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A B S T R A C T   

The formation of fat, oil, and grease (FOG) deposits in sewers is a global challenge for the maintenance of sewer 
collection systems. Tons of FOG deposits (FDs) are removed from sewer systems every year and present an 
opportunity for increased methane production via anaerobic co-digestion with waste activated sludge (WAS) at 
water resource recovery facilities with existing anaerobic digesters. We hypothesized that FDs have higher 
biomethane potential than that of FOG (e.g., FOG collected in grease interceptors), because of the reduction of 
inhibition of long chain fatty acids due to saponification. In this study, substantially enhanced methane pro
duction was found in anaerobic co-digestion of WAS with FDs within the substrate to inoculum (S/I) ratio range 
of 0.25–1.2, and the maximum ultimate methane production (685.7 � 24.1 mL/gVSadded, at S/I ¼ 0.5) was 4.0 
times higher than in the control (with WAS only) after 42 days of incubation. Although the lag phase period was 
longer in FD co-digestion (S/I ¼ 0.5) than in FOG co-digestion (S/I ¼ 0.5) under the same organic loading (gVS) 
and two times the COD loading, the daily methane production rate became higher after Day 15 in FD co- 
digestion. Significantly higher cumulative methane production (10.2%, p < 0.05) was obtained in FD co- 
digestion than in FOG co-digestion after 42-days. Microbial community analysis revealed higher levels of Geo
bacter in FD co-digestion, possibly suggesting a role for direct interspecies electron transfer (DIET) between 
Methanosaeta and Geobacter. This work provides fundamental insights supporting anaerobic co-digestion of FDs 
with WAS, demonstrating the advantages of FDs compared to FOG as co-substrate for enhanced biomethane 
recovery.   

1. Introduction 

The increasing global consumption of fat, oil, and grease (FOG) has 
led to a large amounts of FOG discharged into sewers (Long et al., 2012; 
Williams et al., 2012), which react with other constituents in wastewater 
to form hardened and insoluble FOG deposits (FDs), and result in 
blockages in pipes and consequently sanitary sewer overflows (SSOs) 
(He et al., 2017). The annual blockage-related SSOs caused by FDs are 
21%, 47%, 50%, 60% and 70% of the total annual SSOs in Australia, US, 
UK, Hong Kong, and Malaysia, respectively (Chan, 2010; Ducoste et al., 
2008; Husain et al., 2014; Marlow et al., 2011; Williams et al., 2012). 
FDs are therefore becoming a global challenge for the maintenance and 
sustainability of sanitary sewer systems. There are no accurate estimates 
of how much FDs are removed from sanitary sewer systems every year, 
but big cities likely have tons of FDs: one notorious SSO incident in 
London involved “fatbergs”, with a total of 130 tons of FDs removed 

from sewer lines (Slotkin, 2017). The estimated annual cost for the 
removal of FDs was $25 billion and £15–50 million in the US and UK, 
respectively (Del Mundo and Sutheerawattananonda, 2017; Williams 
et al., 2012). The FDs that are collected are usually landfilled. FDs have 
high biomethane production potential since their major component are 
long chain fatty acids (LCFAs) (Keener et al., 2008; Sousa et al., 2009; 
Williams et al., 2012), and the anaerobic co-digestion of FDs is likely a 
missed opportunity for higher methane generation at water resource 
recovery facilities. 

Anaerobic co-digestion of waste activated sludge (WAS) with FOG (e. 
g., FOG collected in grease interceptors) has been shown to significantly 
enhance biomethane yield (Beale et al., 2016; Mata-alvarez et al., 2014; 
Salama et al., 2019a; Wang et al., 2013; Ziels et al., 2016; Wang et al., 
2019). The conversion of LCFAs (products of FOG hydrolysis) to 
methane was found to be the rate-limiting step for lipid degradation in 
anaerobic digesters (Davidsson et al., 2008; Sousa et al., 2009; Ziels 
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et al., 2016), due to LCFA adsorption to the biomass, resulting in sludge 
flotation and washout (Sousa et al., 2009), and the inhibitory/toxic ef
fect of LCFAs to key microorganisms (e.g., syntrophic β-oxidizing bac
teria and methanogens) (Kurade et al., 2019; Ziels et al., 2016). The 
physical and chemical properties of FDs are different from FOG pri
marily because of the saponification between long chain fatty acids 
(LCFAs) and calcium (He et al., 2011, 2013), which may lead to a 
different level of methane production during anaerobic co-digestion. 
Previous studies revealed that saponification between metals (e.g., cal
cium) and lipid-rich waste/wastewater resulted in improved anaerobic 
biodegradability and reduced inhibition by LCFAs (Ahn et al., 2006; 
Battimelli et al., 2010; Hatamoto et al., 2007; Roy et al., 1985; Salama 
et al., 2019a). Thus, it is possible that anaerobic co-digestion of WAS 
with FDs may generate higher methane production than with FOG. 
However, no research has been conducted on the biomethane potential 
of FDs in anaerobic co-digestion with WAS. 

Studies evaluating microbial community structure (using molecular 
biological techniques) and linking it with digester performance during 
co-digestion with lipid-rich waste (e.g., FOG) have shown a significant 
impact on phyla Actinobacteria, Bacteroidetes, Firmicutes, Proteobac
teria, Chloroflexi, and Euryarchaeota (Amha et al., 2017; Ferguson et al., 
2018; Kurade et al., 2019; Yang et al., 2016). Syntrophic 
LCFA-degrading bacteria Syntrophomonas, which are in partnership with 
hydrogen-consuming methanogens, have been shown to be a key mi
crobial group and significantly correlated with methane production 
during FOG co-digestion (Amha et al., 2017; Wang et al., 2020; Ziels 
et al., 2016). Nevertheless, no study has been performed to investigate 
the microbial communities and their functional networks in FD 
co-digestion, and little is known about the differences in FOG and FD 
co-digestion microbial communities. Comparing the community struc
tures and their interactive roles in anaerobic co-digestion of FOG and 
FDs would provide insights into the differences between FOG and FD 
co-digestion and methane production. 

The main goal of this study was to investigate the anaerobic co- 
digestion of WAS with FDs, including determining a suitable range of 
substrate to inoculum (S/I) ratios for optimal ultimate methane pro
duction, evaluating co-digestion performance parameters through ki
netic modeling, and elucidating the microbial community structure and 
their interactive roles using 16S rRNA gene sequencing of Bacteria and 
Archaea communities. Comparisons of methane production, kinetics, 
and microbial community composition between FOG and FD co- 
digestion were conducted. The results of the research are expected to 
provide valuable fundamental information for the beneficial use of FDs 
for increasing energy production at water resource recovery facilities 
and supporting FOG pretreatment by saponification with calcium. 

2. Materials and methods 

2.1. Substrate and inoculum 

The WAS used for this study was obtained from Qilidian Wastewater 
Treatment Plant (WWTP) (Guilin, China), that uses a conventional 
activated sludge process at a design flow of 100,000 m3/day with a 
hydraulic retention time of 0.5 day. The FD samples were collected from 
a grease interceptor that receives kitchen wastewater from the cafeteria 
at Guilin University of Technology (Guilin, China). The infrared spec
trum indicating the occurrence of saponification between LCFAs and 
calcium in the FD samples is shown in Fig. S1. The inoculum was 
anaerobic digester sludge collected from a mesophilic continuously 
stirred tank reactor in a countryside field (Guilin, China) treating pig 
manure. Previous studies have used similar sludge as inoculum for lipid 
degradation (e.g., Meng et al., 2017). After collection, all samples were 
quickly transported to the laboratory and stored at 4 �C for no more than 
3 days before use. 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 pure oil substrate to demonstrate the difference in methane 
production between FOG and FDs. The characteristics of the substrates 
and inocula used in this study are shown in Table 1. 

2.2. Experimental setup 

Two sets of BMP tests were conducted in this study. In the first set, 
FDs were used as the single substrate to determine the optimum ratio of 
substrate (FD) to inoculum (S/I) on a total volatile solid basis. Five 
different S/I ratios (Table 2) were tested to delineate an ideal range for 
satisfactory methane generation and maximum ultimate methane pro
duction per unit mass of FDs. Inoculum without FD addition was used as 
blank in this set of experiments. Within the feasible S/I ratio range from 
the first set of BMP tests, the second set of BMP tests used FDs and WAS 
as co-substrates to investigate enhanced methane production compared 
to WAS substrate digestion. Anaerobic co-digestion of WAS with FOG 
(blending oil) was also performed to determine the difference in 
methane production of FOG and FD co-digestion under the same opti
mized S/I ratio. Inoculum without any substrate addition was used as 
blank, and inoculum with WAS was used as control in the second set of 
experiments (Table 2). 

The FDs used in this study were first pressed into a thin layer and 
then cut into small particles to a size around 1 � 1 � 1 mm. In the BMP 
experiments, the mixtures of inocula and substrates were transferred to 
200-mL serum bottles with a working volume of 150 mL and all re
actions were performed in triplicate. To maintain anaerobic conditions, 
the bottles were flushed with N2 gas for 5 min prior to being sealed. All 
bottles were then 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, chemical oxygen demand (COD), 
total solids (TS), total volatile solids (TVS) and volatile fatty acids 
(VFAs). Digestion tests were run until the daily biogas production of 
each bottle decreased below 10 mL. 

2.3. Analytical methods 

2.3.1. Chemical analysis 
TS, VS, and alkalinity were analyzed according to Standard Methods 

for the Examination of Water and Wastewater (APHA, 1999). The pH 

Table 1 
Inocula and substrate characteristics in the single-substrate and co-digestion 
experiments.   

Single-substrate 
digestion 

Co-digestion 

Inoculum FDs Inoculum WAS FDs FOG 

Density (g/ 
mL) 

0.93 �
0.02 

ND 1.02 �
0.02 

1.01 
�

0.01 

ND 0.91 �
0.03 

pH 7.86 �
0.04 

ND 7.44 �
0.01 

7.02 
�

0.01 

ND ND 

TS (g/L) or 
(mg/g) 

47.4 �
0.1 

670.7 
� 15.1 

61.2 �
3.4 

14.2 
� 0.3 

662.0 
� 14.9 

908.0 �
31.0 

VS (g/L) or 
(mg/g) 

22.9 �
0.5 

655.3 
� 14.5 

32.7 �
1.7 

9.8 �
0.2 

649.0 
� 15.2 

907.8 �
31.1 

VS/TS (%) 48.3 �
1.0 

97.7 �
0.1 

53.4 �
0.0 

69.0 
� 0.4 

98.0 �
0.1 

100.0 �
0.0 

COD (g/L) 
or (g/kg) 

53.3 �
2.7 

ND 25.2 �
4.0 

12.7 
� 0.8 

979.6 
� 51.5 

2695.9 
� 135.0 

Alkalinity 
(mg/L) 

4277 �
84 

ND 4868 �
139 

325 
� 25 

ND ND 

ND ¼ not determined. 
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was determined using a pH meter (IS128C, Shanghai Yimai, Shanghai, 
China). COD was analyzed using test kits (Ultra High Range, HACH, 
Loveland, CO, USA). 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 conductivity detector and a 
2m*3 mm 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 � 0.25 μm, Agilent Technologies, Palo Alto, CA, USA). 

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 BðtÞ 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 BMP tests (d); Rm 
is the maximum daily methane production rate (mL/gVSadded⋅d); λ is the 
lag-phase (d); e is 2.718. 

BðtÞ ¼B0exp
�

 exp
�

Rme
B0
ðλ tÞ þ 1

��

; t � 0 (1)  

2.3.3. Microbial analysis 
Mixed liquor samples from the anaerobic co-digestion experiments, 

including the initial inoculum, WAS, and the final solutions of the blank 
(inoculum only, at the end of incubation), FDW-0.25 (FDs þWAS, S/I ¼
0.25), FDW-0.5 (FDs þWAS, S/I ¼ 0.5), and FOGW-0.5 (FOG þWAS, S/ 
I ¼ 0.5) were collected for microbial analysis. The samples were pelleted 
by centrifugation at 10,000�g for 10min. Biomass pellets were subjected 
to DNA extraction 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). Briefly, PCR ampli
fication was performed using the primer set 341F/806R for Bacteria 
(Sundberg et al., 2013) and the primer set 519F/915R for Archaea (Fan 
and Xing, 2016). Amplicons of the PCR reactions were purified, pooled, 
and then sequenced using Ion S5TMXL (Thermo Fisher Scientific, United 
State). Sequences were submitted to the NCBI Sequence Read Archive as 
BioProject PRJNA559039. 

Raw reads of all samples were trimmed to remove primer sequences, 
and quality filtered using Cutadapt v1.9.1 (Martin, 2015). Chimeric 
sequences were identified and removed using UCHIME (Edgar et al., 
2011). The UPARSE pipeline (Edgar, 2013) was used to cluster se
quences into operational taxonomic units (OTUs) based on 3% diver
gence. Taxonomy assignment to each cluster representative generated 
from OTU clustering was performed using Mothur (Schloss et al., 2009) 
based on the SILVA SSU Ref database (Pruesse et al., 2007). The 
compositional differences between microbiomes were analyzed by 
principal coordinate analysis (PCoA) using R Phyloseq package 
(McMurdie and Holmes, 2013) based on weighted and unweighted 

UniFrac distances (Lozupone and Knight, 2005). 

2.4. Statistical analysis 

The general linear model was used to compare the methane pro
duction values from different anaerobic co-digestion treatments. R was 
used to fit the models and calculate the statistical significance between 
the treatments. Pearson’s correlation test was used to evaluate correla
tions among the different parameters. Differences between treatments 
were considered significant at a confidence level p < 0.05. 

3. Results and discussion 

3.1. Methane production in anaerobic digestion/co-digestion of FDs 

3.1.1. FDs as single substrate: determining a suitable S/I ratio range 
Since no previous studies have looked at anaerobic digestion of FDs, 

single substrate experiments were used to estimate a suitable S/I ratio 
range for the subsequent co-digestion experiments (Table 2). Different 
cumulative methane production values were obtained under five 
different S/I ratios (Fig. 1a). After 52 days of incubation, all digestions 
except for FD-4 (S/I ¼ 4), produced higher cumulative methane volumes 
than the blank. The highest cumulative methane production (845.3 �
33.2mL/gVSadded) was obtained from FD-0.5 (S/I ¼ 0.5); relatively 
lower methane production values were observed in the FD-0.25 (S/I ¼
0.25) and FD-1 (S/I ¼ 1) digestions, and much lower methane produc
tion was found in FD-2 (S/I ¼ 2). The correlations of S/I ratio to ultimate 
methane production volume and ultimate methane percentage in biogas 
(Fig. 1b) showed that as the S/I ratio increased from 0.25 to 0.5, the 
ultimate methane production volume increased slightly and then 
decreased drastically as S/I increased from 0.5 to 4. On the other hand, 
the average methane percentage decreased slowly from 82% to 57% as 
S/I increased. The highest cumulative methane volume and percentage 
from anaerobic digestion of FDs appear to be at an S/I ratio between 
0.25 and 1.0 (ideal S/I ¼ 0.5). Compared to the reported optimal ranges 
of S/I for FOG digestion (between 0.25 and 0.75; ideal S/I ¼ 0.5 (Li 
et al., 2011), or between 0.5 and 1 (Nazaitulshila et al., 2015)), the S/I 
range that results in high methane production and percentage in FD 
digestion is wider. This may be due to the compositional difference 
between FD and FOG, which results in different levels of methane pro
duction (see also below). A possible difference is the presence of calcium 
in FD, which is supported by previous finding that calcium could play a 
role in reducing LCFA inhibition when inoculum concentration was 
above a threshold level (Ma et al., 2015). 

3.1.2. FDs and WAS as co-substrates 
Based on the single-substrate study results, five S/I ratios between 

0.15 and 2 were tested for the anaerobic co-digestion of WAS with FDs 
(Table 2). The S/I ratio was increased by the addition of increasing levels 
of FDs to a fixed amount of WAS (WAS as VS (w/w) decreased from 50% 
to 7.7%). The level of WAS/inoculum (gVS/gVS ¼ 0.075), is comparable 
to the WAS/inoculum (gVS/gVS) in other studies (0.07 in Li et al., 2011; 

Table 2 
Composition of inoculum and substrates in single-substrate and co-digestion experiment.  

Single-substrate digestion Co-digestion  

Inoculum (mL) FDs (g) S/I ratio  Inoculum (mL) WAS (mL) FDs (g) or FOG (mL) S/I ratio 

Blank 20 0 0 Blank 20 0 0 0 
FD-0.25 20 0.175 0.25 Control 20 5 0 0.075 
FD-0.5 20 0.35 0.5 FDW-0.15 20 5 0.08 0.15 
FD-1 20 0.7 1 FDW-0.25 20 5 0.18 0.25 
FD-2 20 1.4 2 FDW-0.5 20 5 0.43 0.5 
FD-4 20 2.8 4 FDW-1 20 5 0.93 1     

FDW-2 20 5 1.94 2     
FOGW-0.5 20 5 0.31 0.5 

FD ¼ FOG deposits, FDW ¼ FOG deposits þ WAS, FOGW ¼ FOG þ WAS. 
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0.043 in Kabouris et al., 2009; 0.118 in Wang et al., 2013). Compared to 
the control (with WAS as only substrate), higher cumulative methane 
production values were found in all co-digestion treatments after 42 
days of incubation (Fig. 1c). When the added FDs were increased from 
0.08g to 0.43g as the FDs/total substrates (gVS/gVS) increased from 
50% to 85%, the ultimate cumulative methane production increased 
from 545.6 � 6.0 mL/gVSadded to 685.7 � 24.1 mL/gVSadded (3.2 times 
and 4.0 times higher than the cumulative methane produced by WAS in 
the control, respectively), showing that addition of FDs could signifi
cantly enhance methane production (t-test, p < 0.001). Moreover, the 
conversion efficiency, determined by the ratio of measured ultimate 
methane production over theoretical maximum methane production 
(Nielfa et al., 2015), was increased from 28.7% (in control) to 78.9% (in 
FDW-0.5) (Table S1). At FDs addition higher than 0.43g (FDW-1 and 
FDW-2), the cumulative methane production levels per g VS were lower 
than in FDW-0.5, at conversion efficiencies of 86.4% and 64.6% in 
FDW-1 and FDW-2, respectively. Nevertheless, except for FDW-2, no 
accumulation of VFAs was observed in all reaction bottles (data not 
shown) and the pH in all co-digestions was in the range of 7.0–7.2 at the 
end of the incubation period. 

The correlations between S/I ratio and ultimate methane production 
volume as well as ultimate methane percentage in biogas (Fig. 1d), show 
an acceptable S/I ratio between 0.25 and 1.2, which is a wider range 
than the optimal range reported for FOG co-digestion (Li et al., 2011). 
The ideal S/I ratio for FD was around 0.5, which is very close to the ideal 
S/I ratio of 0.46 reported for FOG (Li et al., 2011). A regression analysis 
of experimental data showed that the cumulative methane production fit 
well with the modified Gompertz model (Eq. (1)) with an R2 value of 
0.99 (Table 3). The regression analysis confirmed that the lag phase (λ) 

time was relatively shorter and the maximum daily methane production 
rate (Rm) was relatively higher for each tested S/I ratio within the 
optimal range of FD co-digestion. Taken together, these results indicate 
the importance of the S/I ratio (similar to F/M in wastewater treatment) 
in anaerobic co-digestion of FD and WAS, which would be useful in ki
netic based mass balance equations that provide insights on appropriate 
design loading rates at pilot- or full-scale. 

3.2. Comparison of FDs with FOG in anaerobic co-digestion 

Considering the overlap of the optimal S/I ratio ranges for FDs and 
FOG, an S/I ratio of 0.5 was chosen and the same amounts of WAS and 
FDs/FOG (w, gVS) were used to investigate the difference between FDs 
and FOG in anaerobic co-digestions. The daily methane production in 
FDW-0.5 and FOGW-0.5 during 42 days of incubation (Fig. 2a) show two 
peaks of daily methane production in both FDW-0.5 and FOGW-0.5. In 
FOGW-0.5 the first peak was higher than the second peak while the 
reverse was observed in FDW-0.5. At the first peak on Day 4, the daily 
methane production in FOGW-0.5 was almost two times higher than that 
in FDW-0.5, which may be due to a higher COD loading of FOG, as the 
COD loading of FOG (1175.8 mgCODFOG/gVSbiomass, Table S2) was 
almost two times higher than that of FDs (597.7 mgCODFD/gVSbiomass, 
Table S2). The kinetic analysis showing a shorter lag phase in FOGW-0.5 
than in FDW-0.5 (Table 3) also indicate a faster mass transfer of FOG to 
microorganisms that could rapidly utilize the substrate for growth. A 
drastic drop in daily methane production was observed in FOGW-0.5 
after Day 4, while daily methane production in FDW-0.5 leveled off 
until Day 10. It is likely that the biodegradation of LCFAs was slower 
than FOG hydrolysis on Day 4, leading to a buildup of LCFAs that could 

Fig. 1. Cumulative methane production from single-substrate digestion of FDs (a), from co-digestion of WAS with FDs (c); correlation of S/I ratios, ultimate methane 
production, and average methane percentage of biogas in single-substrate digestion of FDs (b) and co-digestion of WAS with FDs (d). 

J. Hao et al.                                                                                                                                                                                                                                      



Journal of Environmental Management 268 (2020) 110708

5

limit the reactions of syntrophic β-oxidizing bacteria and inhibit meth
anogenesis (Kurade et al., 2019; Sousa et al., 2009; Ziels et al., 2017, 
2016), thereby reducing the methane production in FOGW-0.5. On the 
other hand, accumulation of LCFAs in FDW-0.5 may have been lower 
such that methanogenesis was less affected by LCFA inhibition. 

Though the methanogens recovered from earlier inhibition and 
showed an enhanced methane production after Day 10 in FOGW-0.5, the 
daily methane production of the second peak was lower than that of the 
first peak (Fig. 2a). However, in FD co-digestions, the daily methane 
production of FDW-0.5 continuously increased, exceeded the daily 
methane production of FOGW-0.5 on Day 15, and achieved its maximum 
level on Day 21. Moreover, the cumulative methane production became 
higher in FDW-0.5 than in FOGW-0.5 by Day 26 (Fig. 2b), and the 

ultimate methane production of FDW-0.5 was 10.2% higher than that of 
FOGW-0.5 at the end of incubation despite the similar concentrations 
and profiles of LCFAs in both FDW-0.5 and FOGW-0.5 (both liquid and 
solid phases) (Table S3). The conversion efficiency (based on methane 
produced) of FDW-0.5 (78.9%) was also higher than that of FOGW-0.5 
(51.7%). There was a significant difference (p ¼ 0.001) in cumulative 
methane production between FDW-0.5 and FOGW-0.5 after 42 days of 
incubation. Based on the analysis of maximum methane potential ðB0Þ of 
FDW-0.5 and FOGW-0.5 (Table 3), a bigger difference (17.4%) in ulti
mate methane production could be expected if a longer incubation time 
was allowed. It is worth noting that the cumulative methane production 
between FDW-0.25 and FOGW-0.5 (Fig. 2b) was not significantly 
different (p ¼ 0.32) during the 42 days of incubation. This shows that 
using a lower amount (w, gVS) of the FDs (when the COD loading of FDs 
(246.5 mgCODFD/gVSbiomass) was almost one quarter of that of FOG) can 
result in the same cumulative methane production. Analysis of daily 
methane production, kinetic characteristics, and cumulative methane 
production showed that compared to FOG, FDs could be a better option 
in terms of reduced substrate addition and enhanced methane produc
tion in anaerobic co-digestion with WAS. 

The increase in methane production due to the addition of FOG 
containing co-substrates may vary drastically depending on the source 
of sludge, the % FOG load, temperature, reactor configuration, solid 
retention time (SRT), and other variables. Comparison of the maximum 
methane yield enhancement with other studies (Table 4) shows that, 
with similar or even lower methane yield of WAS during co-digestion, 
the 220% increase in methane yield in FDW-0.15 (50% FD load, w/w 
as VS) is higher than the 67–182% increase reported for 46–60% FOG or 
grease trap waste load (w/w as VS) (Davidsson et al., 2008; Kabouris 
et al., 2009; Luostarinen et al., 2009; Yalcinkaya and Malina, 2015), and 
even higher than for 70% FOG load (w/w as VS) under 
hyper-thermophilic/thermophilic co-digestion (145% increase) (Alqar
alleh et al., 2016). At the higher FD load in this study (85% as VS, 
FDW-0.5), the enhanced methane yield (302% increase) is slightly lower 
than that of grease interceptor waste load (65% as VS, 318% increase) 
(Wang et al., 2013), although the COD loading of FDW-0.5 (597.7 
mgCOD/gVSbiomass) is much lower than that used by Wang et al. (2013) 
(~900 mgCOD/gVSbiomass). These comparisons suggest that FDs could 
be a better option than FOG in terms of methane yield enhancement 
during anaerobic co-digestion. The amount of FDs in sewer systems 
around the world recovered annually has not been accurately estimated, 
but the pretreatment of FOG with calcium to form FDs may lead to a 
significantly increased methane yield at water resource recovery facil
ities with existing anaerobic digesters. This is supported by a recent 
study that showed that addition of 0.5% calcium to FOG resulted in a 
6-fold increase in biomethane production during anaerobic co-digestion 
of FOG with sludge (Salama et al., 2019b). 

There are two possible explanations for the higher methane yield of 
FDs compared to FOG. The first concerns the bond between calcium and 
LCFAs in FDs, which may prevent LCFAs from being released quickly 
and inhibiting the methanogens. This is supported by the observation 
that no drastic drop in daily methane production was observed in FDW- 
0.5 and FDW-0.25 (Fig. 2a). The other possible explanation is the ag
gregation of microorganisms on the surface of FDs, which may enable a 
more efficient arrangement of diverse microorganisms leading to faster 

Table 3 
Kinetic parameters estimated from the modified Gompertz model applied to co-digestion.  

Parameters Control FDW-0.15 FDW-0.25 FDW-0.5 FDW-1 FDW-2 FOGW-0.5 

Measured B (mL/gVSadded) 170.4 545.6 606.7 685.7 610.7 389.8 622.2 
Estimated B0 (mL/gVSadded) 172.6 583.9 635.5 783.2 750.1 661.7 667.2 
λ (d) 0.0 1.9 3.0 4.3 5.3 10.8 1.0 
Rm (mL/gVSadded.d) 6.1 20.1 24.6 23.9 19.3 13.0 22.2 
R2 0.99 0.99 0.99 0.99 0.99 0.99 0.99 

B0 ¼ ultimate cumulative methane production; λ ¼ lag phase time; Rm ¼ maximum methane production rate. 

Fig. 2. Comparison of FDs with FOG in anaerobic co-digestion over experi
mental period: a) the change of daily methane production in FDW-0.25, FDW- 
0.5 and FOGW-0.5; b) cumulative methane production in FDW-0.25, FDW-0.5 
and FOGW-0.5. 
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mass and electron transfer that accelerate the biodegradation of LCFAs 
to generate methane. This may be responsible for the faster and longer 
increase in daily methane production in FDW-0.25 and FDW-0.5 than in 
FOGW-0.5 after Day 6 (Fig. 2a). The higher cumulative methane pro
duction in FDW-0.5 compared to that in FOGW-0.5 is in agreement with 
the results of previous studies showing that the addition of calcium to 
FOG could prevent LCFAs from upsetting an anaerobic digestion system 

(Ahn et al., 2006; Hatamoto et al., 2007; Roy et al., 1985; Salama et al., 
2019b). 

3.3. Microbial community composition during anaerobic co-digestion 

A total of 623,448 quality-filtered and chimera-free sequences were 
generated for 18 samples, with an average of 2518 OTUs per sample. 

Table 4 
Comparison of the maximum methane yield enhancement.   

Source of sludge Source of FOG/FD Methane 
production 
from sludge 

Maximum 
methane 
production 

FOG/FD load at 
max methane 
production 

% 
increasea 

Reactor 
configuration 

Temp.b SRT 

FDW-0.15 
(present 
study) 

Thickened WAS from 
WWTP in Guilin, 
China 

FDs from a grease 
interceptor 

170.4 mL/ 
gVSadded 

545.6 mL/ 
gVSadded 

50% VS 220 Batch BMP tests M – 

Kabouris et al. 
(2009) 

Primary sludge þ
thickened WAS from 
WWTP in Pinellas 
county, FL 

Polymer dewatered 
FOG 

159 mL/ 
gVSadded 

449 mL/ 
gVSadded 

48% VS 182 CSTR, 4L, semi- 
continuous feeding 

M 12 
days 

Kabouris et al. 
(2009) 

Primary sludge þ
thickened WAS from 
WWTP in Pinellas 
county, FL 

Polymer dewatered 
FOG 

197 mL/ 
gVSadded 

512 mL/ 
gVSadded 

48% VS 160 CSTR, 4L, semi- 
continuous feeding 

T 12 
days 

Luostarinen 
et al. (2009) 

Sewage sludge from a 
WWTP in Mikkeli, 
Finland 

Grease trap sludge 
from a meat 
processing plant 

278 mL/ 
gVSadded 

463 mL/ 
gVSadded 

46% VS 67 CSTR, 5L, fed once 
a day 

M 16 
days 

Yalcinkaya and 
Malina, 2015 

Municipal 
wastewater sludge 
from WWTP in 
Austin, TX 

Un-dewatered 
grease trap waste 

384 mL/ 
gVSadded 

641 mL/ 
gVSadded 

46% VS 67 CSTR, 6L, semi- 
continuous feeding 

M 15 
days 

Davidsson 
et al. (2008) 

Primary sludge þ
WAS from WWTP in 
Malmo, Sweden 

Grease trap sludge 325 mL/ 
gVSadded 

681 mL/ 
gVSadded 

60% VS 110 Batch BMP tests M – 

Wang et al. 
(2013) 

Thickened WAS from 
WWTP in Durham, 
NC 

Grease interceptor 
waste 

180 mL/ 
gVSadded 

752 mL/ 
gVSadded 

65% VS 318 CSTR, 8L, semi- 
continuous feeding 

M 20 
days 

Alqaralleh 
et al. (2018) 

Thickened WAS from 
WWTP in Gloucester, 
Canada 

FOG from organic 
resources 
management Inc. 

235.4 mL/ 
gVSadded 

576.5 mL/ 
gVSadded 

70% VS 145 Dual stage CSTR, 
2.5L, semi- 
continuous feeding 

Hyper 
T/T 

15 
days 

FDW-0.5 
(present 
study) 

Thickened WAS from 
WWTP in Guilin, 
China 

FDs from a grease 
interceptor 

170.4 mL/ 
gVSadded 

685.7 mL/ 
gVSadded 

85% VS 302 Batch BMP tests M –  

a % increase ¼ (methane production with FOG or FD addition)/(methane production with sludge)*100%. 
b M, mesophilic (~35 �C); T, thermophilic (~55 �C). 

Fig. 3. Bacterial community dissimilarity of inoculum, WAS, and biomass samples from co-digestions applying principal coordinates analysis (PCoA) based on 
weighted (a) and unweighted (b) UniFrac distances. Inoculum and WAS were samples collected before anaerobic co-digestion. Blank (inoculum after incubation), 
FDW-0.25, FDW-0.5, and FOGW-0.5 were all collected at the end of incubation. Triplicates are shown in the same color. (For interpretation of the references to color 
in this figure legend, the reader is referred to the Web version of this article.) 
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Overall dissimilarities of the bacterial communities are shown in prin
cipal coordinate analysis (Fig. 3), and show high reproducibility in 
triplicate samples. Apart from the inoculum and WAS, bacterial com
munities of the blank (inoculum only, at the end of incubation), FDW- 
0.25, FDW-0.5, and FOGW-0.5 were clustered together (Fig. 3a), 
showing a not significant dissimilarity among them based on the 
quantitative measure of β diversity using weighed UniFrac. Based on the 
qualitative β diversity measure, high similarity was found among the 
communities of FDW-0.25, FDW-0.5, and FOGW-0.5, while the com
munity of the blank was significantly different (Fig. 3b), suggesting that 
the addition of WAS was the cause of the dissimilarity of bacterial 
communities in the blank and the FOG/FD co-digestions. The results 
(Fig. 3a and b) indicate that the addition of co-substrates did not lead to 
a significant change in the bacterial community after 42 days of co- 
digestion, though new species were introduced by the addition of WAS. 

Twenty of the most abundant OTUs, with relative abundance �1.5% 
in all tested samples, were detected in bacterial community analysis 
(Fig. 4). At the phylum level, Proteobacteria, Firmicutes and Bacter
oidetes were dominant in the blank, FDW-0.25, FDW-0.5 and FOGW- 
0.5, while the inoculum was dominated by Nitrospirae, Proteobacteria 

and Bacteroidetes, and the WAS was dominated by Bacteroidetes, Pro
teobacteria and Chloroflexi. Firmicutes were at a higher relative abun
dance in FOGW-0.5 (19.4%) and FDW-0.5 (18.2%) than in FDW-0.25 
(4.0%). The most abundant OTU in FOGW-0.5 and FDW-0.5 was 
assigned to order Clostridiales belonging to Firmicutes, which have been 
found widely in anaerobic digesters, involved in diverse fermentation 
pathways (Wirth et al., 2012), and contributing to the anaerobic 
biodegradation of LCFAs (Ma et al., 2015; Sousa et al., 2009). Rom
boustsia and Terrisporobacter, as the identified genera in Firmicutes that 
may participate in converting short-chain fatty acids to acetate (Ger
ritsen et al., 2014; McIlroy et al., 2017), were also at a higher abundance 
in FOGW-0.5 and FDW-0.5 than in FDW-0.25. Bacteroidetes were 
enriched the most in FDW-0.25 (17.3%), followed by FDW-0.5 (13.2%), 
and FOGW-0.5 (11.5%), which can synthesize various lytic enzymes to 
degrade many types of organic compounds and produce acetate under 
anaerobic conditions (Kurade et al., 2019). Proteobacteria, which 
include fermenting species (e.g., Gammaproteobacteria), syntrophic 
species (e.g., Syntrophaceae) and exoelectrogenic species (e.g., Geo
bacter), were highly enriched in FDW-0.25 (26.5%) and FDW-0.5 
(19.0%). Members in class Gammaproteobacteria can degrade 

Fig. 4. Bacterial community structures of inoculum, WAS, and biomass samples collected from the blank, FDW-0.25, FDW-0.5 and FOGW-0.5 at the end of 
experimental period. 
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complex organic matter and utilize several VFAs (Kurade et al., 2019; 
Yang et al., 2014) and species in Stenotrophomonas are responsible for 
the hydrolysis and fermentation of organic compounds (Ma et al., 2015). 
Although a low abundance of fermenters affiliated with Firmicutes was 
found in FDW-0.25, the fermentation of LCFAs may not have been 
impeded due to the higher relative abundance of OTUs assigned to order 
Bacteroidales affiliated with Bacteroidetes, class Gammaproteobacteria 
and Stenotrophomonas. 

The conversion of LCFAs to methane involves a syntrophic partner
ship between acetogenic β-oxidizing bacteria and methanogenic archaea 
(Sousa et al., 2009; Ziels et al., 2017). All of the isolated bacterial species 
known to β-oxidize LCFAs syntrophically belong to two families of 
Syntrophomonadaceae and Syntrophaceae (Sousa et al., 2009; Ziels et al., 
2017). In this study, only two OTUs assigned to the family Syntrophaceae 
were detected with a relative abundance greater than 1.5%. However, 
the total relative abundances of OTUs within the family Syntrophomo
nadaceae were 0.15%, 0.52%, 2.34% and 3.23% in the blank, FDW-0.25, 
FDW-0.5 and FOGW-0.5, respectively. For the typical β-oxidizing genus 
Syntrophomonas belonging to Syntrophomonadaceae, the total relative 
abundances were 0.12%, 0.37%, 2.12%, and 1.97% in the blank, 

Fig. 5. Archaeal community structures of inoculum, WAS, and biomass samples collected from the blank, FDW-0.25, FDW-0.5 and FOGW-0.5 at the end of 
experimental period. 

Fig. 6. Relative abundance of Geobacter in bacterial community and Meth
anosaeta in archaeal community in inoculum, WAS, blank, FDW-0.25, FDW-0.5, 
and FOGW-0.5. 
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FDW-0.25, FDW-0.5 and FOGW-0.5, respectively. Significantly higher 
relative abundances of Syntrophomonas were observed in FDW-0.5 and 
FOGW-0.5 than in the blank. Though the relative abundance of Syntro
phomonas in FDW-0.25 was higher than that in the blank, it was 
significantly lower than that in FDW-0.5, which may be due to the 50% 
lower initial loading of FDs (gVS) and a lower amount of FDs left in 
FDW-0.25 than in FDW-0.5 at the end of incubation. This suggests a 
positive correlation between the amount of FDs and the growth of 
Syntrophomonas. With respect to Syntrophaceae, the scenario is different. 
The total relative abundances of OTUs affiliated with the family Syn
trophaceae were 6.57%, 7.17%, 6.78%, and 5.85% in the blank, 
FDW-0.25, FDW-0.5 and FOGW-0.5, respectively. For the typical 
β-oxidizing genus Syntrophus, the total relative abundances were 0.32%, 
0.27%, 0.32% and 0.31% in the blank, FDW-0.25, FDW-0.5 and 
FOGW-0.5, respectively. No significant difference was observed be
tween the blank and co-digestions in terms of the relative abundance of 
Syntrophus/Syntrophaceae. These results are consistent with the previous 
observation that FOG co-digestion resulted in significant growth of 
Syntrophomonas but limited change in levels of Syntrophus (Ziels et al., 
2016). 

Geobacter, a participant in direct interspecies electron transfer 
(DIET), was highly enriched in FDW-0.25, followed by FDW-0.5 and 
FOGW-0.5. DIET as an alternative to interspecies H2/formate transfer in 
anaerobic digestion has been suggested by the finding that Methanosaeta 
can make direct electrical connections with Geobacter, accepting elec
trons to reduce carbon dioxide for methane production (Lovley, 2017; 
Rotaru et al., 2014). The possible occurrence of DIET in FDW-0.25, 
FDW-0.5 and FOGW-0.5 is supported by three observations: 1) The 
relative abundance of Methanosaeta was significantly higher than that of 
other methanogens in the archaeal community analysis (Fig. 5); 2) The 
relative abundance of Geobacter was positively correlated with that of 
Methanosaeta (Pearson’s coefficient ¼ 0.97; Fig. 6); 3) A higher relative 
abundance of Geobacter and Methanosaeta in the microbial community 
resulted in higher percentage of methane in the biogas as the average 
methane percentages of biogas were 81%, 78% and 76% in FDW-0.25, 
FDW-0.5 and FOGW-0.5, respectively. In addition to Methanosaeta, 
hydrogenotrophic Methanobacterium, Methanolinea, and Methanospir
illum were found abundantly in FDW-0.25 (22.6%), FDW-0.5 (28.3%) 
and FOGW-0.5 (32.8%) (Fig. 5), indicating the occurrence of 
H2-consuming methanogenesis in FOG/FD co-digestions. Nevertheless, 
the lower abundance of hydrogenotrophic methanogens in FDW-0.5 
than in FOGW-0.5 suggested that the enhanced methane production in 
FDW-0.5 might not be all due to H2-consuming methanogenesis. In 
addition, Methanobacterium and Methanospirillum, as the syntrophic 
partners with Syntrophomonas species for LCFA degradation (Sousa 
et al., 2009), were slightly lower in FDW-0.5 (20.6%) than in FOGW-0.5 
(24.3%), suggesting that the partnership between syntrophic bacteria 
and hydrogenotrophic archaea for LCFA degradation might not be the 
major reason for the enhanced methane production in FDW-0.5 
compared to FOGW-0.5. Comparing FDW-0.25 and FOGW-0.5 also re
sults in the same conclusion, that hydrogenotrophic methanogenesis and 
the partnership between syntrophic bacteria and hydrogenotrophic 
archaea for LCFA degradation do not fully explain the similar cumula
tive methane production. It is possible that the higher relative abun
dance of Geobacter led to a higher level of DIET, explaining the higher 
methane production in FDW-0.5 than in FOGW-0.5. DIET may also 
explain why there was a similar methane production in FDW-0.25 and 
FOGW-0.5, even though the COD loading was lower in FDW-0.25. This is 
in line with a previous finding that the bioaugmentation of Geobacter 
species accelerated methane production significantly in a system with 
acetate as substrate and Methanosaetaceae as dominant archaea (Zhang 
et al., 2018). Without conductive materials, the growth of mixed-species 
cellular aggregates promoted DIET in upflow anaerobic sludge blanket 
digesters (Lovley, 2017; Morita et al., 2011; Rotaru et al., 2014; Shrestha 
et al., 2014); this raises the possibility that the aggregation of micro
organisms on FDs enhanced electron transfer through electrically 

conductive pili of Geobacter in the aggregates. These lines of evidence 
are indirect and preliminary, and the possible role of DIET in these 
systems need to be studied further. Additional research on the role of 
Geobacter in FD and FOG co-digestion is needed to understand the 
possible significance and impact of DIET. The limitations of DNA-based 
analysis in inferring function from phylogeny are well known and the 
results should be interpreted with caution. Nevertheless, the results 
provide an emerging picture of the advantages of, and possible mecha
nisms explaining, FD co-digestion leading to enhanced methane pro
duction rate and ultimate methane production. 

4. Conclusions 

Substantial enhancement of methane production was achieved by 
anaerobic co-digestion of WAS with FDs at an optimal S/I ratio range 
between 0.25 and 1.2, which is a wider range than that reported for FOG 
co-digestion. Under the same organic loading (gVS, S/I ¼ 0.5) when the 
COD loading of FOG was 2 times higher than that of FDs, different 
patterns of daily methane production were observed and significantly 
higher cumulative methane production (10.2%) was obtained in FD co- 
digestion than in FOG co-digestion at the end of 42 days of incubation. 
When the organic loading (gVS) in FD co-digestion was reduced to half 
(S/I ¼ 0.25) of that in FOG co-digestion (S/I ¼ 0.5), no significant dif
ference in ultimate methane production was observed after 42 days of 
incubation. Although the dissimilarity of bacterial communities of the 
biomass samples collected from FD co-digestion and FOG co-digestion 
was not significant, the relative abundance of Geobacter species was 
significantly higher in FD co-digestion, indicating the possible role of 
DIET in FD co-digestion. It is possible that the bond between calcium and 
LCFAs in FDs prevented LCFAs from releasing and causing inhibition of 
the methanogens, resulting in a wider loading range possible for FDs 
than for FOG. Further investigation on the nature and mechanisms of the 
release of LCFAs from FDs and the aggregation of microorganisms and 
possible DIET on FDs is needed to understand FD co-digestion, and 
provide insights on FOG pretreatment with calcium addition to improve 
anaerobic co-digestion. 
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