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Effect of bioaugmentation combined with activated charcoal on the 
mitigation of volatile fatty acids inhibition during anaerobic digestion 
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A B S T R A C T   

Volatile fatty acids (VFAs) accumulation is a common problem in anaerobic digestion, which is constraining the 
process. In this study, bioaugmentation was initially adopted as a measure to tackle the acidification problem in a 
continuous anaerobic digester. However, after bioaugmentation stopped, the promotive effect of bio-
augmentation was hard to sustain. In comparison, the combination of bioaugmentation and Activated charcoal 
(AC) enabled a better reactor performance. The positive impact of AC on recovery from acidification in 
sequential batch reactors was thus investigated by feeding either propionate or acetate. The results implied that 
the addition of AC significantly increased the degradation rate of propionate, thus accelerating the biogas pro-
duction rate (104 ~ 371%). Moreover, the role of AC is mainly in the immobilization of microorganisms to form 
bio-AC owing to AC’s physical characteristics (high-surface-area and large number of pores enables adsorption of 
microorganisms). The biofilms on the AC decreased the distance between the microbes and delayed the washout 
effect of microorganisms, enabling a longer-lasting effect of bioaugmentation. The 16S-rRNA analysis showed 
that the addition of AC led to the enrichment of syntrophic microbial guilds (syntrophic VFAs oxidizing bacteria 
and hydrogenotrophic methanogens). The potential function analysis (PICRUSt2) indicated the significant 
enhancement of formylmethanofuran dehydrogenase (EC 1.2.7.12) and coenzyme F420 hydrogenase (EC 
1.12.98.1) by AC. The results suggested that the addition of AC promoted interspecies electron transfer.   

1. Introduction 

Volatile fatty acids (VFAs) are essential intermediates produced in 
the acidogenesis and acetogenesis steps when organic materials are 
degraded in Anaerobic digestion (AD). However, the accumulation of 
VFAs is a common problem in AD systems, which has been frequently 
reported as the main factor affecting the process stability of AD [1,2]. 
The increased concentration of VFAs is caused by an imbalance of 
metabolic activities between the production of VFAs in the acido-
genesis/acetogenesis phase and the consumption of acetate in the 
methanogenesis phase [3]. Specifically, many factors such as the change 
of pH, temperature, organic material overload, Hydraulic retention time 
(HRT) [4,5], and high ammonia concentration [6,7] could cause this 
metabolic imbalance. High concentrations of VFAs are toxic to 

microorganisms in AD, reflected by a low methane yield [8,9]. There-
fore, keeping VFAs levels low is of considerable importance for optimal 
AD performance. 

Acetic acid (HAc) and propionic acid (HPr) are the most critical VFAs 
in AD. The conversion of HAc to biogas relies on two pathways. Ace-
toclastic methanogens (AM) use the thermodynamically most favorable 
(ΔG0′

= − 31 KJ/mol) pathway and directly convert acetate into CO2 and 
CH4. While hydrogenotrophic methanogens (HM) use Syntrophic ace-
tate oxidation (SAO) with a ΔG0′

of 104.6 KJ/mol coupled with methane 
formation from H2 and CO2. In the metabolism of HPr, the Syntrophic 
propionate oxidation (SPO) is thermodynamically unfavorable (ΔG0′

=

76.1 KJ/mol). In SAO and SPO, both HAc and HPr are oxidized to CO2 
and H2 and subsequently converted into methane by HM [9]. Therefore, 
the degradation of HPr is only possible when the intermediate products 

Abbreviations: VFAs, volatile fatty acids; AM, acetoclastic methanogens; HM, hydrogenotrophic methanogens; SAO, syntrophic acetate oxidation; SPO, syntrophic 
propionate oxidation; HAc, acetic acid; HPr, propionic acid; AC, activated charcoal; IET, interspecies electron transfer; DIET, direct interspecies electron transfer; 
HRT, hydraulic retention time; TA, total alkalinity; ZVI, zero valent iron; Rmax, maximum biogas production rate; PICRUSt, Phylogenetic Investigation of Com-
munities by Reconstruction of Unobserved states; CSTR, Continuous stirring tank reactor. 
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(HAc and H2) are kept at low concentrations and are removed efficiently 
by the methanogens [10,11]. 

Recently, researchers have developed some remedies to avoid and 
overcome VFAs inhibition. In principle, the operator should stop feeding 
the reactor to restore the AD system’s ecological function via self- 
recovery of microorganisms [1,12]. However, this method requires a 
long recovery time and thus is unacceptable in full-scale applications 
due to economic loss and retardation of waste disposal [1,12]. Alter-
natively, bioaugmentation, additives, pH adjustment, and other tech-
nologies have been applied to effectively overcome VFAs inhibition 
[4,5,11,13]. As mentioned above, the leading cause of VFAs inhibition is 
the imbalance between VFAs-producing bacteria and VFAs-utilizing 
bacteria/archaea in response to stress conditions or the presence of 
substrates that are converted into VFAs too fast [14]. Therefore, adding 
robust microorganisms (bioaugmentation) could be a quick and efficient 
way to overcome VFAs inhibition. 

Bioaugmentation is a method that introduces additional microor-
ganisms with specific functions into AD systems intending to improve 
the performance of AD [14]. It has been used to recover reactors from 
organic overload [15], improve the cellulose digestion rates [16], 
decrease the lag phase during the start-up period [17], increase methane 
production from an ammonia-rich substrate and overcome propionate 
inhibition [13,18] (Table 1). Despite the merits of bioaugmentation, the 
main concern regarding bioaugmentation arises as well. Specifically, in 
a continuous AD system, the injected bioaugmentation is probably 
washed out ultimately due to the daily fed-withdraw mode [14]. Thus, 
immobilization of the microorganisms to solid supports could be a so-
lution to retain most of the added microorganism in the reactor. 

Carbon-based material (e.g., Activated charcoal (AC)) has been 
extensively developed for the favor of reactors’ performance (Table 1), 
such as shorter lag phase, quicker CH4 generation rate, faster VFAs 
utilization [19]. One potential benefit of AC is the high-surface-area and 
porous structure for aggregating microbes [19-21]. The adsorbed mi-
crobes could form bio-activated charcoal (bio-AC), which promotes 
microbial growth and aids in the retention of biomass in reactors 
[22,23]. Additionally, AC has high electrical conductivity and can serve 
as an electron acceptor for anaerobic respiration [22,24]. In other 
words, AC might enhance direct interspecies electron transfer (DIET) in 
AD and accelerate microbial metabolism [22]. Thus far, the DIET 
pathway has been shown only in pure cultures of Geobacter and Meth-
anosaeta/Methanosarcina [25,26]. However, in complex AD systems, no 
clear evidence was obtained to prove the existence of DIET. Therefore, 
the function of AC in a complex AD system requires more investigation. 
Moreover, studies on bioaugmentation coupled with the application of 
carbon-based material are still rare and described only batch mode 
operation [27]. Thus, the combined effect of bioaugmentation and AC in 
the continuous reactors requires elaborate investigation. 

Here, we evaluated the combination of bioaugmentation and AC in 
continuous and batch reactors. The aims of this research were: 1) to 
investigate the role of AC in the retention of the bioaugmented biomass 
and recovery of the VFAs-inhibited reactor; 2) to further study the effect 
of AC on the degradation of acetic acid and propionic acid in AD. The 
16S-rRNA sequence analysis was applied to identify the microbial 
community. The biological processes and the putative metabolic path-
ways were deduced by the PICRUSt2 method. 

2. Materials and methods 

2.1. Continuous experiment 

2.1.1. Bioaugmentation dosage 
The bioaugmentation dosage used in the continuous experiment has 

been cultivated through a sequential batch reactor fed with HAc and HPr 
for 5 phases (70 days). The total solid (TS) of the bioaugmentation 
dosage was 2.58 ± 0.02%. The details of the operating conditions and 
biogas production profile were shown in the supplementary materials 

(Figure S1, Table S1). When conducting bioaugmentation, the bio-
augmentation dosage was taken from the reactor using a sterilized sy-
ringe and was immediately injected into the continuous reactors. 

2.1.2. Experimental set-up and procedure 
Two identical continuous stirring tank reactors (CSTR; Reactor 1 

(R1) and Reactor 2 (R2)) were used. Both reactors had 2.2 L and 1.7 L 
total and working volume, respectively. The operation of the CSTRs 
followed a fed-withdraw mode. Namely, a certain amount of effluent 
was discharged prior to an equal amount of fresh medium fed in the 
reactors. The reactors were initialized by anaerobic sludge taken from a 
full-scale anaerobic digester fed with aerobic sludge from a wastewater 
treatment plant (Garmerwolde, The Netherlands). The temperature of 
the reactors was kept at 37 ± 1℃ with a stirring rate of 100 rpm. Before 
the introduction of bioaugmentation and/or AC, both reactors have been 
run for half a year with glucose (6.8 g/L) as the feeding substrate. To 
maintain the well-functioning of microorganisms, the additional min-
eral solution was introduced as follows (per liter distilled water): NH4Cl 
2.0 g/L, K2HPO4⋅3H2O 3.6 g/L, KH2PO4 2.8 g/L, NaHCO3 5.0 g/L, 1.0 
mL/L of trace metal solution, 1.0 mL/L of Wolfe’s vitamin solution, and 
1.0 mL/L cysteine-sulfide reducing agent (Table S2) [28,29]. However, 
the microbes in both reactors struggled due to VFAs accumulation 
problems (R1, 1013 mg/L HAc, 992 mg/L HPr; R2, 2891 mg/L HAc, 201 
mg/L HPr) (Fig. 1, stage I). 

To solve the VFAs accumulation problem encountered in the re-
actors, bioaugmentation and AC were used to reduce the concentration 
of VFAs and restore the reactors. R1 received the bioaugmentation 
dosage at the beginning of stage II. The bioaugmentation was conducted 
during day 122 ~ 134 with the addition of 35 mL of bioaugmentation 
cultures every other day (7 (times) × 35 mL, which means bio-
augmentation was conducted at day 122, 124, 126, 128, 130, 132, 134). 

Whereas R2 received AC (675326, Sigma-Aldrich, USA) plus bio-
augmentation at the beginning of stage II. Initially, 5 g of AC was added 
at once at day 122, followed by the supplementation of the bio-
augmentation dosage during day 134 ~ 146 (7 (times) × 35 mL, which 
means bioaugmentation was conducted at day 134, 136, 138, 140, 142, 
144, 146). 

The entire experiment lasted for 330 days, with four experimental 
stages, and the HRT stepwise decreased from 50 to 11 days (Table 2). In 
all stages, before removing the daily amount of the reactor liquid, the 
mixing was stopped for 30 min to prevent the washout of microbes as 
much as possible. Then, the upper part of the reactor liquid was 
discharged. 

2.2. Sequential batch experiment 

2.2.1. Inoculum 
The inoculum for the sequential batch experiment was the same as 

the inoculum for initializing CSTRs, as mentioned above. After collec-
tion, the inoculum was stored at 4̊C in air-tight buckets. The inoculum 
was reactivated in an incubator at 37̊C for 30 days to minimize the in-
oculum’s methane production. 

2.2.2. Experimental set-up and procedure 
The sequential batch experiment was conducted to evaluate the ef-

fect of AC on the degradation of VFAs under the same AD condition. The 
sequential batch tests were carried out over 110 days in 7 cycles 
(Table 2). HAc or HPr was used as the primary carbon source. All 
sequential tests were performed in 550 mL serum bottles (500 mL 
working volume) and placed in an incubator (37 ± 1℃) without 
shaking. A volume ratio of 1:1 for inoculum and feeding buffer was 
applied. In total, 12 reactors (triplicates for each condition) were used to 
assess their performance divided into four different groups (non-AC 
group: B1 and B2; AC-contained group: BC1 and BC2). The AC-contained 
groups were supplied with 1.5 g AC (to make the concentration of AC the 
same as in the continuous experiment). The bottles were sealed with a 
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Table 1 
Summary of the studies reporting the enhancement of methane production by bioaugmentation and carbon-based material.  

Additive Problems of 
reactor 

Substrate Reactor Bioaugmentation seed / 
carbon material 

Effects Cons Reference 

Bioaugmentation Ammonia and 
propionate 
inhibition 

Sodium 
propionate 
synthetic 
wastewater 

Semi-CSTR 
HRT 15 days 

HPr-degrading 
bioreactorMethanosaetaceae 
90% 

CH4 recovery rate 
enhanced 21%, 
HPr degradation rate 
improved 51% 

Large dosage 
Daily added 
Long time 20 ~ 45 
days 

[13]  

High C/N ratio 
feedstock 

Artificial 
feedstock 

Semi-CSTR 
HRT 20 days 

HPr-degrading bioreactor 
Methanothrix 53 ~ 70% 
Methanoculleus 10 ~ 25% 

CH4 content 24% 
higher, Lower VFAs 
Routine 
bioaugmentation with 
the whole culture had 
the best performance 

Long time 80 days 
Large dosage  

[36]  

Overload Artificial 
food waste 

CSTR 
HRT 20 days 

HPr-degrading bioreactor 
Methanothrix, Methanolinea 

Stable and no VFAs Long time 64 days of 
bioaugmentation, 
large dosage 

[4]  

Overload 
(VFAs inhibition) 

Synthetic 
wastewater 
(glucose) 

Semi- 
continuous 

Photosynthetic bacteria: 
Ectothiorhodospira 

CH4 content recovered 
to 60%, COD decreased 
to 995–2025 mg/L, 
VFAs concentration 
reduced. Restored the 
diversity of microbial 
species 

Alkaline produced 
during recovery, 
which will further 
increase pH in AD 
system 

[5]  

Ammonia lead to 
VFAs inhibition 

OFMSW CSTR M. bourgensis MS2 culture CH4 yield increased by 
21%, 
VFAs decreased by 10%.  

[56]  

Acid 
accumulation 

Artificial 
wastewater 

UASB SFOB and H2/formate- 
scavenging methanogens 

COD removal efficiency 
increased.  

[3] 

Carbon-based 
material 

Unstable 
(overload) 

Food waste Semi-CSTR, 
mesophilic/ 
thermophilic 

Activated carbon (15 g/L) AC enhanced CH4 

production, particularly 
under thermophilic 
conditions. Pathways 
shift from AM to HM. 

Large dosage. 
CH4 yield can’t further 
increase when OLR 
increases. 

[55]  

Unstable 
(overload) 

Synthetic 
wastewater 
(Glucose) 

UASB 
20 ◦C 

Granular activated carbon 
(GAC), 25 g/L 

Improved COD removal 
82%, CH4 yield, and 
SMA, reduce HRT to 
0.25 day. Increase 
functional gene pilA 
expression. 

Large dosage.  [57]  

Slow 
fermentation rate 

Dewater 
wasted 
activated 
sludge 

Batch mode Granular activated carbon (0 
~ 40 g/L) 

Accelerate substrate 
consumption, CH4 yield 
increased by 17.4%  

[43]  

Accelerate 
methanogenesis 
step 

Acetate Batch mode 
35 ◦C 

Granular activated carbon; 
magnetite 2 g/L 

Reduced lag phase, 
activated acetate 
decarboxylation and 
CO2 reduction pathway.  

[41]  

Ammonia 
inhibition + VFAs 
accumulation 

Poultry blood Batch mode 
Semi- 
continuous 
37◦C 

Granular and powdered 
activated carbon 
Surface: 600 and 750 m2/g 

Powdered activated 
carbon resulted in better 
assimilation of C3 ~ C5 
acid forms. 
Adsorption capacity and 
high surface for 
microorganism to 
attach. 

Large dosage. 
Can’t completely 
consume VFAs.  

[58] 

ZVI (zero valent 
iron) + carbon 
based material 

Ammonia 
inhibition 

Activated 
sludge 

Batch mode 
37◦C 

ZVI hybrid with activated 
carbon 

ZVI hybrid with AC 
further shortened lag 
phase. ZVI increased the 
amount of 
Methanosarcina.  

[59] 

Biochar-biofilm as 
bioaugmentation 

Using biochar- 
biofilm as 
inoculum 

HAc Batch mode 
35◦C 

Biochar, 20 g/L The biochar-biofilm 
feasible recycling and 
reuse for 
bioaugmentation. 
Biochar with smaller 
particles promoted 
initiation of 
methanogenesis more 
rapidly than others. 

Large dosage 
Need prepare biochar- 
biofilm 

[60] 

Bioaugmentation 
+ conductive 
materials  

Glucose Batch mode 
30◦C 

Granular activated carbon, 
Biochar, magnetite and 
graphene 

Bioaugmentation and 
conductive materials 
stimulated HM pathway. 
Nanomaterials show 
better performance. 

Pure microorganism 
as bioaugmentation. 
Duration time is too 
short 

[27] 

VFAs inhibition Synthetic 
wastewater 

Bioaugmentaion works 
immediately.AC 

AC still easier to wash 
out when the HRT 

This 
study 

(continued on next page) 
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butyl rubber septum, and the headspace was flushed with nitrogen gas 
for 2 min. After each cycle, 25 mL of reactor content was replaced with 
25 mL feed. 

During cycles 1–6, B1 and BC1 were fed with HAc, and B2 and BC2 
were fed with HPr. In the last cycle (cycle 7), the addition of substrates 
was switched, which meant B1 and BC1 were fed with HPr, while B2 and 
BC2 were fed with HAc (Table 2). The substrates were exchanged in 
cycle 7 to test if the effect of AC on the VFAs degradation could remain 
constant regardless of the substrate. 

2.3. Analytical methods 

The pH was measured with a digital pH meter (H160, Hach, Ger-
many). The total volatile organic acids (TVOAs) and total alkalinity (TA) 
were analyzed by titration with 0.1 N H2SO4 to the endpoints of pH 5.0 

and 4.4 with an auto-titrator (AT1000, Hach, Germany). The VFAs were 
analyzed with high-performance liquid chromatography (HPLC, Agilent 
Technologies 1200 series) equipped with a Bio-Rad Aminex HPX-87H 
300 × 7.8 mm column at 60℃ using 5 mM H2SO4 as eluent and 
detected with a UV-detector at 210 nm. The biogas composition was 
analyzed by gas chromatography (C2V-200 Micro GC, Thermo Scienti-
fic) with a GCC200-U-BND cartridge and a thermal conductivity detec-
tor. The temperature of the column, injector and detector was 60℃, 
120℃, and 120℃, respectively. Helium was used as carrier gas [29]. 

2.4. Scanning electron microscopy 

Samples for Scanning Electron Microscopy (SEM, FEI Nova NanoSEM 
650) analysis were taken from the continuous experiment on day 310. 
Initially, samples were centrifuged for 10 min at 3000 rpm. Hereafter, 

Table 1 (continued ) 

Additive Problems of 
reactor 

Substrate Reactor Bioaugmentation seed / 
carbon material 

Effects Cons Reference 

Bioaugmentation 
+ activated 
charcoal powder 

(glucose, 
HAc, HPr) 

Semi-CSTR, 
Batch 
37◦C 

Bioaugmentation seed: HAc/ 
HPr-degrading reactor 
Activated charcoal (3 g/L) 

enhanced biogas 
production rate, 76% 
and 258% for HAc and 
HPr, respectively. 

decreased to 11 days. 
Granular carbon may 
be better.  

Fig. 1. The performance of the continuous experiment. Bioaugmentation reactor, R1 (A1-A5). Bioaugmentation + AC reactor, R2 (B1-B5). Notes: The digestion 
performance of two continuous reactors in terms of biogas/methane production, VFAs concentration, biogas composition, pH, and the ratio of TVOA/TA. Arrow B: 
addition of bioaugmentation; Arrow AC: addition of activated charcoal. The abscissa of the whole graph is the duration in days. 
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the supernatant was replaced with a 2.5% glutaraldehyde solution for 
fixation during 10 ~ 12 h. Afterward, samples were dehydrated with a 
series of ethanol (10–30-50–70-90–100% (v/v) in water) and then 
washed with a series of tertiary butanol (25–50-75% (v/v) in ethanol) 
for 15 min to remove ethanol, and then transferred to 100% tertiary 
butanol for 30 ~ 40 min. Finally, the samples were freeze-dried for 3 h. 
The samples were fixed to brass sample holders with carbon adhesive 
tape. Samples were spray-coated with gold resulting in a 20 nm thick 
layer. 

2.5. Microbial biofilm analysis 

Fresh samples containing AC were used to analyze biofilm, which is 
rich in extracellular polymeric substances (EPS). Crystal violet 0.1% (w/ 
v) was used to stain the EPS layer in the biofilm on AC and visualized by 
microscopy [30]. 

2.6. High-throughput 16S-rRNA gene sequencing and analysis 

The samples (2 mL) were thawed at room temperature, and total 
DNA was extracted using the FastDNA® Spin Kit for Soil (MP Bio-
medicals, USA) according to the manufacturer’s protocol. The extracted 
genomic DNA was used as a template in the PCR reactions. The V3-V4 
hypervariable region of the 16S-rRNA genes was amplified using the 
primers 338F (5′- ACT CCT ACG GGA GGC AGC AG-3′) and 806R (5′- 
GGA CTA CHV GGG TWT CTA AT − 3′) for Bacteria and using the 
primers 524F10extF (5′- TGY CAG CCG CCG CGG TAA-3′) and 
Arch958RmodR (5′- YCC GGC GTT GAV TCC AAT T-3′) for Archaea. 
Sequencing was carried out on a MiSeq platform at the Majorbio bio- 
Pharm Technology Co., Ltd. (Shanghai, China) [16]. The forward and 

reverse sequence reads were paired, quality-filtered, and chimera 
removed using the QIIME pipeline with RDP classifier. Taxonomy was 
assigned using the Silva (version 138) reference database. 

2.7. Predicated gene expression analysis (potential enzymes analysis) 

Phylogenetic Investigation of Communities by Reconstruction of 
Unobserved States (PICRUSt) was used to predict the functional poten-
tial of the microbial community via marker gene sequencing profiles 
[31-33]. PICRUSt2 has an increased accuracy due to an updated and 
larger database of gene families and reference genomes [34]. The total 
sequencing reads were annotated against the Clusters of Orthologous 
Groups of proteins (COG) and KEGG databases using PICRUSt2 to pre-
dict gene functions [31,34]. The predicted 16S rRNA gene copy numbers 
were used to normalize the relative abundance values. The functional 
profiles of microbial communities were obtained based on their taxo-
nomic composition. The data were analyzed on the online platform of 
Majorbio Cloud Platform (www.majorbio.com). 

2.8. Statistical analysis 

The parameters of gas production kinetics of batch experiment were 
simulated by the Gompertz model. The constants (e.g., maximum biogas 
production rate, Rmax) in the Gompertz model were fixed by a nonlinear 
fitting program in Matlab software (2017). The change of Rmax with 
respect to the control was equal to (Rmax of experiment group) / (Rmax of 
the control group) × 100%. Student t-test was performed to compare 
whether the difference between the two groups was significant, with a p- 
value of < 0.05 indicating statistical significance. Redundancy analysis 
(RDA) was conducted using the R package “vegan”. Through RDA 
analysis, the relationship between sample distribution and environ-
mental factors was illustrated. 

3. Results and discussion 

3.1. Continuous reactors performance 

Fig. 1 shows the digestion performance of two continuous reactors in 
terms of biogas/methane production, VFAs concentration, biogas 
composition, pH, and the ratio of TVOA/TA. 

3.1.1. Stage I: Acidification (day 0–121) 
The running situation of R1 was stable at the beginning (HRT 50 

days), but when the HRT was decreased to 43 days, VFAs started to 
accumulate. HAc began to accumulate, followed by HPr. The concen-
tration of VFAs reached up to 2000 mg/L after one HRT, and the ratio of 
HAc and HPr concentration was 1:1. With the increase of VFAs con-
centration, the pH dropped from 7.23 to 6.9, and CH4 content/yield 
showed a decreasing trend (from 57% to 37% and from 107 to 20 mL, 
respectively). Meanwhile, the ratio of TVOA/TA increased from 0.14 to 
0.64 (Fig. 1, A1-A5). It is generally believed that the optimal ratio should 
be below 0.3 [35]. Thus, these chemical parameters indicated an un-
stable situation of R1 at the end of stage I. 

In R2, VFAs started to accumulate even earlier than R1 (HRT 50 
days), the concentration of VFAs reached up to 3000 mg/L on day 104. 
Different from R1, HAc was the main VFA in R2, accounting for 94% of 
VFAs. Similar to R1, the pH (from 7.1 to 6.9), CH4 content (from 55% to 
45%), and CH4 yield (from 100 to 20 mL) all declined. The ratio of 
TVOA/TA increased from 0.18 to 0.96, which was much higher than R1 
(Fig. 1, B1-B5). Collectively, the poor performance of R1 and R2 in stage 
I indicated that both reactors were subject to VFAs inhibition. One 
explanation for such VFAs shock was the washout of slow-growing mi-
croorganisms, especially in low solid content wastewater treatment 
[14]. To avoid further acidification of the reactors, from day 108 on, the 
daily feed of glucose was halted for 14 days (Fig. 1). 

Table 2 
Experimental set-up.  

Continuous Stages Days HRT(days) DNA 
samples 

R1 R2 R1 R2 
Bioaugmentation seed    C_0 
Stage I (Acidification) 0 ~ 65 50 50   

66 ~ 107 43 50   
108 ~ 121 SF SF C_1 C_5 

Stage II (After adding 
additives) 

122 ~ 177 a 43 50 C_2 C_6 

Stage III (Stable stage) 178 ~ 227 35 35   
228 ~ 255 25 25 C_3 C_7 
256 ~ 288 18 18   

Stage IV (Acidification 
again) 

289 ~ 322/ 
289 ~ 315b 

11 11 C_4 C_8 

323 ~ 333/ 
316 ~ 333c 

SF 15   

Batch Cycles Days Reactors/Substrate d 

B1 BC1 B2 BC2 
1 0 ~ 34 HAc HPr 
2 34 ~ 55 
3 55 ~ 67 
4 67 ~ 79 
5 79 ~ 97 
6 e 97 ~ 111 
7 111 ~ 125 HPr HAc 

Notes: “SF” means to stop feeding. 
a R1 (Reactor 1) added bioaugmentation seed during day 122 ~ 134, and 5 g 

of activated charcoal was added into R1 at day 312; R2 (Reactor 2), 5 g of 
activated charcoal was added at day 122, and then added bioaugmentation seed 
during day134 ~ 146. 

b R1 was during day 289 ~ 322, R2 was during day 289 ~ 315. 
c R1 was during day 323 ~ 333, R2 was during day 316 ~ 333. 
d B1 and B2 were control groups (without activated charcoal), BC1 and BC2 

had activated charcoal. 
e At the end of cycle 6, the DNA samples were taken from the batch experi-

ment. Samples B_1, B_2, B_3, B_4 were taken from reactor B1, BC1, B2, BC2, 
respectively. 
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3.1.2. Stages II and III: Recovery from VFAs inhibition (day 122–288) 
Although the daily feed was stopped to avoid further deterioration, 

the reactors could not recover from VFAs inhibition by themselves. 
Thus, adding external additives into the reactors might help to restore 
their performance. In this case, bioaugmentation and AC were added 
into R1 and R2, respectively, in stage II. 

In R1, 7 (times) × 35 mL of bioaugmentation seed was added from 
day 122 to 134. The biogas production restored immediately, starting 
from the first day of the addition. After stopping bioaugmentation, the 
reactor was stably maintained for around 154 days (day 134 ~ 288). The 
biogas production increased up to 500 mL and stabilized at around 250 
mL at an HRT of 43 days (Fig. 1, A1-A5). In stage II, the CH4 content 

increased to 66% and stabilized at 55%, which was similar to stage I. The 
pH increased to 7.6, which was due to the consumption of VFAs, and 
then fluctuated between 7.2 and 7.5. In addition, the ratio of TVOA/TA 
declined from 0.57 to 0.1 and kept stable around 0.1 ~ 0.2. In this stage, 
only a small amount (<500 mg/L) of HAc remained, which did not affect 
the entire operation. Overall, a prompt positive response brought by 
bioaugmentation can be anticipated when dealing with VFAs accumu-
lation. Firstly, it underlined the role of supplying functional-oriented 
microbes (in our case VFAs utilizing microbes and methanogens) to 
quickly consume VFAs surplus in reactors. Similar observations were 
described as well in other studies [13,36]. Secondly, the recovery of R1 
backed up the hypothesis that the disorder of R1 in stage I originated 

Fig. 2. (A) The degradation pathway of HPr and HAc, (B) Effect of diffusion distance on the flux between the two types of organisms either in suspended or 
aggregated distribution, (C) Electric conduction through carbon-based conduit, (D) Electric conduction through pill/cytochromes, and (E) Diffusive H2 exchange, 
calculation of the flux between the producing and consuming microorganisms. Notes: (B) the two types of models for microorganism, one is equal suspended dis-
tribution, the other one is aggregated distribution attached to AC. (E) The effect of interbacterial distance on the flux of interspecies electron transfer between 
producing (acetogens) bacteria and consuming (methanogens) archaea. 
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from the low biomass amount capable of a fast conversion of generated 
VFAs to biogas. The well-being of R1 lasted until an HRT of 18 days, 
after which R1 again faced VFAs shock and might require remedy other 
than bioaugmentation. 

In R2, 5 g AC was added at day 122, after which the gas production 
increased slightly. The main gas produced during this period was CO2, 
most likely due to the degradation of glucose. The VFAs concentration 
slightly decreased to 2600 mg/L after the AC was added but slowly 
increased to 3000 mg/L afterward. The initial slight decrease of VFAs 
was probably due to the physical adsorption of VFAs to AC, while the 
further increase of VFAs was caused by the limited adsorbing capacity of 
AC [37]. The higher concentrations of VFAs indicated that AC’s initial 
restoring effect was not sustained in R2 in contrast to the bio-
augmentation approach in R1. Therefore, the bioaugmentation dosage 
was also added to R2 from day 134 to 146. Similar to R1, the biogas 
production restored immediately when the bioaugmentation dosage was 
added. The VFAs concentration almost vanished, accompanied by pH 

increasing from 7.0 to 7.56 (Fig. 1, B1-B5). Meanwhile, the ratio of 
TVOA/TA decreased from 0.84 to 0.1 and then kept stable at around 0.1. 
When R2 reached a stable plateau, the HRT was stepwise reduced to 18 
days. The overall performance of R2 was similar to that of R1. However, 
no VFAs were detected during this period, which was different from R1, 
where VFAs were present (<500 mg/L). 

The above-observed phenomenon deserved further illustration. 
Apparently, the addition of the bioaugmentation dosage increased the 
concentration of microbes in the reactor. According to the microor-
ganisms equal distribution model proposed by Bok et al., (2004) 
(Fig. 2B), if the microorganisms distribution exists in the liquid phase, 
the addition of bioaugmentation dosage could increase the density of 
microbes which further decrease the distance between microorganism 
[10,38]. Thus, it further facilitated the process called Interspecies 
electron transfer (IET) (Fig. 2E) and increased the degradation rate of 
VFAs to produce CH4. Besides, the equal distribution of microorganisms 
in bioaugmentation reactor R1 was confirmed by the crystal violet 

Fig. 3. SEM photos of Activated charcoal (A), Microorganisms in R1 after bioaugmentation (B), AC and microorganisms in R2 after the addition of activated charcoal 
and bioaugmentation (C and D), Biofilm stained with crystal violet in R1 (E), Biofilm stained with crystal violet in R2 (F). Notes:The SEM samples were taken from the 
continuous experiment on day 310. Fig. 3D is an enlarged view of the dashed square area in Fig. 3C. The EPS layer of the biofilm surrounding the black activated 
charcoal. (a: activated charcoal particles; b: biofilm; c: coccus-shaped microorganisms; d: filamentous microorganisms; e: rod-shaped microorganisms) (D, E, and F). 
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staining (the stained area is smaller and more scattered) (Fig. 3E). 
In spite of a similar condition in stages II and III for R1 and R2, the 

recovery mechanism might differ greatly. First of all, AC is a kind of 
electrically conductive material [24] that might support DIET (Fig. 2C) 
in AD systems leading to an increased conversion rate of VFAs [22]. 
Meanwhile, AC is an immobilization material with a high capacity to 
adsorb microorganisms due to its high surface area and large number of 
pores (bio-AC) [14]. Under such circumstances, the stained area of R2 
was more significant and aggregated compared with R1 (Fig. 3F). The 
aggregation of the microorganisms in R2 was supported by SEM results 
as well (Fig. 3C and D). Moreover, the roughness of the surface of AC was 
enhanced after bioaugmentation, together with some rod-shaped, 
coccus, and filamentous microorganisms (Fig. 3D). Here, we demon-
strated that the combination of the bioaugmentation dosage and AC 
contributed to the cluster formation in R2 (Fig. 2B) [10]. The formed 
bio-AC could decrease the distance of microorganisms to facilitate the 
IET. Taking into consideration the promotion of AC on DIET, bio-AC 
might heir such dual benefits and outperform individual bio-
augmentation dosage (R1) when HRT further dropped (i.e., 11 days). 

3.1.3. Stage IV: Acidification problem (day 289–333) 
In stage IV, the HRT was decreased to 11 days in both R1 and R2. As a 

result, both reactors accumulated VFAs, which was probably again 
caused by the washout of microorganisms. Individually speaking, R1 
faced a severe VFAs inhibition problem in stage IV, while it just had a 
low concentration of HAc (<500 mg/L) in stage III. Moreover, CH4 
production (from 560 to 50 mL), CH4 content (from 55% to 23%), and 
pH (from 7.3 to 6.6) decreased quickly, and the ratio of TVOA/TA 
increased to 1.3 (Fig. 1, A1-A5). Based on the excellent performance of 
R2 in stages II and III, 5 g of AC was added into R1 (on day 312) to 
recover from the VFAs inhibition. However, the addition of AC was 
unsuccessful because the VFAs concentration still increased. Hence, it 
proved that AC could not restore the VFAs inhibition problem on its own 
immediately. Although the daily feeding (glucose solution) was stopped 
at day 322, the biogas production (75 mL) was still low throughout the 
rest of stage IV. Hence, R1 failed to recover from the VFAs inhibition 
(data not shown). 

For R2, which received the bioaugmentation dosage and AC, an 
apparent delay of VFAs accumulation was observed in stage IV. It has 
been revealed by Wang et al., (2019) that the addition of AC could not 
only delay the occurrence of VFAs accumulation but also alleviate the 
VFAs shock in high organic loading rate AD [39]. In this stage, >90% of 
the total VFAs accumulated as HAc. The gas production, CH4 content, 
and pH showed a minor reduction compared with R1 (Fig. 1). To get rid 
of potential VFAs accumulation, we increased the HRT to 15 days from 
day 316 on, and the reactor performance remained relatively stable. 
After one week, there was no acid detected in R2 (data not shown). 
Therefore, the optimal HRT for R2 fell between 11 ~ 15 days. 

In contrast to R1, the performance of R2 was better at stages III and 
IV, especially for stage IV, suggested by lower VFAs/HPr concentrations 
(Fig. 1). Despite the worse performance of R2 than R1 in stage I, R2 
showed better performance at stages III and IV. The difference between 
R1 and R2 was the introduction of AC in stage II. Compared with bio-
augmentation, AC could not immediately restore a reactor from VFAs 
inhibition. However, it could ‘absorb’ slow-growing methanogens (to 
form bio-AC) to prevent them from being washed out from the reactor. 
The imbalance between different microorganisms (acidogenic/aceto-
genic bacteria and methanogens) was the main reason for the VFAs 
accumulation [3]. The regeneration rate for methanogens is signifi-
cantly lower than other microorganisms in AD, which is the main reason 
for this imbalanced relationship [40]. Besides acting as a ‘shelter’, AC 
might also accelerate the degradation rate of VFAs, especially for HPr 
(Fig. 1). Such assumption would be further elaborated in the sequential 
batch experiments (section 3.2). 

Collectively, the aforementioned results indicated the following 
conclusions. Firstly, bioaugmentation successfully and immediately 

recovered the reactor from VFAs inhibition but only for a limited period. 
The microorganisms provided by bioaugmentation were ultimately 
washed out when HRT decreased. Secondly, AC could not immediately 
recover the reactor from VFAs inhibition. Thirdly, AC could prolong the 
bioaugmentation’s effect by functioning as immobilization support. Its 
high surface area, porosity, and roughness helped the immobilization 
[14]. 

3.2. Vfas degradation in AC-contained sequential batch reactors 

As stated in 3.1, VFAs accumulated less in R2 than in R1 in stage IV, 
implying that AC might help VFAs degradation in AD systems, especially 
for HPr. To further understand the degradation pattern of HAc and HPr 
in the presence of AC in AD, sequential batch experiments were estab-
lished using HAc or HPr as the sole substrates. 

3.2.1. Cycles 1–6 
Fig. 4A and 4B show the accumulated biogas production of various 

cycles (1–6) in the sequential batch system fed with either HAc or HPr. 
In cycle 1, the biogas came from the substrate and inoculum sludge; 
thus, the accumulated biogas yield was higher than other cycles. When 
the daily biogas production became zero, the next cycle started. During 
cycles 1 and 2, the curve of biogas production of the non-AC group and 
AC-contained group was almost the same, indicating that AC had no 
significant effect on biogas production at the beginning. This phenom-
enon supported the results of the continuous experiment where AC had a 
limited impact at the beginning. 

From cycle 3 on, in HAc-added groups, the slope of BC1 was sharper 
than that of B1 (Fig. 4A), indicating that the biogas production rate in 
BC1 was higher than B1. A similar trend was obtained in HPr-added 
groups, with an even more steep curve in BC2 than in B2, especially in 
later cycles (4–6) (Fig. 4B). Such observation indicated that the effect of 
AC on HPr was more evident than on HAc. The stimulative effect of AC 
was further revealed by the maximum biogas production rate (Rmax, 
Gompertz model) (Fig. 4D). The Rmax for the control group slightly 
increased from cycles 2–6, which was around 60 ~ 77 mL/d∙COD for 
HAc and 21 ~ 33 mL/d∙COD for HPr. In comparison, the Rmax for the AC- 
contained group increased from 69 to 142 mL/d∙COD and from 24 to 
115 mL/d∙COD for HAc and HPr, respectively. The enhancement of Rmax 
in the AC-contained group was much higher than that in the non-AC 
group. This phenomenon indicated that AC had a positive effect on 
VFAs degradation (high degradation rate). Similar results were also 
found in a previous study, where acetate was used as the substrate [41]. 
When comparing the relative change of Rmax in HAc and HPr reactors, 
we found that the HPr reactors had higher relative change than HAc 
reactors, especially in cycles 5–6 (Fig. 4E). In addition, the relative 
change of Rmax had an increasing trend from cycle 1 to cycle 6, especially 
in HPr-fed reactors. Such observation indicated that the longer the 
operation time, the more significant effect of AC on HPr degradation. 

3.2.2. Cycle 7 (substrate exchange) 
The acids were switched in Cycle 7 to investigate if the effect of AC 

on the VFAs degradation rate could sustain regardless of the type of acid. 
Meanwhile, such a switch was to test if the effect of AC on VFAs 
degradation was based on the specific microorganisms selected by 
substrates. Hence, the substrates were switched in cycle 7. The time 
required for biogas production for HAc was unchanged (within 5 days) 
(Fig. 4C). However, the time for HPr extended to around 10 days, which 
was much higher than 4 days in cycle 6. Such difference indicated that 
the exchange of substrates did not interfere with HAc degradation but 
significantly impact HPr degradation. Moreover, the Rmax of HAc was 66 
and 132 mL/d∙COD, in the non-AC and AC-contained groups (Fig. 4D), 
which was still increased by 102% through the addition of AC (Fig. 4E). 
The Rmax of the HPr-fed AC-contained group decreased to around 33 
mL/d∙COD, which was similar to the non-AC group and was much lower 
than the AC-contained group in cycle 6. The limited degradation rate of 
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the HPr-fed group can be explained using the degradation pathway of 
HPr (Fig. 2A). Initially, HPr is degraded into HAc and CO2/H2, and then 
methanogens produce CH4 (and CO2) from these intermediates. Since 
the HAc degradation pathway is also present in the HPr degradation 
reactor, the degradation rate of HAc did not change a lot in B2 and BC2 
during cycle 7. However, when HPr was used as the substrate in B1 and 
BC1 in cycle 7, due to the absence of HPr oxidation in HAc degradation 
process (Fig. 2A), little SPO bacteria were present. The low amount of 

SPO bacteria in B1 and BC1, which cause the oxidation of HPr into HAc 
became the rate-limiting step [42]. Thus, the existence of AC is not 
inevitable for improving VFAs degradation rate/CH4 production rate, 
unless the corresponding microbial species were present as well. Such 
observation also highlighted the advantage of bio-AC instead of 
individuals. 

The appearance time of the highest amount of HAc in cycle 4 was 
earlier than that in cycle 7 in HPr-fed reactor (Fig. 5). The low 

Fig. 4. Accumulated biogas production in the sequential batch system (cycle 1–6) fed with acetic acid (A) and propionic acid (B), and cycle 7 (C). Maximum biogas 
production rate (Rmax) of different reactors in each cycle (D). Relative change of maximum biogas production rate (Rmax) in the experiment group with respect to the 
control group of different cycles (E).Notes: Rmax is the maximum biogas production rate, obtained from the Gompertz model. 
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conversion rate in cycle 7 indicated that the positive effect of AC on HPr 
degradation was limited when SPO bacteria were not present in suffi-
cient amounts. Previous studies concluded that AC could promote DIET 
during VFAs degradation with a prominent role for SPO bacteria 
[43,44]. However, if SPO bacteria are not present, AC by itself cannot 
stimulate the degradation of HPr. So far, hardly any evidence was found 
to prove that DIET exists between SPO bacteria and methanogens in 
mixed communities. In pure cultures, DIET was confirmed between 
Geobacter and Methanosaeta or Methanosarcina [25,26]. In a number of 
publications, we found that syntrophic bacteria were enriched by AC 
[20,44,45]. Therefore, it was concluded that AC promoted IET by 
enriching syntrophic bacteria and decreasing the interbacterial distance 
to increase interaction, which will be further demonstrated in section 
3.3. 

3.3. Microbial community analysis 

The microbial communities of 13 samples were taken from the bio-
augmentation dosage reactor (C_0), reactors R1 and R2 (C_1 ~ C_8), and 
the sequential batch reactors (B_1 ~ B_4, cycle 6). Sample C_1 and C_5 

were taken before the addition of bioaugmentation dosage (R1) or 
bioaugmentation plus AC (R2) during the acidification stage I. Sample 
C_2 and C_6 (C_3 and C_7) were taken after bioaugmentation/AC during 
the stable stages II and III, at different HRT. Sample C_4 and C_8 were 
taken at the acidification stage IV (Table 2). 

3.3.1. Comparison of community diversity in the continuous reactors 
The alpha diversity of Bacteria and Archaea are represented using 

the richness index (Chao), evenness index (Shannoneven), diversity 
index (Shannon), and Coverage index (Coverage) (Table 3). The bio-
augmentation dosage had the highest alpha diversity indices among 
these 13 samples, both in the Bacteria and Archaea categories, indi-
cating the competence of bioaugmentation microbes. The richness index 
of samples C_2 and C_6 was higher than that of C_1 and C_5, suggesting 
that bioaugmentation/AC could increase the species richness. When the 
reactors became acidified again at low HRT, the diversity decreased as 
well. Thus, the small amount of bioaugmentation cannot compensate for 
the loss of functional microbes washed at low HRT. 

Fig. 5. VFAs concentration and accumulated biogas production of the batch experiment during cycle 4 (A-D) and cycle 7 (E-H) in different reactors.  
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3.3.2. Microbial community in the continuous reactors 
Phyla Actinobacteriota and Thermotogota were dominant in R1, 

while phyla Firmicutes and Actinobacteriota were dominant in R2 
during the whole process (Fig. 6A). To date, no significant difference 
was identified between samples from the same reactors. As for the bio-
augmentation dosage, Firmicutes and Bacteroidota were the main phyla, 
containing the most identified species of acidogenic bacteria [42]. After 
adding bioaugmentation seed into continuous reactors, the relative 
abundance (RA) of Bacteroidota increased, especially in R2. Hence, the 
addition of AC could help to retain the microorganisms in the reactor. 

Unlike bacteria on phylum level, more apparent differences were 
distinguished between two reactors on genus level (Fig. 6B). Fastid-
iosipila was the main genus in the bioaugmentation dosage (12.2%) and 
could contribute to HAc and HPr degradation. Fastidiosipila had a higher 
RA in sample C_6 (3.8%) than in the other samples. A similar trend was 
found for norank_c_Dojkabacteria, norank_f_Prolixibacteraceae, and Smi-
thella. These microorganisms are members of the acidogenic/acetogenic 
population. It is noteworthy that some of these microbes were not 
detected in samples C_1 and C_5. Their presence in the other samples 
indicated that these microbes originated from the bioaugmentation 
dosage. Furthermore, a higher RA of these bacterial genera in R2 than in 
R1 suggested that AC contributed to retaining these genera, possibly in 
biofilms on the AC particles. Their higher RA was one of the reasons why 
the performance of R2 was better than R1. However, the size of the AC 
particles (powder form) used in this study is relatively small, leading to 
limited retention of the particles when the HRT was further decreased to 
11 days. Although stirring of the reactors was stopped 30 min before 
taking samples, the effluent still contained some AC particles (the TS of 
R2 is higher than R1, 1.17% vs. 1.08%). Thus, the addition of larger AC 
particles might be an option to prevent this washout effect at lower HRT. 

On the other hand, it is worth mentioning that Pelotomaculum, a 
typical SPO bacterium [46,47], was found higher in R2, especially in 
sample C_6 (3.5%), but was not detected in the bioaugmentation dosage 
(Fig. 6B). Thus, the increase of Pelotomaculum was mainly due to the 
addition of AC. The higher RA of Pelotomaculum in R2 could be the 
reason why low HPr was detected in stage IV. Therefore, AC could also 
stimulate the enrichment of syntrophic bacteria in R2 that were already 
present in low amounts. 

HRT is an important parameter that affects the microorganism 
community [48]. Together with bioaugmentation/AC, the HRT is still 
decisive in controlling the microbial community in this study. For the 
bacterial community, one unidentified genus from the family Propioni-
bacteriaceae increased in both reactors R1 and R2 when the HRT 
decreased (Fig. 6B). Propionibacteriacea have been reported to synthesize 
HPr and HAc from glucose [49] and may contribute to VFAs 

accumulation at low HRT. On the contrary, the RA of the acidogenic/ 
acetogenic bacteria Defluviitoga and Aneurinibacillus [46,50] decreased 
at lower HRT. 

There is no apparent difference for the archaea after bio-
augmentation/AC in continuous reactors (Fig. 6C). The bio-
augmentation/AC did not significantly affect the structure of the 
archaeal community, but the change in HRT did. When the HRT 
decreased, the RA of Methanoculleus increased, while the RA of Meth-
anosaeta and Methanobacterium decreased (Fig. 6C). At low HRT, the 
acetoclastic methanogens (Methanosaeta) were more easily washed out, 
while the hydrogenotrophic methanogens become dominant at low HRT 
[48]. 

Collectively, the results indicated that in both continuous reactors 
receiving bioaugmentation dosage or bioaugmentation plus AC did not 
significantly affect microorganisms. Presumably, the injected bio-
augmentation dosages were too small to change the indigenous micro-
bial community, despite these bioaugmented microbes converted 
surplus acids to biogas, as described in previous research [14,51]. Thus, 
a constant supply of bioaugmentation might be necessary to make an 
apparent modification of indigenous microbes [52,53]. In this study, 
although the bioaugmentation/AC did not significantly change the mi-
crobial community in the continuous reactors, the Chao index increased 
after the addition, especially for Bacteria in R2. Thus, the performance of 
R2, which received bioaugmentation plus AC was better than that of R1. 

3.3.3. Microbial community in the sequential batch reactors 
Compared with continuous reactors, HRT imposed almost no influ-

ence on the sequential batch experiment. Thus, AC and the feedstock 
composition determined the main differences in microbial composition. 
The archaeal and bacterial community compositions in the sequential 
batch reactors at the end of cycle 6 are shown in Fig. 6. The non-AC 
group and AC-contained reactors shared dominant phyla/genera in 
both bacterial and archaeal communities. 

In the bacterial community, lots of evenly distributed genera were 
found. Smithella (4.3%~9.9%), one unidentified genus in the class D8A- 
2 (6.3%~16.7%), and one genus in the phylum Firmicutes (4.4% 
~9.8%) had higher RA than other bacteria. Moreover, the syntrophic 
VFAs oxidizing bacteria (W5, Cryptanaerobacter, Smithella, Longilinea) 
(Table 4) significantly increased in the AC-contained reactors (BC1 and 
BC2), together with the hydrogenotrophic methanogens. Due to the 
degradation pathway of VFAs, there is a syntrophic relationship between 
VFAs oxidizing bacteria and HM [9]. These microorganisms usually 
aggregate in reactors and may attach to the surface of AC, decreasing the 
distance between these species and further enhancing IET. Therefore, 
the RA of syntrophic VFAs oxidizing bacteria (14 ~ 18%) and hydro-
genotrophic methanogens (53 ~ 94%) was higher in AC-contained re-
actors, especially in the HPr-fed reactor (Table 4). 

As for the DIET pathway, it is difficult to prove its existence by the 
presence of microorganisms only. The confirmed DIET indicator bacte-
rium, Geobacter [26], was not detected in our reactors. However, a 
higher RA of Methanosarcina in the AC-contained reactors might some-
how back up the presence of DIET, but the absence of a corresponding 
electron donor microorganism like Geobacter weakened this statement. 
Similar findings have also been reported elsewhere [45]. If DIET was 
promoted in the AC-contained reactors, other microorganisms than 
Geobacter might participate in DIET, which remains unclear [45]. Hence, 
we could confirm that AC promoted the IET pathway in reactors. While 
more evidence might be required to at least identify the cooperative 
bacteria (e.g., syntrophic VFAs oxidation bacteria) other than Geobacter 
to prove the existence of the DIET pathway. 

3.3.4. Student’s t-test in the sequential batch experiment 
A student’s t-test was conducted to test if the effect of AC on the 

microbial structure was statistically significant [44]. Four samples from 
the batch experiment were divided into two groups, namely the non-AC 
group (B_1 and B_3) and the AC-contained group (B_2 and B_4). In this 

Table 3 
The alpha diversity of different samples from reactor R1 and R2.   

Samples Richness 
(Chao) 

Evenness 
(Shannoneven) 

Diversity 
(Shannon) 

Coverage 
(Coverage) 

Bacteria C_0  1532.916  0.654  4.656  0.993 
C_1  298.556  0.327  1.719  0.998 
C_2  474.044  0.360  2.102  0.996 
C_3  553.064  0.440  2.555  0.997 
C_4  414.138  0.385  2.108  0.998 
C_5  328.714  0.477  2.567  0.998 
C_6  910.500  0.473  3.042  0.996 
C_7  675.667  0.496  2.995  0.996 
C_8  472.961  0.431  2.490  0.997 

Archaea C_0  132.250  0.523  2.493  1.000 
C_1  77.750  0.345  1.455  1.000 
C_2  93.250  0.314  1.371  1.000 
C_3  62.250  0.377  1.525  1.000 
C_4  110.909  0.463  2.116  1.000 
C_5  53.625  0.479  1.882  1.000 
C_6  87.375  0.431  1.867  1.000 
C_7  89.111  0.422  1.815  1.000 
C_8  82.333  0.388  1.532  0.999  
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way, microorganisms that were influenced by the addition of AC could 
be easily identified. The statistical analysis based on 16S rRNA results is 
presented in Fig. 7. The presence of 3 bacterial phyla (Cloacimonadota, 
Verrucomicrobiota, and Gemmatimonadota) and 5 bacterial genera 
(norank_c_D8A-2, W5, Lentimicrobium, norank_f_Comamonadaceae, and 
norank_o_Cloacimonadales) were significantly (p < 0.05) influenced by 
the presence of AC. The RA of the genera norank_c_D8A-2, Lentimi-
crobium, and norank_f_Comamonadaceae decreased after the addition of 
AC. On the contrary, the RA of W5 and norank_o_Cloacimonadales 
increased after AC addition. According to the phylogenetic tree analysis, 
these two microorganisms were much alike (Figure S3). Therefore, 
norank_o_Cloacimonadales might have the same syntrophic function as 
W5 does. Besides, there was no significant difference (p > 0.05) in the 

RA of species from the archaeal community (Fig. 7C). Thus, the effect of 
AC on Bacteria was much stronger than on Archaea community 
composition. In comparison, the student’s t-test was also conducted to 
investigate the impact of different substrates on the microorganism. 
Four samples were divided into two groups: HAc group (B_1 and B_2) 
and HPr group (B_3 and B_4). Results indicated that most Phyla were not 
influenced by acid, except for Firmicutes (Figure S4). Thus, the presence 
of AC, instead of the substrate type was the main factor that affected the 
microbial community. 

3.3.5. Functional genes prediction for the sequential batch experiment 
To further comprehend the effect of AC on HPr degradation, SAO, 

and methane metabolism in the batch experiment, functional gene 

Fig. 6. (A) The relative abundance of Bacteria on phylum level (each phylum represented ≥ 0.01 of the total sequences), (B) The relative abundance of Bacteria on 
genus level (each genus represented ≥ 0.025 of the total sequences), and (C) The relative abundance of Archaea on genus level (each genus represented ≥ 0.01 of the 
total sequences).Notes: sample C_0, bioaugmentation seed; sample C_1 ~ C_4, continuous reactor 1 (R1); sample C_5 ~ C_8, continuous reactor 2 (R2); sample B_1 ~ 
B_4, batch experiment. 
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abundances related to these three metabolisms were predicted by PIC-
RUSt2 based on 16S rRNA gene abundance combined with COG and 
KEGG database [31,32]. The SPO, SAO, and methanogenic pathways 
were shown in Fig. 8A-C, based on references [47,54] and the KEGG 
pathway database (https://www.genome.jp/kegg/pathway.html). 

Potential functional analyses of Bacteria were focused on SPO and 
SAO, due to the substrates used in the batch experiment. HPr is first 
converted into HAc and CO2/H2, and then used by methanogens to 
produce CH4. Several enzymes participate in the SPO pathway (Fig. 8A). 
Among those enzymes, 2-oxoacid oxidoreductase (EC 1.2.7.11) was the 
most abundant one (0.37%~0.43%) (Fig. 8D), which converts pyruvate 
to acetyl-CoA. The generated acetyl-CoA is either degraded into acetate 
or directly participates in the methane metabolism (Fig. 8C). The pre-
dicted RA of EC 1.2.7.11, pyruvate synthase (EC 1.2.7.1), and 
methylmalonyl-CoA mutase (EC 5.4.99.2) were slightly higher in sample 
B_4, implying that AC increased the oxidation efficiency of HPr. 

Acetate could be directly utilized by acetoclastic methanogens, while 
in some extreme conditions, SAO becomes the dominant acetate utiliz-
ing process [54]. Most SAO bacteria use reversed Wood-Ljungdahl (WL) 
pathway to produce CO2/H2 [54], as shown in Fig. 8B. Formate dehy-
drogenase (EC 1.17.1.9) is the most abundant enzyme in the SAO pro-
cess, which accounted for 0.21% in this study. No significant difference 
was identified among these four samples, probably because SAO 
pathway also exists in HPr-fed rectors. Besides, the introduction of AC 
had no effect on the predicted RA of the SAO pathway (Fig. 8D). 

Potential functional analyses of Archaea focused on methane meta-
bolism (Fig. 8C), corresponding to 4.72%, 6.19%, 5.75%, and 6.66% of 
total metabolic pathways determined in the samples B_1 ~ B_4, 
respectively. In this study, three methanogenic pathways contributed to 
methane metabolism, with hydrogenotrophic methanogenesis being the 
most contributor, as indicated in Table 4. Formylmethanofuran dehy-
drogenase (EC 1.2.7.12), coenzyme F420 hydrogenase (EC 1.12.98.1), 
and acetate-CoA ligase (EC 6.2.1.1) are key enzymes in the hydro-
genotrophic and acetoclastic methanogenesis pathway, respectively. 
PICRUSt2 predicted that these enzymes were more abundant in the AC- 
contained reactors (Fig. 8E). But the predicted increase of EC 1.2.7.12 
(35 ~ 93%) and EC 1.12.98.1 (30 ~ 61%) was much higher than EC 
6.2.1.1 (17 ~ 18%). Such observation indicated that AC might favor the 
hydrogenotrophic methanogenic pathway, which was consistent with 

Fig. 6. (continued). 

Table 4 
Syntrophic VFAs oxidizing bacteria and the type of methanogenesis pathway of 
Archaea in the batch experiment.   

Relative abundance (%)  
B1 
(B_1) 

BC1 
(B_2) 

B2 
(B_3) 

BC2 
(B_4) 

Syntrophic VFAs oxidizing bacteria 
W5  1.67  4.51  0.54  4.81 
Norank_o_cloacimmadales  0.36  1.28  0.31  1.61 
Cryptanaerobacter  0.00  0.00  0.00  4.44 
Smithella  9.88  7.46  4.37  6.59 
Longilinea  0.91  1.11  3.05  0.50 
Total  12.82  14.36  8.27  17.95 
Types of Methanogens a 

AM (Methanosaeta)  0.48  0.32  0.6  0.12 
HM  64.02  52.87  82.53  94.28 
MM (Candidatus 

Methanofastidiosum)  
24.68  8.03  12.17  1.01 

All (Methanosarcina)  9.89  38.46  1.89  4.44 
Methane metabolism Module in KEGG b 

M00567  2.33  3.56  3.23  4.04 
M00357  1.81  2.44  2.33  2.78 
M00563  1.09  1.23  0.96  0.93 
M00356  0.97  1.09  0.92  0.92 
M00378  0.56  0.71  0.66  0.76 
M00346  0.43  0.48  0.48  0.51 
M00345  0.31  0.41  0.43  0.50 
M00608  0.24  0.42  0.38  0.50 
M00422  0.22  0.33  0.30  0.38 
M00358  0.15  0.11  0.12  0.13 
M00344  0.03  0.08  0.09  0.12  

a AM, acetoclastic methanogens; HM, hydrogenotrophic methanogens; MM, 
methylotrophic methanogens. Methanosarcina can produce CH4 through these 
three methanogenesis pathways. 

b : M00567 (Methanogenesis, CO2 => methane); M00357 (Methanogenesis, 
acetate => methane); M00563 (Methanogenesis, methylamine/dimethyl-
amine/trimethylamine => methane); M00356 (Methanogenesis, methanol =>

methane); M00378 (F420 biosynthesis); M00346 (Formaldehyde assimilation, 
serine pathway); M00345 (Formaldehyde assimilation, ribulose monophosphate 
pathway); M00608 (2-Oxocarboxylic acid chain extension, 2-oxoglutarate => 2- 
oxoadipate => 2-oxopimelate => 2-oxosuberate); M00422 (Acetyl-CoA 
pathway, CO2 => acetyl-CoA); M00358 (Coenzyme M biosynthesis); M00344 
(Formaldehyde assimilation, xylulose monophosphate pathway). 
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Fig. 7. Difference analysis of the microbial community of batch experiment between the non-AC group and AC-contained group. Student’s t-test bar plot of Bacteria 
on phylum level (A) and genus level (B), and student’s t-test bar plot of Archaea on genus level (C) (* significant at p < 0.05; ** significant at p < 0.01). 
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Fig. 8. (A) The degradation pathway of syntrophic propionate oxidation (SPO), (B) The degradation pathway of syntrophic acetate oxidation (SAO), (C) The 
methanogenic pathways, (D) The relative abundance of potential enzymes of SPO and SAO pathways, (E) The relative abundance of potential enzymes of the 
methanogenic pathway.Notes: The metabolism pathways were drawn according to Liu and Lu, (2018) and the KEGG pathway database. The potential enzymes were 
predicted by the PICRUSts2 method. Samples B_1, B_2, B_3, B_4 were taken at the end of cycle 6 from reactor B1, BC1, B2, BC2 in the sequential batch experiment. 
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microbial community results [55]. 
Collectively, AC promoted the syntrophic VFAs oxidizing bacteria 

and hydrogenotrophic methanogens. Although the external electron 
transfer rate of hydrogens-IET (5.24 × 103 e-cp-1s− 1) was lower than 
DIET (44.9 × 103 e-cp-1s− 1) [38], the interbacterial distance shortened 
by AC could accelerate the IET process, providing the HM a competitive 
advantage over organisms that rely on a DIET. 

4. Conclusions 

This study demonstrated that the combination of bioaugmentation 
and AC could restore reactors from VFAs inhibition when fed with low- 
solid synthetic wastewater at 37℃. The restoring effect of either bio-
augmentation or AC was less strong than the combination of both 
treatments. The effect of bioaugmentation was immediately visible after 
the addition of microbes. However, the effect was not sustained when 
the HRT was further decreased. AC did not recover VFAs-inhibited re-
actors instantly because a biofilm first needs to be developed on AC 
before a positive effect is visible. By observing SEM and crystal violet 
staining, we demonstrated that the most imperative role of AC originates 
from acting as a shelter for microorganisms to decrease the inter-
bacterial distance. In this case, the addition of AC helps to promote the 
IET pathway in AD, which may explain the reactors’ better performance 
after both bioaugmentation and AC addition. 

The less vital role of AC comes from its stimulative effect on syn-
trophic bacteria (e.g., W5) and hydrogenotrophic methanogens (e.g., 
Methanoculleus), especially in HPr-fed reactors. Moreover, the predicted 
relative abundance of formylmethanofuran dehydrogenase and coen-
zyme F420 hydrogenase confirmed the enhancement of the hydro-
genotrophic methanogenic pathway in AC-contained reactors. While the 
predicted existence of 2-oxoacid oxidoreductase and formate dehydro-
genase revealed the presence of SPO and SAO pathways. Collectively, 
the combination of bioaugmentation and AC remodifies the behavior of 
the microorganisms, with AC acting as a ‘bunker’ to resist the unfavor-
able environment (low HRT) and promoting the electron transfer (IET). 
While the bioaugmentation dosage could undisruptive conduct the core 
metabolism to eliminate surplus VFAs at low HRT. 
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