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Abstract: This study aims to investigate the performance of a two-stage anaerobic digestion system
using a hybrid methane reactor to deal with biodegradable municipal solid waste. The reactor allowed
both suspended sludge and granular sludge to work together. The feedstock was fermented in one
continuous stirred tank at different pH conditions for 5 d. Furthermore, the liquid hydrolysate was
diluted and pumped into a methane reactor with different organic loading rates. In the fermentative
reactor, raising the pH condition from 4.5 to 6.5 caused a sharp increase in volatile fatty acids
concentration, mainly due to the increase in acetate and propionate. The efficiency of the methane
reactor was proven by the results of hydrodynamic analysis and biogas production. The relationship
between biogas production and operating parameters in this reactor was modeled using a quadratic
multivariate regression model. Overall, by maintaining the fermentative reactor at a pH of 6.0–6.5,
the methane reactor was able to achieve an organic loading rate of 7.6 g-TS.L−1·d−1 with outstanding
biogas quality and yield. In terms of microbiology, the most dominant phyla in the reactor included
Firmicutes, Bacteroidetes, Proteobacteria, Euryarchaeota, Synergistetes, and Chloroflexi. Among them,
the species with the highest relative abundance in granular sludge was Firmicutes, while that in
suspended sludge was Bacteroidetes.

Keywords: fermentation; granular sludge; Methanogenesis; municipal solid waste; two-stage system

1. Introduction

The generation of biodegradable municipal solid waste (BMSW) and its satisfactory
treatment have become great hardships that researchers around the world have to deal
with. BMSW is considered to account for the largest percentage of municipal solid waste
(44%), generates more than one billion tons of waste annually, and constantly increases
each year [1]. Lack of control over this type of waste is the main reason that humans have to
confront a series of ecological issues, including odor pollution, greenhouse gas emissions,
water pollution, and the spreading of dangerous diseases [1,2]. To deal with the matters
mentioned above, some different approaches, including incineration, composting, and
anaerobic digestion (AD), have been applied [1]. However, among those methods, only
the AD process can create a source of residual energy, and residual products from the AD
process can be used as fertilizer or compost. Therefore, AD technology is gaining more and
more attention from the research community and is gradually becoming a crucial part of a
sustainable solid waste management system.

Anaerobic digestion is a sequence of processes, including hydrolysis/acidogenesis,
acetogenesis, and methanogenesis [3,4]. Many reports have shown that separating hy-
drolysis and methanogenesis in two distinct reactors (two-stage anaerobic digestion-TAD)
would bring benefits to its performance and flexibility to the operation [3,5,6]. Recently, the
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application of TAD at the large-scale level has also begun to be commercialized. GICON is a
two-stage dry-wet anaerobic digestion process. The technology was developed, tested, and
commercialized in Germany by the GICON group. The first industrial-scale plant using
this system is the Harvest Energy Garden located in Richmond (Canada), which is also one
of the largest high-solid digestion plants in North America. The plant processes approxi-
mately 30,000 tons of combined food and yard waste per year and produces approximately
770 kW of electrical energy [7]. Another example is the Eisenmann system, which is based
on a two-stage process using continuous plug-flow reactors to deal with high solid waste.
The proven Eisenmann systems are expandable with add-on modules, allowing for a wide
range of process capacities, from 3000 to over 100,000 tons per year [8]. The main concern
in the TAD is the methane reactor (MR), because methane-forming microorganisms have
a much slower growth rate and are much more sensitive compared with other groups of
microorganisms [3,4]. There are two growth mechanisms in the MR, which are suspended
sludge (SS) and attached sludge processes [4,9,10]. In the SS reactor, the microorganisms
are maintained in suspension within the liquid. In the other mechanism, they attach and
grow on supporting media with the most effective technique called granular sludge (GS).
As a result, the second mechanism has a much higher density of microorganisms than
the first one [9]. This makes the GS technique have more advantages than the SS, such
as the fact that it is not washed away by water flow, is resistant to toxins, and has high
concentrations of microorganisms [11]. Nevertheless, the current application of the GS
technique requires a high-speed flow (through a circulating flow) to maintain good contact
between the GS and the substrate [9,11,12]. As a result, the operation might consume much
more energy than the suspended growth one does. These technologies have been widely
used in wastewater treatment. However, the GS technique to process BMSW has been
limited in the literature.

The performance of the AD systems is first shaped by operational conditions such
as organic loading rate (OLR), hydraulic retention time (HRT), and pH [3]. Thus, many
studies have been performed to investigate how these elements affect the systems and to
point out suitable operating states [3,13]. Nonetheless, the requirement of high quantity
and quality experiments is a matter when studying multivariate impacts. As a result, the
majority of the papers examine the influence of only one or two elements. A recent research
paper by Boonsawang et al. [14] is one of the few studies that shows the effects of more
elements on the TAD system operated in the batch process. However, the simultaneous
impact of the same elements on the continuous process system, especially the AD using GS,
is still limited in the literature.

Hence, this research attempts to apply a new technique using both GS and SS for the
methane reactor without circulating flow. The simultaneous effects of pH, OLR, and HRT
on the reactor in dealing with BMSW were also scrutinized. In addition, to the extent of the
authors’ knowledge, this is also the first time that microbial analysis for both GS and SS in
one methane reactor has been performed.

2. Materials and Methods
2.1. Analysis of Physicochemical Characteristics

The characteristics of samples including carbon (C), nitrogen (N), total solid (TS),
volatile solid (VS), total chemical oxygen demand (TCOD), and soluble chemical oxygen
demand (SCOD) were analyzed by the approaches presented by Dinh et al. [15] and Dinh
et al. [2].

Compositions of VFAs, including acetate/alcohol (C2), propionate (C3), butyrate (C4),
and valerate (C5), were measured by a GC-14A (Shimadzu, Japan) equipped with an FID
detector and a capillary column. One ml of samples was centrifuged at 8000 rpm for 15 min.
The supernatant was collected and then mixed with TCA 10% in a ratio of 1:1. The mixture
was kept on ice for one hour to complete protein precipitation reactions. Then it continued
to be centrifuged at 4 ◦C and 8000 rpm for 10 min to remove suspended matters. Finally,
one µL of the supernatant was collected to determine VFA components by GC-14A.
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Biogas compositions were detected by gas chromatography (GC-2014, Shimadzu,
Japan): Injection temperature: 250 ◦C; carrier gas: He, 40 mL/min; detector temperature:
200 ◦C; column temperature: program rate 40 ◦C~200 ◦C (10 ◦C/min).

2.2. Substrate and Inoculum

BMSW was collected from municipal solid waste at a solid waste treatment plant.
BMSW was passed through pretreatment processing, including being chopped and ground
into fine particles. It was then mixed with horse dung in a ratio of 9:1 (VS/VS) for the
inoculation of hydrolysis. The characteristics of substrate and feedstock were analyzed as
described in Section 2.1 and shown in Table 1.

Table 1. Characteristics of the substrates (n = 3).

Characteristics BMSW Horse Dung Feedstock

TS (%) 27.4 24.5 27.1
VS (%TS) 66.7 76.9 67.6
C (%TS) 45.2 44.3 45.1
N (%TS) 2.77 1.16 2.63

C/N 16.3 36.2 17.2

2.3. Experimental Setups

Hybrid methane reactor: This study manipulated a novel way of employing an up-flow
reactor in methanogenesis. Figure 1 illustrates the operating principle of the reactor. In this
process, the substrate was slowly pumped into the reactor to allow the GS (diameter in the
range of 1.5–2.0 mm) to settle at the bottom, forming a filter bed. The multilayer structure
of the GS would allow the reactor to contact substrates with a high VFA concentration. In
addition, a SS layer was kept at the upper of the filter bed, where anaerobic microorganisms
would degrade the substrate’s remainder. In particular, biogas being produced and ejected
at a high speed would push the SS up and down within the liquid phase, which would
form a fluidized zone with sufficiently high loads, leading to good contact between the SS
and substrate. As a result, the performance of MR would be significantly improved.

The experimental model of the TAD system contained one hydrolysis/acidogenesis
reactor (FR, 5 L), one methanogenic reactor (MR, 6 L), and one buffer tank (BT, 2 L) between
these reactors. The substrate flow of the experimental model is shown in Figure 1. At first,
water was added to the substrate to adjust its initial TS to 12%. The FR was a complete
mixed reactor operating in batch mode. The pH of the FR was controlled by a 10M NaOH
solution at 4.5, 5.0, 5.5, 6.0, and 6.5. After a five-day retention time, the substrate was diluted
with water at different dilution rates (n = 3, 2, and 1). The solid fraction was removed by
filtering (1mm), while the liquid fraction continued to be pumped into the MR. Both FR and
MR were controlled at a mesophilic temperature (37 ◦C). Sixteen different experimental
stages were conducted at different pH, n, and OLR conditions, with an observation period
of 12 days for each stage. The details of the tests are presented in Table 2. Observation
time is often set longer than HRT, whereby experiments T1, T2, T3, T4, and T5 appear to
be the limitations of the current study. However, the time only needs to be long enough
for the observed signals to reach a steady state. In this study, the results of methane yield
and methane concentration obtained at all experimental stages were stable after only a few
days. Therefore, the observation duration of 12 days was long enough for data collection
on biogas production. For other purposes, an appropriate observation period should be
chosen carefully. The difference compared with other TAD systems is the requirement for
solid-liquid phase separation after the fermentation process. This process is made easy by
the screw press that is available on the market.



Fermentation 2023, 9, 720 4 of 12Fermentation 2023, 9, x FOR PEER REVIEW 4 of 13 
 

 

 
Figure 1. Scheme of the two-stage anaerobic digestion system. 

The experimental model of the TAD system contained one hydrolysis/acidogenesis 
reactor (FR, 5 L), one methanogenic reactor (MR, 6 L), and one buffer tank (BT, 2 L) be-
tween these reactors. The substrate flow of the experimental model is shown in Figure 1. 
At first, water was added to the substrate to adjust its initial TS to 12%. The FR was a 
complete mixed reactor operating in batch mode. The pH of the FR was controlled by a 
10M NaOH solution at 4.5, 5.0, 5.5, 6.0, and 6.5. After a five-day retention time, the sub-
strate was diluted with water at different dilution rates (n = 3, 2, and 1). The solid fraction 
was removed by filtering (1mm), while the liquid fraction continued to be pumped into 
the MR. Both FR and MR were controlled at a mesophilic temperature (37 °C). Sixteen 
different experimental stages were conducted at different pH, n, and OLR conditions, 
with an observation period of 12 days for each stage. The details of the tests are presented 
in Table 2. Observation time is often set longer than HRT, whereby experiments T1, T2, 
T3, T4, and T5 appear to be the limitations of the current study. However, the time only 
needs to be long enough for the observed signals to reach a steady state. In this study, the 
results of methane yield and methane concentration obtained at all experimental stages 
were stable after only a few days. Therefore, the observation duration of 12 days was long 
enough for data collection on biogas production. For other purposes, an appropriate ob-
servation period should be chosen carefully. The difference compared with other TAD 
systems is the requirement for solid-liquid phase separation after the fermentation pro-
cess. This process is made easy by the screw press that is available on the market. 

  

Figure 1. Scheme of the two-stage anaerobic digestion system.

Table 2. Experimental stages.

No.
FR Dilution Rate MR

No.
FR Dilution Rate MR

pH n HRT Days pH n HRT Days

T1 6.5 3:01 15.8 T9 6.5 3:01 4.0
T2 6.0 3:01 15.8 T10 5.0 1:01 7.9
T3 5.5 3:01 15.8 T11 6.0 1:01 7.9
T4 5.0 3:01 15.8 T12 4.5 2:01 5.3
T5 4.5 3:01 15.8 T13 5.5 2:01 5.3
T6 4.5 3:01 7.9 T14 6.5 2:01 5.3
T7 5.5 3:01 7.9 T15 6.5 2:01 3.5
T8 6.5 3:01 7.9 T16 5.5 2:01 3.5

2.4. Hydrodynamic Analysis

The degree of disturbance in the fluidized zone of the methane reactor was evaluated
by the Reynolds number (Re) of the bubble as calculated by Equation (1) below:

Re =
4·Q·ρ
π·d·µ (1)

where Q: gas flow (m3/s); ρ: density of gas phase (0.9578 kg/m3); d: diameter of bubble
(2 × 10−3 m); µ: kinematic viscosity (1.1984 × 10−5 kg·m−1·S−1, at 35 ◦C) [12,16].

2.5. Microbiological Analysis

Microbiological analysis was performed for both GS and SS. It is useful not only for
comparing the microbiological characteristics between attached and suspended organisms
but also for the distribution assessment of the functional microbial groups in the methane
tank used in this study.

The details of bacterial DNA extraction procedures were described by Yu and Morri-
son [17]. The bacterial DNA of samples was extracted from 0.2 g of wet samples by beating
with sterile zirconia beads in the presence of 1 mL lysis buffer [500 mM NaCl, 50 mM
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Tris-HCl, 50 mM EDTA, and 4% sodium dodecyl sulfate]. Most of the impurities and the
sodium dodecyl sulfate were then removed by precipitation with 10 M Ammonium Acetate.
The nucleic acids were recovered by precipitation with isopropanol and dissolved in a
Tris-EDTA buffer. The bacterial DNA was then purified via sequential digestions with
RNase and proteinase K before using the QIAamp DNA Stool Mini Kit columns.

The DNA amplification was performed following the method described by Nguyen
et al. [18]. The method used a quantitative real-time PCR targeting the V4 region of the 16S
rRNA gene (forward: 5′-ACACTC TTTCCCTACACGACGCTCTTCCGATCTGTGCCAGC
MGCCGCGGTAA-3′; reverse: 5′-TGACTGGAGTTCAGACGTGTGCTCTTCCGATCTGGA
CTACHVGGGTWTCTAAT-3′). The details of the protocol were attached to the report of
Nguyen et al. [18]. After the purification process, the purified DNA was pair-end sequenced
(2 × 250 bp) on an Illumina MiSeq platform at FASMAC Co., Ltd (Kanagawa, Japan).

The archived raw sequences were processed using Quantitative Insights Into Microbial
Ecology (QIIME, version 1.9.1) software. All data were statistically analyzed using JMP
software (version 11; SAS Institute). The statistical significance of the differences was
determined by the non-parametric Wilcoxon test.

3. Results and Discussion
3.1. Fermentation Reactor (FR)

The sodium hydroxide consumption depended on the controlled pH levels. To keep
the pH condition at 4.5, the sodium hydroxide consumption was 8.6 mg/g-VS. This amount
was lifted to 79.1 mg/g-VS and 113.5 mg/g-VS to attain pH values of 5.5 and 6.5, re-
spectively. This result could be explained by the fact that higher pH levels could cause
a significant increase in hydrolytic kinetic rate constant (more hydrolytic enzyme activi-
ties) [19], hence a rising concentration of acidified product required a higher amount of
NaOH for neutralization. In fact, the acid (VFA) concentration analysis results in Figure 2a
also clearly showed this. For kitchen waste, Zhang et al. [20] indicated that a dosage of
156.5 mg-Na+/g-TS (equivalent to 272.1 mg-NaOH/g-TS) helped maintain FR at pH 5.
Sambusiti et al. [21] had to add a dosage of 10 mg-NaOH/g-TS to keep fermentation
at pH 6.7 for wheat straw substrate and at pH 6.3 for ensiled sorghum forage substrate,
respectively. Therefore, alkaline consumption during fermentation depended not only on
the pH levels but also on the type of raw materials.
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Figure 2. Effects of pH levels on the fermentative products.

The effects of pH levels on hydrolysis are shown in Figure 2b. The average effectiveness
of hydrolysis was 62% (measured by the ratio of SCOD to TCOD). Obviously, that was
an uncompleted hydrolytic process, and a large amount of the initial matter was still in
the solid state. This trouble has been reported in the literature [22–24]. The reason could
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be that BMSW contained a high content of raw fiber (13.6–39.5%), which is difficult to
hydrolyze [25].

The current study showed a strong positive linear correlation between the concen-
trations of hydrolyzed matter (SCOD) and pH levels. The SCOD concentration obtained
at pH 4.5 was 54 g/L (equivalent to 0.66 g-SCOD/g-VS). This value was 19% lower than
that obtained in the pH 6.5 condition. However, the difference between the SCOD levels
obtained at pH 6.5 and 6.0 was only 3%. Thus, this study agrees with the results concluded
by Yu and Fang [26], Sanders [19], and Van et al. [3] that pH in the range of 6.0–6.5 is the
best condition for fermentation. This could be explained by the fact that in a low acidic
condition, the VFAs produced exist mainly in the form of undissociated molecules that can
pass through the cell membrane, causing an imbalance in energy production in the cell and
inhibiting the fermentative activity of microorganisms [27,28].

Performing hydrolysis at the same conditions of pH and solid-state compared with
the current study, Jiang et al. [29] obtained a yield of 0.76 g-SCOD/g-VS, which could
be compared with those reported in the current study. At a much higher solid condition
(TS = 20–29%), Sans et al. [22] only obtained a yield of 0.07–0.16 g-SCOD/g-VS, and Bol-
zonella et al. [23] obtained 0.27 g-SCOD/g-VS. Meanwhile, at a lower solid state (6.8–7.8%),
Cheah et al. [30] collected a concentration of 1.5–1.6 g-SCOD/g-VS in the hydrolysis. This
could be explained by the solid state, which is closely related to the saturation concentra-
tions of fermentative products. Therefore, the effectiveness of the hydrolysis is affected by
not only the type of waste but also operation conditions such as pH and solid state.

The efficiency of acidogenesis is measured by the ratio of CODVFA to SCOD. The rate
in the current investigation was in the range of 0.73 to 0.79, which is comparable to the
results of the acidogenesis of kitchen waste conducted by Jiang et al. [29]. In fact, the yield
of VFA gradually increased along with fermentation time, but for organic solid matters, the
yield did not increase significantly after 5–6 days [22,30,31]. For long enough fermentation
as in the present study (RT= 5 d), the acidogenic efficiency showed a strong correlation with
pH conditions (see Figure 2). At pH 6.5, the total VFA obtained in the liquid hydrolysate
was 32.4 g/L, equivalent to a yield of 326.1 mg-VFA/g-VS. This concentration decreased by
4.4%, 6.9%, 15.9%, and 22.2% at 6.0, pH 5.5, pH 5.0, and pH 4.5, respectively. Sans et al. [22]
performed experiments at much higher solid conditions (TS = 20–30%) compared with
the current study and only obtained 74–160 mg-VFA/g-VS. Thus, VFA formation depends
on not only digestion time and pH conditions but also on the solid state. As shown in
Figure 2a, the ratio of VFA composition also varies with pH conditions. The C2, C3, n-C4,
and n-C5 were dominant. Only the C2 and C3 acids accounted for 49% of the total VFAs at
pH 4.5 and increased linearly with the pH levels. This amount was up to 72% at pH 6.0 and
reached 73% at pH 6.5. Yu and Fang [26] and Grzelak et al. [28] figured out a similar trend
when acidifying dairy wastewater (pH = 4.0–6.5) and kitchen waste (pH = 6–8). The cause
is thought to be because microbial fermentation is inhibited at low pH as mentioned above.

3.2. Methane Reactor

After fermentation, changing the dilution rate (n) and HRT led to a variation in
substrate concentration (CODin) and OLR. In addition, fermentation was carried out at
different pH levels. Thus, these brought a complex matrix of parameters to a methane
reactor operation. The changes caused significant variations in the methanogenesis process.
In the end, the results revealed a biogas yield ranging from 193.3 to 327.0 Nml/g-TS
(containing 54–72% CH4). The evolution of the influence of operating parameters on the
quality and quantity of biogas over time is illustrated in Figure 3.

As shown in Figure 3, the design in the current study was able to work well with the
influent pH as low as 4.5, while most previous studies had shown that MRs had been sensi-
tive to pH < 6.0 [3,10], which can be explained by the following reasons. Firstly, the reactor
used GS, which has a microbiological multi-layer structure with an outer layer consisting
of acetogens and hydrogen-consuming organisms [11,32]. While acidogenic and acetogenic
bacteria could thrive in an acidic environment, hydrogen-consuming organisms helped to
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avoid diffusion-free hydrogen into methane-forming bacteria inside. Secondly, most VFA
components were converted by the GS layer. Therefore, the suspended methanogens (in
the fluidized zone) contacted the converted products, which could not harm their growth.
Thirdly, proteins in the BMSW were broken into amino acids in the FR, then they continued
to be converted into ammonia (NH3), which created an alkali buffer solution in the methane
reactor due to: NH3 + H2O↔ NH4

+ + OH− [10]. Thus, the methanogens were actually
still active under favorable conditions.
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The relationship between biogas production and the pH of the influent at different
OLRs is described closely in Figure 4. They had strong positive linear correlations. The
slope of these lines rising with the increase in OLR indicated that the influence of pH on
biogas production was getting stronger at higher OLRs. At the stage having the lowest
OLR (1.9 g-TS·L−1·d−1), the biogas yield increased linearly from 302 Nml/g-TS (66%)
CH4) to 327 Nml/g-TS (72%), following pH conditions from 4.5 to 6.5. At an OLR of
3.8 g-TS·L−1·d−1, there seemed to be a breakpoint at the pH 5.5 position (the slope in the
range of pH 4.5–5.5 was higher than that in pH 5.5–6.5). This phenomenon was clearer at
higher OLR. As we can see, pH 5.5 seemed to be a critical point where the efficiency of MR
was significantly inhibited when working with the influent pH below this value.

The results shown in Figure 4 revealed that at low OLR, the relationship between the
outcomes (biogas quality and quantity) and pH levels was a linear correlation. However, it
seemed to be a curve line at high OLR. Therefore, quadratic multivariate regression models
were applied to determine the law of the effect of these variables on the outcomes. The
variables included pHs, OLRs, HRTs, and CODin, and the relationship between OLR, HRT,
and CODin was calculated by the equation: CODin = OLR/HRT. The predicted equations
for biogas production that were considered a response of the model were given in Table 3
only with significant coefficients (p < 0.05). The modeling analysis showed that pHs, OLRs,
and HRTs had major effects on biogas production. The outcome values can be predicted
from these operating parameters.
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Table 3. Multivariate regression analysis of biogas production models.

Model Biogas Yield Methane Concentration
Coefficients Estimate T Value Pr (>ltl) Estimate T Value Pr (>ltl)

Intercept 173.4557 5.058 *** 49.3485 11.522 ***
OLR2 −3.5113 −5.023 *** −0.5088 −5.829 ***

OLR·pH 7.4108 5.391 *** 1.0351 6.029 ***
CODin =

(OLR/HRT) −2.4588 −3.326 ** −0.2396 −2.595 *

HRT 9.5350 5.050 *** 1.1608 4.923 ***
General in-
formation

Multiple R2: 0.8389; Adjusted R2:
0.7803; p-value: 0.0002445

Multiple R2: 0.8368; Adjusted R2:
0.7775; p-value: 0.0002619

Note of significant codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05.

3.3. Hydrodynamics in the Methane Reactor

The GS particles have a much higher density (d = 1.5–2.0 mm, 1010–1050 g/L) than
water (998 g/L), so they could easily settle to the bottom under operating conditions with a
very low velocity (RT of 3–5 d). Meanwhile, very fine sludge created a suspended state in
the fluidized zone due to the drag force of the biogas bubbles. The calculation results of
the Reynolds number at different OLRs in the fluidized zone of MR are shown in Figure 5.
The higher the OLRs the reactor operated at, the greater the Reynolds number was, which
indicated a higher activity level in the fluidized zone. Many studies have agreed that
flow was laminar at Re < 2300, transitional at Re between 2100 and 4000, and turbulent at
Re > 4000 [12,33]. Accordingly, the flow mode in the reactor was laminar flow at an OLR of
1.9 kg-TS.m−3·d−1 and transition flow at an OLR of 3.8 kg-TS.m−3·d−1. The reactor started
to show turbulent mode at OLR above 3.8 kg-TS.m−3·d−1. Thus, through the Re values, the
fluidized zone formation hypothesis in Section 2.3 was completely proven at high OLRs.
However, excessive turbulence in the reactor could lead to the washing-out of SS in the
fluidized zone of the reactor [12]. That might cause a reduction in treatment efficiency, as
occurred at an OLR of 11.4 kg-TS·m−3·d−1 in this study.

3.4. Microorganisms in the Methane Reactor

The results of microbiological composition analysis (phylum level) in the GS at the
filter bed and the SS at the fluidized zone are presented in Figure 6. The six most dominant
phyla in the GS included Firmicutes (30.8%), Bacteroidetes (21.5%), Proteobacteria (14.6%),
Euryarchaeota (12.6%), Synergistetes (6%), and Chloroflexi (5.7%). In the SS, they were 12.2%,
37.2%, 15.9%, 3.0%, 6.4%, and 8.4%, respectively. Their presence was also indicated to be
the most abundant phyla in anaerobic digestion processes, as reported by Liu et al. [34],
Guo et al. [35], Chen et al. [36], and Shin et al. [37].
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Among those, Firmicutes and Bacteroidetes have been detected with a relative abun-
dance of more than 50%. They play the roles of hydrolysis, acidogenesis, and acetogenesis.
These phyla are especially related to the production of extracellular enzymes with cellu-
lases, lipases, or proteases, which are responsible for hydrolysis [38,39]. They also directly
perform the conversion of soluble monomers into VFAs [34,38,39]. In this study, the ratio
between Firmicutes and Bacteroidetes was significantly higher in the GS than in the SS. The
GS was in direct contact with the influent, which had abundant VFAs, while the SS worked
in a zone with much less harsh conditions. This result revealed that Firmicutes could thrive
better than Bacteroidetes in a high VFA concentration. Having the same opinion, Fernandes
et al. [40] found significant negative correlations between Bacteroidetes and the ratio of ac-
etate, propionate, butyrate, and total short-chain fatty acid (SCFA) concentrations, whereas
the ratio of Firmicutes to Bacteroidetes was positively correlated with VFA concentrations.
Besides these phyla, Chloroflexi also greatly contributed to the fermentation, which was
often thought to be related to glucose sources [39]. The total relative abundance of Firmi-
cutes, Bacteroidetes, and Chloroflexi was the same in both GS and SS (58%). Therefore, the
general function of hydrolytic/acidogenic activity seemed independent of the form of the
microorganism.
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Proteobacteria are also a large phylum that can perform hydrolysis and acidogenesis, but
their most important role is the conversion of SCFAs in acetogenesis [35,38]. There are many
groups of Proteobacteria which are well-known glucose, propionate, butyrate, and acetate-
utilizing microbial communities such as Alpha-, Beta-, Gamma-, and Delta-proteobacteria [41].
They formed a close spatial association with different methanogenic populations [35]. Some
bacteria belonging to the order Syntrophobacterales of the Proteobacteria phylum are known for
their syntrophic acetogenesis activity, especially due to their propionate-oxidizing capacity.
This function is very important to maintain a stable state of anaerobic digestion because
high concentrations of propionate inhibit methanogenesis [38]. Similar to Proteobacteria, Syn-
ergistetes are considered to take on the role of acetogens; they can degrade monocarboxylic,
amino acid, and long-chain fatty acids (butyrate, iso-heptanoate, oleate, etc.) and produce
hydrogen, acetate, and CO2 [36,39,42]. The total relative abundance of Proteobacteria and
Synergistetes in the GS could be compared with those detected in the SS. Therefore, it could
be stated that the acidogenic/acetogenic activities in both cases were similar.

Methanogenesis is the main metabolic process in autotrophs of Euryarchaeota [37,43].
Most of the Euryarchaeota are strictly anaerobic, although some of them can grow at low
oxygen concentrations. They lack defense mechanisms against oxidative stress [43]. There-
fore, they are very sensitive to the presence of oxygen. The result in Figure 5 showed that
the relative abundance of Euryarchaeota in GS was much higher than those determined in
SS. This indicated that the multilayer structure of GS helped methanogens thrive, as shown
in Section 2.3. And biogas production also mainly occurred in the GS zone, while SS in the
fluidized zone played the role of performance enhancement.

4. Conclusions

There was a strong positive linear correlation between concentrations of fermentative
matter obtained and pH levels (4.5–6.5). In the best pH condition (6.0–6.5), the fermentative
reactor obtained a yield of 0.77–0.79 g-SCOD/g-VS and 311–326 mg-VFA/g-VS.

The operation of the hybrid methane reactor with the GS at the bottom and SS at the
fluidized zone as proposed was completely verified by hydrodynamic assessments and
biogas production. The best performance was obtained at OLR 7.6 g-TS/(L.d) and the
influent having pH 6.5. The impacts of the operating conditions on biogas production were
clarified in a quadratic multivariate equation with statistical significance.

The most dominant phyla in the MR comprised Firmicutes, Bacteroidetes, Proteobacteria,
Euryarchaeota, Synergistetes, and Chloroflexi. Among them, the species with the highest rela-
tive abundance in GS was Firmicutes, whereas Bacteroidetes were found in SS. Methanogenic
archaea in GS were more abundant than in SS.
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