster acetate conversion. 
• Functional microbes involved in DIET-mediated SAO were dependent on carbon materials.  
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A B S T R A C T   

Little is known about the effect of carbon-based conductive material (CM) addition on the anaerobic co-digestion 
of fat, oil and grease (FOG) and waste activated sludge (WAS). In this study, three types of carbon-based CMs 
(nano-graphite (NG), granular activated carbon (GAC), and carbon cloth (CC)) and nine dosages were evaluated 
for their influences on co-digestion performance. The best dosage was achieved at 0.2 g/L NG, 10 g/L GAC, and 1 
cm × 5 cm CC with 13–22% incremental methane production, 25–55% increased VS removal and 28–32% 
enhanced COD conversion efficiency compared to the control. The highest total amount of bacteria/archaea was 
found in CC (1 cm × 5 cm), followed by GAC at 10 g/L and NG at 0.2 g/L, which were all higher than those of the 
control. Microbial community analysis revealed that direct interspecies electron transfer (DIET)-mediated syn-
trophic acetate oxidation (SAO) enabling faster acetate conversion might be responsible for the enhancement of 
methane production.   

1. Introduction 

Increasing attention has been paid to the harmful organic waste 
disposal and clean bioenergy recovery in recent years (Lu et al., 2021). 
The anaerobic digestion has been proved to be a promising approach for 
organic waste disposal and bioenergy recovery (Salama et al., 2019). 
Fat, oil and grease (FOG) are primarily discharged from food service 
establishments at a rate of approximately 7.1 L/person/year (He et al., 
2017; Long et al., 2012), which possess high biomethane yield potential 
at 1014 mL/g volatile solid (VS) compared to proteins at 740 mL/g VS 
and carbohydrates at 370 mL/g VS (Harris and Mccabe, 2015). Anaer-
obic co-digestion of FOG and waste activated sludge (WAS) from 

wastewater treatment plants (WWTPs) has been recognized as an 
attractive application for FOG disposal because it provides high C/N 
ratio of co-substrates, dilutes the inhibitory or toxic compounds, im-
proves the energy yield, and decreases the environmental of landfill as 
collected FOG are usually landfilled (Mata-alvarez et al., 2014; Salama 
et al., 2019). 

Long chain fatty acids (LCFAs), product of FOG hydrolysis, are the 
vital intermediates during anaerobic digestion of FOG, which can adsorb 
onto biomass resulting in sludge flotation, biomass washout, and the 
inhibitory effects on key microbes (e.g., methanogens) (Silva et al., 
2016; Sousa et al., 2009). Accumulation of LCFAs is considered to be the 
major cause for the reduced methane production rate in anaerobic 
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digestion of FOG, which prolongs the lag phase and decreases the sta-
bility of the anaerobic digesters (Palatsi et al., 2009; Salama et al., 2019; 
Wu et al., 2018). In spite of LCFAs, ammonia derived from WAS may be 
another major inhibitor of methanogenesis (especially for acetoclastic 
methanogens) (Rajagopal et al., 2013), which needs to be addressed to 
avoid inefficient operation. Thus, methods to overcome the inhibition 
would have a significant advantage for accelerated methane production 
and more stable operation of anaerobic co-digestion of FOG and WAS. 

The efficiency of anaerobic digestion is primarily dependent on the 
syntrophic interactions between bacteria and methanogens (Martins 
et al., 2018). Recently, many studies have suggested the addition of 
carbon-based conductive materials (CMs) can promote direct interspe-
cies electron transfer (DIET), which has been proposed as a faster and 
potentially more energy-conserving electron transfer strategy compared 
to the interspecies hydrogen/formate electron transfer (Cruz Viggi et al., 
2014; Lovley, 2017), resulting in shorten lag phase and accelerated 
methane production rate (Wu et al., 2020; Zhang et al., 2018). Mean-
while, the addition of CMs can also promote the electron transfer, which 
subsequently enhances the removal of persistent contaminants such as 
tetrabromobisphenol A (Zhang et al., 2020a). Nevertheless, other results 
suggested that the effect of CMs goes beyond the stimulation of DIET 
(Martins et al., 2018), and specific mechanism of the CMs enhancement 
on anaerobic digestion is not yet clear, especially for the aspects of 
functional electron carriers, microbial interaction, and the impact of 
organic substrates on DIET. To better understand this, microbial com-
munity needs to be investigated to identify the important microbial 
players and get insights into the interspecies electron transfer in-
teractions. Besides, only few studies have reported the effect of CMs on 
the anaerobic digestion of lipid-waste (e.g., waste oil) (Chowdhury 
et al., 2019; Lü et al., 2019; Zhang et al., 2020b). Little is known about 
the effect of carbon-based CM addition on the anaerobic co-digestion of 
FOG and WAS. 

The main purpose of this study was to investigate the effect of 
carbon-based CMs on the methane production and complex microbial 
communities during anaerobic co-digestion of FOG and WAS, including 
determining the influence of carbon-based CMs on co-digestion perfor-
mance, investigating the physical and chemical properties of CMs and 
microbial colonization, and elucidating the microbial community 
structure and the possible microbial interactions using 16S rRNA gene 
sequencing of Bacteria and Archaea communities. The results of the 
research are expected to provide insights into the mechanism of carbon- 
based CMs enhancement on anaerobic co-digestion of FOG and WAS as 
well as instruction for parameter optimization of CM-amended oily 
waste treatment. 

2. Materials and methods 

2.1. Preparation of inoculum, substrate and conductive materials 

Sludge obtained from the upflow anaerobic sludge blanket reactor of 
a brewery wastewater treatment (Liquan Beer Co. Ltd, Guilin, China) 
was used as inoculum. The WAS used for this study was taken from 
Qilidian WWTP (Guilin, China) using a conventional activated sludge 
process at a design flow of 100,000 m3/day with a hydraulic retention 
time of 0.5 day. All samples were quickly transferred to the laboratory 
after collection and stored at 4 ◦C for no more than 3 days before uti-
lization. Blending oil (Jinlongyu Co. Ltd, Shanghai, China), a mixture of 
8 types of oil including peanut oil, soybean oil, canola oil, sunflower 
seed oil, rice bran oil, corn oil, sesame oil and flaxseed oil, was used as a 
model compound for FOG. The characteristics of the inoculum and 
substrates used in this study were determined (see supplementary ma-
terial). Three kinds of carbon-based CMs were used in this study, 
including nanoparticles of graphite (NG) (XF011, XFNANO Materials 
Tech Co. Ltd, Nanjing, China), granular activated carbon (GAC) 
(Aladdin, Shanghai, China), and carbon cloth (CC) (Lishuo Composite 
Material Tech Co. Ltd, Shanghai, China). 

2.2. Experimental design and setup 

Glass serum bottles of 200 mL with a working volume of 150 mL 
were used as reactors and all treatments were performed in triplicate. 
Three types of CMs with different dosages were separately added to the 
reactors to evaluate their effects on the methane production during 
anaerobic co-digestion of FOG and WAS (Table 1). Inoculum without 
substrate and CM addition was used as blank, and inoculum with the 
addition of FOG and WAS but without CM was used as control. To 
maintain anaerobic conditions, the bottles were flushed with N2 gas for 
5 min prior to being sealed. All bottles were incubated in a temperature- 
controlled shaker (ZD-85, Jinyi instrument Co. Ltd, Changzhou, China) 
at 37 ◦C with a mixing speed of 150 rpm. The volume of biogas in each 
bottle was measured periodically by releasing the pressure in the bottle 
using a 10 mL gas-tight plastic syringe, and the composition of biogas 
was immediately analyzed. Liquid samples within all bottles were 
collected at the end of incubation for measurements of pH, ammonia, 
chemical oxygen demand (COD), total solids (TS), volatile solids (VS) 
and volatile fatty acids (VFAs). Samples of the CMs in all bottles were 
also collected for further analysis using scanning electron microscopy 
(SEM). Digestion tests were run until the daily methane production of 
each bottle less than 1% of the cumulative methane production. 

2.3. Analytical methods 

2.3.1. Physiochemical analysis 
The TS, VS, ammonia, and alkalinity were analyzed according to 

Standard Methods for the Examination of Water and Wastewater (APHA, 
1999). COD was analyzed using test kits (Ultra High Range, HACH, 
Loveland, CO, USA) with a HACH DRB200 COD Reactor and a HACH 
DR3900 spectrophotometer. Biogas production was recorded and 
normalized to STP conditions based on the local climatological data. The 
composition of biogas was analyzed using a gas chromatograph 
(GC126N, INESA, Shanghai, China) equipped with a thermal conduc-
tivity detector and a 2 m*3mm TDX-01 column (INESA, Shanghai, 
China). The volatile fatty acids (VFAs) were determined using the direct 
injection method as previously described (Mu et al., 2018). The 
composition of VFAs was characterized by GC-FID (6890B, Agilent 
Technologies, Palo Alto, CA, USA) using helium as carrier gas and a 
capillary column (DB-FFAP, 30 m × 0.25 mm × 0.25um, Agilent 
Technologies, Palo Alto, CA, USA). To visualize cell attachment to CMs, 

Table 1 
Composition of inoculum, substrate and materials in the digestion experiments.   

Materials Inoculum 
(mL) 

WAS 
(mL) 

FOG 
(mL) 

S/I 
ratio 

WAS 
proportion in 
substrate(VS/ 
VS) 

Blank  15 0 0  –  – 
Control  15 5 0.24  0.5  0.22 
NG1 0.2 g/L 

NG 
15 5 0.24  0.5  0.22 

NG2 0.5 g/L 
NG 

15 5 0.24  0.5  0.22 

NG3 1.0 g/L 
NG 

15 5 0.24  0.5  0.22 

GAC1 5.0 g/L 
GAC 

15 5 0.24  0.5  0.22 

GAC2 10.0 g/L 
GAC 

15 5 0.24  0.5  0.22 

GAC3 15.0/L 
GAC 

15 5 0.24  0.5  0.22 

CC1 1 cm*1cm 
CC 

15 5 0.24  0.5  0.22 

CC2 1 cm*3 
cm CC 

15 5 0.24  0.5  0.22 

CC3 1 cm*5 
cm CC 

15 5 0.24  0.5  0.22 

NG = Nano-graphite, GAC = granular active carbon, CC = carbon cloth. 
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samples were prepared according to previously described method (Chen 
et al., 2014), and the scanning electron micrographs were taken using 
Field Emission Scanning Electron Microscope (ZEISS Sigma, Germany). 

2.3.2. Kinetic analysis 
A modified Gompertz model (Eq. (1)) (Li et al., 2011) was adopted to 

elucidate the kinetics of methane production during the anaerobic co- 
digestion experiment, where B(t) is the specific methane yield at a 
given time (mL/gVSadded); B0 is the maximum methane potential (mL/ 
gVSadded); t is the digestion time since the start of the tests (d); Rm is the 
maximum daily methane production rate (mL/gVSadded⋅d); λ is the lag- 
phase (d); e is 2.718. 

B(t) = B0exp
{

− exp
[

Rme
B0

(λ − t) + 1
]}

, t ≥ 0 (1)  

2.3.3. Microbial analysis 
Mixed liquor samples from inoculum and final solution of Control, 

NG1, GAC2, and CC3 (CC3-S), as well as the attached biomass along 
with the carbon cloth (CC3-A) were collected for microbial analysis. 
Briefly, DNA was extracted using CTAB method (Wirth et al., 2012). Ion 
torrent sequencing was conducted for the samples at the Sequencing 
Services Facility at the Novogene Co., Ltd (Beijing, China). Amplicon 
libraries were constructed using the primer set 341F/806R for Bacteria 
(Sundberg et al., 2013) and the primer set 519F/915R for Archaea (Fan 
and Xing, 2016). Operational taxonomic units (OTUs) clustering and 
taxonomy identification were performed as previously described (Hao 
et al., 2020). The compositional differences between microbiomes were 
analyzed by principal coordinate analysis (PCoA) using R Phyloseq 
package based on Bray-Curtis distance (Navas-Molina et al., 2013). Se-
quences were submitted to the NCBI Sequence Read Archive as Bio-
Project PRJNA675673. Furthermore, bacterial and archaeal quantity in 
the DNA samples were evaluated by quantitative polymerase chain re-
action (qPCR) analysis as previously described (Lü et al., 2019). 

3. Results and discussion 

3.1. Influence of carbon-based CMs on co-digestion performance 

3.1.1. Methane production 
The maximum amount of methane recovered from anaerobic co- 

digestion of FOG and WAS was dependent on the types and dosages of 
carbon-based CMs (Fig. 1). For NG (Fig. 1a), the highest cumulative 
methane production was obtained with the lowest dosage at 0.2 g/L 
(NG1), which is 14% higher than the cumulative methane production of 
Control. High conductivity of NG may induce DIET to enhance the 
methane production. Nevertheless, the cumulative methane production 
of NG2 was lower than that of the control, suggesting that the addition of 
NG could cause negative effect on methane production, which may be 
attributed to the antibacterial activity from the direct contact with sharp 
graphite surface disrupting cell membranes (Liu et al., 2011; Zhu et al., 
2018). Unlike NG, the cumulative methane production of all tests with 
GAC addition was higher than that of Control (Fig. 1b). The highest 
cumulative methane production was obtained at the dosage of 10 g/L 
(GAC2), followed by GAC3 and GAC1, suggesting higher dosage (greater 
than 10 g/L) of GAC would not continue to enhance methane produc-
tion, which is consistent with the previous finding that GAC addition 
concentrations higher than 10 g/L could hinder methanogenic activity 
(Rasapoor et al., 2020; Zhu et al., 2018). There are two possible expla-
nations for this observation. The first concerns the adsorption of 
ammonia, which may harm the methanogens on the GAC surface 
(Rasapoor et al., 2020; Yin and Wu, 2019). The existence of ammonia is 
supported by the observation that there were 37–40 mg/L ammonia left 
after 30 days incubation for all GAC reactors (Table 2). The other 
possible explanation is the adsorption of LCFAs on GAC, which may 
inhibit methanogens and prevent biodegradation of LCFAs (Chowdhury 
et al., 2019; Sousa et al., 2009). The scenario of CC addition was 
different that, as the surface area increased from CC1 to CC3, the cu-
mulative methane production was 15% to 22% higher than that of 

Fig. 1. Influence of different types and dosages of conductive materials on methane production during anaerobic digestion of FOG and WAS.  
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Control (Fig. 1c). This may be due to the high conductivity and large 
surface of CC with no sharp contact with microorganisms and low 
adsorption of ammonia or LCFAs. Comparison was made among the best 
scenario of NG, GAC, and CC treatments, showing that CC3 had the 
highest cumulative methane production, followed by NG1 and GAC2 
(Fig. 1d). 

Two peaks of daily methane production rate were observed in 
treatments with the addition of CMs while only one peak was found in 
the control (Fig. 2), suggesting that the second peak was responsible for 
the higher methane production by the presence of CMs. The pattern of 
the first peak in NG1, GAC2, and Control were almost the same while the 
first peak of CC3 was slightly higher. The decline of the first peak was 
probably due to the inhibitory effect of LCFAs (product of FOG hydro-
lysis) on anaerobic microbes (Hao et al., 2020). Nevertheless, this 
inhibitory effect was little by the presence of CC as the second peak in 
CC3 was much earlier and higher than those in NG1 and GAC2, which 
may be due to the high capacity of CC to resist acid impacts (Martins 
et al., 2018; Zhao et al., 2017). A regression analysis of experimental 
data indicated that the cumulative methane production fit well with the 
modified Gompertz model with an R2 value of 0.98–0.99 (Table 3). The 
regression analysis confirmed that CC3 had the highest cumulative 
methane production and maximum daily methane production rate (Rm). 
Compared to the control, the lag phase (λ) was barely changed in CC and 
NG reactors but significantly reduced by the presence of GAC, while the 
Rm was enhanced in CC and NG reactors but not in GAC reactors. This 
suggested that all materials are unique though they may have similar 
physical or chemical behavior, and the way that they affect the bio-
logical reactions can be potentially different. Even for a specific CM with 

different dosages, the highest cumulative methane production was not 
necessarily obtained from the reactor with relatively short λ and high 
Rm. Take NG for example, NG2 had lowest cumulative methane pro-
duction but with relatively short λ and high Rm while NG1 had the 
highest cumulative methane production but with Rm much lower than 
that of NG2 or NG3. This is due to the change pattern of daily methane 
production (see supplementary materials) that, though Rm was obtained 
from the first peak for all NG reactors, the second peak of NG1 was much 
wider and higher than that of NG2 and NG3 resulting in the highest 
cumulative methane production in NG1, which supports our hypothesis 
that the second peak of daily methane production was essential for the 
enhanced methane production by the presence of CMs. 

3.1.2. VS removal and COD conversion efficiency 
The VS removal was also influenced by the addition of CMs (Table 4). 

Compared to the control (21.4% of VS removal), higher VS removal rates 
were observed for all treatments with CM addition except for NG2, 
suggesting a positive effect on FOG degradation and WAS disposal. The 
VS removal efficiency was dependent on the type and dosage of CMs, 
which is in line with the change pattern of cumulative methane pro-
duction in all treatments with CM addition. For a specific type of CM, the 
highest VS removal rate was 55.6%, 46.1% and 76.3% in NG1, GAC2 
and CC3, respectively. Similar scenario was found in COD conversion 
efficiency (determined by the ratio of measured ultimate methane pro-
duction over theoretical maximum methane production (Nielfa et al., 
2015)) (Table 5). Compared to the control (51.0%), the COD conversion 
efficiency was increased to 58.7%, 58.5%, and 62.7% in NG1, GAC2, 
and CC3, respectively. Taken together, these results show that the 
change patterns of cumulative methane production, VS removal, and 
COD conversion efficiency were consistent for a specific CM. Addition of 
CM did not necessarily result in enhanced performance during anaerobic 
co-digestion of FOG and WAS, which was dependent on the type and 
dosage of CMs. 

3.2. Characterization of aggregates on CMs 

According to scanning electron microscopy (SEM) of CMs before and 
after incubation (see supplementary material), differences of surface 
structure were observed among the three CMs that NG as nanoparticles 
had a rough and sharp surface, the surface of GAC was relatively smooth 
with pores, and the line structure of CC provided large surface area for 
the attachment of microorganisms. The SEM of NG-supplemented cul-
tures revealed that microorganisms could attach on the surface of NG 
but the surface was not fully covered by microorganisms. In contrast, 
more microorganisms attached on the surface of GAC and they were in a 
closer physical contact than that of NG. Regarding the CC-supplemented 
culture, microorganisms were not just attached on the cloth lines but 
also formed aggregations among lines. These observations demonstrated 
that the characterization of the surface structure had impact on the 
attachment and aggregation of microorganisms, which may conse-
quently affect the number of microorganisms in the reaction system. The 
result of qPCR analysis supports this hypothesis, showing that the total 
bacterial and archaeal gene concentrations were higher in NG1, GAC2, 
and CC3 than those in the control, which were gradually increased from 
4.7 × 1012 to 2.0 × 1013 copies/gVS for bacteria) and from 2.4 × 1014 to 
9.9 × 1014 copies/gVS for archaea, respectively (Fig. 3). Though the 
total amount of bacteria and archaea in NG1 was almost half of that in 
GAC2, the conductivity of NG was much higher than that of GAC (see 
supplementary material), which may be the explanation for the slightly 
higher cumulative methane production in NG1 than that in GAC2. 
Without antibacterial activity or ammonia/LCFA adsorption, the large 
surface and high conductivity of CC resulted in the highest accumulation 
bacteria and archaea working together to achieve the biggest enhance-
ment of methane production in CC3. 

Table 2 
Ammonia-nitrogen concentrations and pH of all the reactors after 30 days 
incubation.   

Ammonia-nitrogen concentration (mg/L) pH 

Control 60.49 ± 2.09 7.69 ± 0.11 
NG1 38.50 ± 8.56 7.82 ± 0.19 
NG2 55.45 ± 0.32 7.59 ± 0.23 
NG3 56.64 ± 0.18 7.67 ± 0.27 
GAC1 39.56 ± 5.12 7.24 ± 0.02 
GAC2 37.71 ± 2.65 7.33 ± 0.03 
GAC2 39.47 ± 1.47 7.33 ± 0.09 
CC1 43.26 ± 6.48 7.56 ± 0.11 
CC2 40.58 ± 4.14 7.61 ± 0.03 
CC3 37.95 ± 3.98 7.55 ± 0.18  

Fig. 2. Influence of different types and dosages of conductive materials on daily 
methane production during anaerobic digestion of FOG and WAS. 
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3.3. Microbial communities 

The interactions among key microorganisms involved in C bio-
conversions are essential for elucidating the mechanisms for the FOG 

degradation and biogas production. A total of 18 samples were 
sequenced, generating 58,213 quality-filtered and chimera-free se-
quences with a total of 2590 OTUs identified. Overall dissimilarity of 
bacterial and archaeal communities is shown in Fig. 4 using principal 
coordinate analysis (PCoA). Relatively high reproducibility in triplicate 
samples was obtained for all samples except for the attached samples on 
carbon cloth (CC3-A). Apart from the inoculum, bacterial communities 
were shifted into two potential clusters (Fig. 4a). Cluster 1 contained 
biomass samples from Control, NG1, and CC3-S (suspended sludge in 
CC3), suggesting a not significant dissimilarity of bacterial communities 
among them. Biomass samples in Cluster 2 (GAC2 and CC3-A) were not 
clustered closer than those in Cluster 1 due to the big variation among 
the triplicates of CC3-A. Separation of the two clusters indicates that the 
difference of bacterial community composition was developed based on 
the addition of different types of CMs. Only one cluster was found for 
archaeal communities (Fig. 4b), which contained the samples from 
Control and NG1, showing similar archaeal communities between 
Control and NG1. Dissimilarity was observed for the archaeal commu-
nities of Inoculum, GAC2, CC3-S, and CC3-A as they were scatteredly 
distributed, implying a greater impact of CM addition on the composi-
tion of archaeal communities than that of bacterial communities. The 
similarity of bacterial and archaeal communities between Control and 
NG1 suggested that small changes of community composition might be 
responsible for the enhanced methane production by the presence of NG. 

Twenty-one of the most abundant OTUs were detected in bacterial 
communities (Fig. 5) while ten of the most abundant OTUs were 
detected in archaeal communities (Fig. 6), all with relative abundance 
>1.5%. Although similarity of microbial communities was found be-
tween NG1 and Control, differences of microbial community composi-
tion were observed that the relative abundances of OTUs assigned to 
genus Exilispira, class Thermococci, and genus Candidatus Meth-
anomethylicus were higher in NG1 than those in Control. Exilispira be-
longs to the phylum Spirochaetes and strong evidence has been provided 
to indicate the involvement of Spirochaetes in syntrophic acetate 
oxidation (SAO) generating H2 and CO2 as metabolic products (Lee 
et al., 2015, 2013). Species affiliated with Thermococci are likely to 
ferment organic compounds and produce hydrogen to support the 
growth of hydrogenotrophic methanogens through syntrophy (Hensley 
et al., 2016; Price et al., 2015). Since the hydrogenotrophic methanogen 
Methanobacterium was dominant in the archaeal community of NG1, it is 
likely that the supplementation of NG enhanced the acetate conversion 
through SAO between Spirochaetes and Methanobacterium for higher 
methane production. Besides, Candidatus Methanomethylicus, which is 
inferred to be capable of methylotrophic methanogenesis (Vanwonter-
ghem et al., 2016), was in higher abundance in NG1 than that in Control, 
suggesting that the addition of NG might enhance methylotrophic 
methanogenesis contributing to the methane production in NG1. Pre-
vious study has shown that Methanosaeta can make direct electrical 
connections with Geobacter to enhance methane production during 
anaerobic digestion (Rotaru et al., 2014). Though Geobacter and Meth-
anosaeta were detected in NG1, the supplementation of NG did not 
significantly stimulate methane production through DIET between 
Geobacter and Methanosaeta as their abundances in NG1 were almost the 
same as those in Control. 

Clear shift of microbial community was observed between Control 
and GAC2 that Geobacter and Methanosaeta were both in higher 

Table 3 
Kinetic parameters estimate from the modified Gompertz model for digesiton experiment.  

Parameters Control NG1 NG2 NG3 GAC1 GAC2 GAC3 CC1 CC2 CC3 

Measured B (mL/gVS)  561.0  639.0  514.7  574.9  599.0  636.3  599.9  646.5  659.7  681.6 
Estimated B0 (mL/gVS)  570.8  648.5  478.8  548.2  578.9  636.8  613.6  638.9  662.6  683.4 
λ(d)  1.5  1.3  1.3  1.4  0.5  1.0  0.2  1.2  1.5  1.6 
Rm(mL/gVS⋅d)  44.2  47.6  57.1  59.5  43.5  44.0  33.2  55.7  62.4  65.8 
R2  0.99  0.99  0.99  0.99  0.98  0.99  0.98  0.99  0.99  0.99  

Table 4 
Initial and final VS of anaerobic digestion of FOG and WAS.   

Initial VS (mg) Final VS (mg) VS removal (%)  

Inoculum WAS FOG 

Blank 527   414  21.4% 
Control 527 47 216 596  24.6% 
NG1 527 47 216 351  55.6% 
NG2 527 47 216 658  16.7% 
NG3 527 47 216 555  29.7% 
GAC1 527 47 216 469  40.6% 
GAC2 527 47 216 426  46.1% 
GAC3 527 47 216 459  41.9% 
CC1 527 47 216 320  59.5% 
CC2 527 47 216 272  65.6% 
CC3 527 47 216 187  76.3%  

Table 5 
COD conversion efficiency determined by the radio of measured ultimate 
methane production over theoretical maximum methane production.   

Initial 
COD 
(mg) 

Theoretical 
maximum methane 
production at STP 
(CH4max) (mL) 

Measured 
ultimate methane 
production at STP 
(CH4f) (mL) 

Conversion 
efficiency 
(CH4f/CH4max) 
(%) 

Blank 499 174.7 53.6  30.7% 
Control 817 286 147.5  51.0% 
NG1 817 286 168.0  58.7% 
NG2 817 286 135.4  47.3% 
NG3 817 286 151.2  52.9% 
GAC1 817 286 157.5  55.1% 
GAC2 817 286 167.3  58.5% 
GAC2 817 286 157.8  55.2% 
CC1 817 286 170  59.4% 
CC2 817 286 173.5  60.7% 
CC3 817 286 179.3  62.7%  

Fig. 3. qPCR result of total bacteria and archaea in Control, NG1, GAC2, 
and CC3. 
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abundances in GAC2, suggesting the occurrence of DIET between them 
to enhance the methane production in GAC2. Furthermore, Exilispira 
and Thermococci were greatly enriched in GAC2. Though the relative 
abundance of Methanobacterium was lower in GAC2 than that in Control, 
another hydrogenotrophic methanogen Methanolinea were highly 
enriched in GAC2. Due to the possible roles of Exilispira, Thermococci, 

and hydrogenotrophic methanogens involved in SAO (as discussed 
above), the presence of GAC may also facilitate SAO during anaerobic 
co-digestion of FOG and WAS. However, substantial enrichment of 
Candidatus Methanomethylicus was not obtained in GAC2, showing that 
methylotrophic methanogenesis might not be responsible for the 
enhanced methane production in GAC2. 

Fig. 4. Bacterial (a) and archaeal (b) community dissimilarity of inoculum and biomass samples from digestions applying principal coordinate analysis (PCoA) based 
on Bray-Curtis distance. 

Fig. 5. Bacterial community structures of inoculum and biomass samples collected from Control, NG1, GAC2, CC3-S (suspended sludge in CC3) and CC3-A (attached 
sludge on CC) at the end of experimental period. 
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With the presence of CC, Spirochaetaceae, Geobacter, and Candidatus 
Methanomethylicu were enriched in higher abundances in CC3-A than in 
CC3-S and Control, while Ileibacterium and Faecalibaculum belonging to 
phylum Firmicutes were enriched in CC3-A but rarely found in other 
samples (even in CC3-S), showing the possible involvement of these 
species in DIET as well as the difference of community composition 
between CC3-A and CC3-S/samples in other rectors. Similar as the sce-
nario in NG1 and GAC2, Exilispira was dominant in CC3 but with a 
higher relative abundance in the suspended sludge than in the attached 
biomass on the surface of CC, and the enrichment of Spirochaetaceae and 
Exilispira (both in phylum Spirochaetes) were likely to accelerate the 
acetate conversion through SAO with the assistance of Methanobacterium 
(dominant archaea in CC3). However, the relative abundance of Meth-
anosaeta was quite low in CC3 despite Geobacter was present in a rela-
tively high abundance in the suspended sludge and greatly enriched on 
the surface of CC, suggesting that DIET between Methanosaeta and 
Geobacter was rarely occurred in CC3. Instead, the OTUs assigned to 
phylum Crenarchaeota (e.g., Candidatus Methanomethylicu) were highly 
enriched. Previous studies have only been performed to investigate the 
electrical connection between Geobacter and hydrogenotrophic metha-
nogens (e.g., Methanospirillum (Walker et al., 2019)) or acetoclastic 
methanogens (such as Methanosaeta and Methanosarcina (Rotaru et al., 
2014, 2015)), but not for methylotrophic methanogens yet. Further 
study is needed to investigate the diversity of methanogens capable of 
DIET. 

Though acetoclastic methanogenesis was found to be the major 
pathway in many studies for anaerobic digestion of FOG (Chowdhury 
et al., 2019; Kurade et al., 2019; Nakasaki et al., 2020), acetoclastic 
methanogens were not dominant in this study. Since acetoclastic 
methanogens are considered to be most sensitive to ammonia (Rajagopal 
et al., 2013), high ammonia could result in the appearance of microbial 
competitors for acetate conversion and promote the development of 
SAO, which has been observed in many ammonia-stressed systems 
during anaerobic digestion (Westerholm et al., 2016). The possible 

inhibitory effect of ammonia on acetoclastic methanogens is supported 
by three observations in this study: 1) the OTU assigned to Nitrospirae 
(species in Nitrospirae are very likely to participate in reactions with 
nitrogenous compounds) was dominant in all reactors, suggesting the 
presence of a relatively high concentration of nitrogenous compounds ; 
2) the ammonia–nitrogen concentration in all reactors were not low at 
the end of 30 days incubation (Table 2); 3) the pH of all reactors were 
ranged from 7.22 to 8.00 (Table 2), which could promote the shift of 
total ammonia–nitrogen to free ammonia that is reported to be the main 
cause of inhibition due to its high permeability to cell membrane leading 
to proton imbalance and potassium deficiency (especially for aceto-
clastic methanogens) (Rajagopal et al., 2013). Moreover, the pathway of 
acetate conversion shifted to SAO is also supported by our observation of 
the dominance of Spirochaetes and hydrogenotrophic methanogens in 
all reactors. Meanwhile, the enrichment of Methanosaeta (acetoclastic 
methanogen) in GAC2 may be due to the adsorption of ammonia on GAC 
that alleviated the inhibitory effect of ammonia on methanogens in the 
reactor as well as the high affinity of Methanosaeta for acetate when 
acetate concentration (below 1 mM, data not shown) was low (Smith 
and Ingram-Smith, 2007). 

Addition of CMs resulted in the further promotion of SAO in NG1, 
GAC2 and CC3 (as previous data showed), which could help to accel-
erate the degradation of LCFAs as acetate and hydrogen are the pro-
ductions of LCFA degradation through β-oxidation (Sousa et al., 2009). 
One possible reason is the aggregation of microbes on the surface of CMs 
to support SAO bacteria (despite their slow growth rate) and reduce 
distance between SAO bacteria and hydrogenotrophic methanogens that 
could facilitate the interspecies hydrogen transfer. Another possible 
explanation concerns the DIET-mediated SAO, allowing much more 
quick acetate conversion as the electron transfer speed with DIET is 106 

times faster than indirect interspecies transfer (Cruz Viggi et al., 2014; 
Zhang et al., 2018). Nevertheless, the functional microbes involved in 
DIET-mediated SAO were different and dependent on the types of CMs as 
Geobacter, which specialize in making electrical contacts with 

Fig. 6. Archaeal community structures of inoculum and biomass samples collected from Control, NG1, GAC2, CC3-S (suspended sludge in CC3) and CC3-A (attached 
sludge on CC) at the end of experimental period. 
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extracellular electron acceptors or other organisms, were highly 
enriched in GAC2 and CC3-A but not in NG1. Although the syntrophic 
DIET function has not been demonstrated with Methanobacterium, some 
studies found recently that Geobacter and Methanobacterium were 
potentially involved in DIET-mediated SAO for enhanced methane 
production in anaerobic digesters (Shen et al., 2020; Zhuang et al., 
2018). It is worth noting that the cumulative methane production in 
NG1 was slightly higher than that in GAC2 despite the relative abun-
dance of Geobacter and the total amounts of bacteria and archaea were 
significantly lower in NG1. This implies that, apart from Geobacter, other 
species belonging to Exilispira, Thermococci, and Candidatus Meth-
anomethylicus might be capable of DIET to enhance methane production, 
which deserves further investigation. 

4. Conclusion 

Carbon-based CMs were evaluated when they were added to the 
anaerobic co-digestion of FOG and WAS. The best scenario was achieved 
at CC3 with the most incremental methane production (22%). The 
impact of CM addition on the composition of archaeal communities was 
greater than that of bacterial communities. The DIET-mediated SAO 
enabling faster acetate conversion might be responsible for the promo-
tion of SAO by the presence of CMs, leading to the enhancement of 
methane production. These findings suggested that application of 
carbon-based CMs appears as a good strategy to accelerate methane 
production rate during anaerobic digestion of FOG. 
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