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Abstract: Synergistic effects among different chemical components under the anaerobic co-digestion
(AcoD) process played an important role in improving its performance, which might be affected
by the digesting temperature. The results showed that the actual methane production (AMP) and
gasification rate (GR) of 50% lipid content were the highest, and the carbohydrate and protein content
should be adjusted according to the temperature. Under mesophilic conditions, the M1 reactor with
high protein content (carbohydrate-lipid—-protein ratio, CLP = 20:50:30) had the highest AMP of
552.02 mL/g VS and GR of 74.72%. However, as the temperature increased, the high protein content
produced high levels of ammonia nitrogen (AN) and free ammonia (FA), which formed a certain
degree of ammonia inhibition, resulting in lower AMP and GR. Under thermophilic conditions,
the low protein T2 reactor (CLP = 40:50:10) had the highest AMP and GR at 485.45 mL/g VS and
67.18%. In addition, the M1 and T2 reactors had the highest microbial diversity, which promoted
substrate degradation and methane production. In the M1 reactor, acetoclastic metabolism is the
main methanogenic pathway, while in the T2 reactor changes to hydrogenotrophic metabolism.
Therefore, understanding the synergistic effect between temperature and chemical compositions was
an effective way to improve the AcoD effect.
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1. Introduction

According to statistics, the total amount of biomass resources available for energy in
China was about 460 million tonnes of standard coal every year, and, due to the devel-
opment of urbanization, about 80-100 million tonnes of food waste (FW) was produced
every year, most of which was directly buried, causing great harm to the environment [1,2].
Anaerobic digestion (AD) is a renewable energy production technology, which can recover
FW energy in the form of biogas [3]. However, biogas production is affected by FW nu-
trients, especially the contents of carbohydrates, proteins, and lipids. Carbohydrates and
proteins can be rapidly degraded to methane, but the methane potential is relatively low,
while lipids show the highest methane potential, but the biodegradation is slow and the
lag time is long [4,5]. It has been found that high levels of carbohydrates might rapidly
accumulate volatile fatty acids (VFA), resulting in systematic acidification and inhibition of
methane production, while high levels of lipids and proteins tend to accumulate ammonia,
hydrogen sulfide, and long-chain fatty acids (LCFAs), leading to AD failure [6,7]. Thus,
AcoD of different substrates could ensure the chemical composition balance and promote
biogas yield.
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Compared with mono-digestion of the same substrate, the biogas yield of AcoD could
be improved by 13-176% [8]. AcoD could balance the nutrients of substrates, accelerate
the growth of micro-organisms, and improve the buffering and metabolic efficiency of the
system [9,10]. However, in most studies involving AcoD, different wastes were usually
mixed according to their VS ratios in the reactor; however, the chemical compositions
of wastes in different studies were extremely different due to their different sources,
which generally led to varied results of optimized ratios of wastes with the best AcoD
performance. For example, when the mixing ratio of pig manure and food waste was
40:60, the methane production was the highest [11], while Hubenov et al. showed that
the optimal mixing ratio was 70:30, which could maximize the methane production [12].
Organic wastes are mainly composed of carbohydrates, proteins, and lipids, which play
a synergistic role in the AcoD process and were conducive to methane production and
organics degradation [13]. Therefore, substrate mixing based on chemical compositions
can eliminate chemical composition differences between substrates from different sources.
However, till now, there was no widely accepted standard for how to mix these chemical
compositions under AcoD conditions.

Temperature was a key factor affecting AD, which affected substrate conversion and
methane production by regulating the activities of enzymes and coenzymes. The increase
in temperature could promote the growth and metabolism of bacteria and increase the
production of methane, but it will also accumulate free ammonia, thus inhibiting the
activity of micro-organisms [14]. Earlier studies focused on AcoD efficiency at mesophilic
and thermophilic conditions [15], and even under hyperthermophilic conditions [16], and
some results were contradictory. Even for the same study, the optimal ratio of organic
wastes under AcoD was different at different temperatures. Montafiés et al. [17] found
that the best mixing ratio of beet pulp mixed with sewage sludge at mesophilic conditions
was 25:75, but 75:25 under thermophilic conditions [18]. Thus, in our previous study, we
demonstrate an interactive effect between C/N ratio and temperature on AcoD of three
agricultural wastes [19]. Shi et al. [15] investigated the process stability and microbial
community structure shifts for AcoD of FW and wheat straw under thermophilic and
mesophilic conditions, but provided little about the interaction between temperature
and chemical composition. Therefore, understanding the relationship between chemical
compositions and operating conditions can contribute to obtaining more accurate and
appropriate mixing ratios of organic wastes consistent with varied reactors [20,21].

AD was a process of organic degradation and methanogenesis mediated by the
synergy of diverse micro-organisms, which could be divided into four stages: hydrolysis,
acidogenesis, acetogenesis, and methanogenesis [22]. In the AD process, organic matter,
such as proteins, carbohydrates, and lipids, were converted into acetic acid, hydrogen, and
carbon dioxide by hydrolytic bacteria and acidogenic bacteria, and then further utilized
by methanogens to produce methane [23]. The growth rate of micro-organisms depended
mainly on the organic composition of the substrate, and temperature also affected the
growth and metabolism of micro-organisms, especially methanogens [24]. It was found that
Firmicutes was the dominant phylum of both mesophilic and thermophilic AD, Bacteroidetes
and Methanosaeta were dominant in mesophilic AD, and Thermotogae, Methanothermobacter,
and Methanoculleus were dominant in thermophilic AD [25].

This work aimed to investigate how the chemical compositions and temperature
affected the AD performance from the perspective of process stability and microbial com-
munity structures. FW was rich in carbohydrates, proteins, and lipids, respectively, which
were selected as raw materials and mixed with serial ratios to obtain substrates with differ-
ent chemical compositions. Batch experiments were conducted under mesophilic (35 °C)
and thermophilic (55 °C) conditions. Bio-methane production and operation parameters
during the digestion process and the microbial communities in the final digestion reactors
were investigated to reveal the interactive effects of chemical compositions and temperature
on AcoD performance.
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2. Materials and Methods
2.1. Substrates and Inoculum

The substrate was collected from the daily food waste of the canteen of Northwest A&F
University and classified into cooked rice, waste pork, and plant oil. After grinding with a
home electric meat grinder (Bear), the substrate was stored at —20 °C. The inoculum was
obtained from the normal biogas digester of Modern Animal Husbandry Co., Ltd. (Baoji,
China), and the fermentation material was cow dung. Before inoculation, the inoculum
was cultured in the laboratory for 7 days at 35 °C and 55 °C, respectively. Cooked rice,
waste pork, and plant oil were used as the representative raw materials of carbohydrates,
proteins, and lipids, respectively. These substrates’ properties are shown in Table 1.

Table 1. Characteristics of substrates.

Parameters CR WP PO Inoculum

TS (%) 42.81 +£0.72 27.20 4+ 0.49 99.96 + 0.01 448 +0.34

VS (%) 97.63 +1.09 95.23 4+ 0.53 99.85 + 0.12 2.21 £0.15
TN (% VS) 1.10 £ 0.63 7.14 £ 0.66 - -
TOC (% VS) 46.80 + 0.19 53.22 +1.65 60.71 = 1.15 -
Carbohydrate (% VS) 92.24 +0.18 143 +1.14 - -
Protein (% VS) 713 £1.02 46.00 £+ 0.95 - -
Lipid (% VS) 0.72 +0.99 46.62 + 1.3 100 -

Ash (% TS) 2.40 £ 0.11 4.71 £0.07 0.19 £ 0.05 97.83 +0.19

Note: CR, cooked rice; WP, waste pork; PO, plant oil; TS, total solid content; VS, volatile solid content; TN, total
nitrogen; TOC, total organic carbon.

2.2. Experimental Device

The experimental device was a typical drainage and gas collection device, which
consisted of a fermentation device, gas collecting device, and temperature control device.
The 1 L glass conical bottles were used as fermentation tanks and gas collecting bottles,
rubber plugs and glass tubes were used to connect and seal all parts of the device, and
2.5 L plastic bottles were used as water collecting bottles. The biogas produced by the
AD was stored in gas collecting bottles through the glass tube, and the water in the gas
collecting bottles was discharged into the 2.5 L plastic bottle by the glass tube; then, the
volume of water in the plastic bottles was determined by the measuring cylinder, that is,
the volume of biogas in the collecting cylinder. The fermentation tanks were placed in the
constant temperature water tank, and the fermentation temperature was displayed and
controlled by a temperature controller and relay. The fluctuation ranges of the fermentation
temperature were £1 °C.

2.3. Experimental Design

According to substrate properties (Table 1), a single component was carried out with
10% as the gradient, and the threshold values of carbohydrates, fats, and proteins were
40%, 60%, and 30%, respectively. At 35 °C and 55 °C, based on the threshold of a single
component, four different CLP ratios were set, as shown in Table 2, labeled as M1, M2, M3,
M4 and T1, T2, T3, T4.

Table 2. Different mixtures of substrates.

35°C 55°C Carbohydrate (% VS)  Lipid (% VS)  Protein (% VS) C/N
M1 T1 20 50 30 11.51
M2 T2 40 50 10 33.18
M3 T3 40 40 20 16.33
M4 T4 20 60 20 17.64

The fermentation tanks were 1 L conical flasks, the working volume was 700 mL, and
substrate concentration was 25 g VS/L; the mixing ratio of substrate and the inoculum was
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2:1 (based on VS), and was then purged with nitrogen for 3 min to ensure an anaerobic
environment. All tests were set up with three replicates and blank controls, without pH
correction or nutrient addition, to analyze the adaptability of biomass to substrate [26,27].
The final AMP value of the substrate was the cumulative methane production of the sample
minus the cumulative methane production of the blank control.

TS and VS content of the mixed substrates were measured before fermentation. The
reactor was shaken by hand at an interval of 12 h, and the biogas production and methane
content were measured at an interval of 24 h. Samples of 9 mL were collected on days 1, 4,
7,12, 18, 25, and 40 to measure fermentation parameters, such as pH, VFA, and ammonia
nitrogen. Based on the data of gas production and stability parameters, the most effective
replicate of the three replicates (day 40) was selected for microbial community measurement.

2.4. Analytical Methods

The biogas production was measured by a drainage and gas collection method, and
methane content and pH value were measured by Portable Infrared Biogas Analyzer
(Gasboard-3200Plus) and Rex Laboratory pH meter (PHS-25), respectively. TS, VS, VFA,
and AN were measured according to The APHA Standard Methods (1995). Carbohydrates,
proteins, and lipids were measured by Ebner and Labatut methods.

The GR and theoretical methane production (TMP) were calculated according to
Formulas (1) and (2) [7]:

T AMP .
Gasification rate (GR) = = 100% 1)
TMP (mL/g VS) = 1014 Lipids + 415 Carbohydrates + 496 Proteins )

We selected the best replicate for analysis based on cumulative methane production and
only measured the microbial communities of 8 screened samples. The microbial community
and structure were sequenced using 16s RNA 454 high-throughput sequencing from Per-
sonal Biotechnology Co., Ltd., Shanghai, China. The universal bacterial primers were 338F
(5'-ACTCCTACGGGGAGCAGCA-3') and 806R (5-GGACTACHVGGGTWTCTAAT-3'); the
common archaeal primers were 524F (5-TGYCAGCCGCCGCGGTAA-3') and 958R (5'-
YCCGGCGTTGAVTCCAATT-3"). OUT was based on the Greengenes database (http://
greengenes.secondgenome.com/ (accessed on 27 July 2019)) and Silva databases (http://
www.arb-silva.de (accessed on 27 July 2019)), with 97% sequence similarity as the divid-
ing threshold.

3. Results and Discussion
3.1. CHy Production during AcoD Process

Temperature was crucial for the performance of the AD process. There were obvious
differences in daily methane production under mesophilic and thermophilic conditions
in Figure 1. At 35 °C, the daily methane production showed two obvious peaks, which
appeared at days 7-12 and days 18-22. In addition, the maximum daily methane production
was 39.74 mL/g VS, 23.41 mL/g VS, 26.94 mL/g VS, and 30.45 mL/g VS for M1, M2, M3,
and M4, respectively. However, at 55 °C, the highest methane production appeared at
day 20, 14, 18, and 33 for T1, T2, T3, and T4, which was 46.56 mL/g VS, 52.96 mL/g VS,
50.32 mL/g VS, and 22.80 mL/g VS, respectively; compared with the same set under 35 °C
conditions, the peak value was significantly increased and the peak period was significantly
delayed. Except for T4, the peak values of daily methane in the other three groups were all
higher than those in the mesophilic condition, especially for T2 and T3, which were nearly
two times higher than M2 and M3.
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Figure 1. Daily methane production from different mixtures of substrates under mesophilic condi-
tions (A) and thermophilic conditions (B) (note: the data were the mean of three repetitions).

The trend of AMP and GR was different under mesophilic and thermophilic conditions,
from high to low, which were M1, M2, M4, M3 and T2, T3, T1, T4, respectively. Besides
temperature, the proportion of organic matter also affected the AD process. M1 of low
carbohydrate and high protein under 35 °C showed the highest AMP and GR of 552.02 mL/g
VS and 74.72% (Table 3). Under 55 °C, the highest AMP and GR occurred at T2 of high
carbohydrate and low protein, with values of 485.45 mL/g VS and 67.18%, respectively, which
were lower than the highest values under 35 °C. This indicates that the proportions of the
optimum organic components in AD were different at different temperatures.

Table 3. Gasification rate (GR) and actual methane production (AMP) under mesophilic conditions and
thermophilic conditions (note: the data were the mean of three repetitions with standard deviation).

Sample AMP (mL/g VS) TMP (mL/g VS) GR (%)
M1 552.02 £ 61.09 738.8 74.72 £ 8.27
M2 387.50 £ 55.43 722.6 53.63 £ 7.67
M3 277.60 £ 26.71 670.8 41.38 4 3.98
M4 339.74 £ 47.11 790.6 42,97 +5.96
T1 329.81 £ 26.12 738.8 44.64 + 3.54
T2 485.45 £ 47.44 722.6 67.18 + 6.57
T3 377.12 £18.98 670.8 56.22 +2.83

T4 257.47 £+ 41.80 790.6 32.57 £5.29
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3.2. Chemical Parameters during AcoD Process

VFA concentrations showed a trend of increasing first and then decreasing (Figure 2).
Under mesophilic conditions, the VFA concentrations increased rapidly at the beginning of
the digestion process, reached the highest level at day 4, and then decreased rapidly, with
the peak values of 4982.5 mg/L, 3742.5 mg/L, 4782.5 mg/L, and 3537.5 mg/L, respectively.
Under the thermophilic conditions, the peak of VFA concentrations on the seventh day were
later than those under mesophilic conditions, but the peak values were significantly higher,
at 6182.5 mg/L, 7022.5 mg/L, 7082.5 mg/L, and 6182.5 mg/L, respectively. During the
whole digestion process, the VFA levels were always higher under thermophilic conditions
than under mesophilic conditions, except for the CLP ratio of 40:40:20. In the AcoD process,
pH showed a fluctuating trend, which increased at first, then decreased, and then increased
with fermentation time (Figure 2). The pH values of all samples increased gradually
at 35 °C, and ranged from 6.48 to 8.14. However, for the treatments under 55 °C, the
pH changed more dramatically; pH kept relatively stable values before day 7, and then
increased sharply to peak values of around 8.5 at day 18. In terms of organic components,
the values of M2 and T3 with higher carbohydrate content were the lowest, while those of
M1 and T4 with higher protein content were the highest.
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Figure 2. Profiles of volatile fatty acid (VFA) concentration and pH value variation of co-digestion

under mesophilic conditions (a,A) and thermophilic conditions (b,B) (note: the data were the mean

of three repetitions, and error bars indicate standard deviation. a and A represent VFA concentration

and pH value at mesophilic conditions, b and B represent VFA concentration and pH value at

thermophilic conditions.).

All sets showed a similar fluctuation trend in AN content. At the initial stage of
fermentation, due to the hydrolysis of protein, the concentrations of AN showed an upward
trend, and the range of change tended to be flat in the middle and late stages of fermentation
(Figure 3). The concentrations of AN (p < 0.01) and FA (p < 0.05) were significantly
different with different chemical composition of substrates. The concentration of AN
and FA reached the maximum at CLP = 20:50:30, and reached the lowest concentration
at CLP = 40:50:10. The variation trends of AN among different chemical components were
similar between 35 °C and 55 °C; however, there were significant differences in FA. At 35 °C,
the peak values of FA concentrations in M1-M4 were 226.7 mg/L, 38.17 mg/L, 109.71 mg/L,
and 134.25 mg/L, respectively. With increasing temperature, the concentrations of FA
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increased and the peak values of T1-T4 were 973.64 mg/L, 477.27 mg/L, 640.00 mg/L, and
824.15 mg/L, respectively.
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Figure 3. Concentrations of ammonium nitrogen (AN) and free ammonia (FA) under mesophilic
conditions (A,a) and thermophilic conditions (B,b) (note: the data were the mean of three repetitions,
and error bars indicated standard deviation. A and a represent concentrations of AN and FA at
mesophilic conditions, B and b represent concentrations of AN and FA at thermophilic conditions.).

3.3. Microbial Community

First, the quantitative insights into microbial ecology (QIIME) software was used to
identify and eliminate suspicious sequences, and a total of 383,347 bacterial sequences and
444,654 archaeal sequences were obtained by statistical analysis of eight samples. Then,
these sequences were clustered into operational taxonomic units (OTUs) with 97% simi-
larity, resulting in 2684 bacterial OTUs and 2507 archaeal OTUs. The relative abundances
(RA) of bacteria and archaeal communities for different sets are provided in Figure 4. The
bacterial OTUs were further classified into 35 phyla. At the phylum level, the most abun-
dant bacteria were Firmicutes (31.10-34.80%), Bacteroidetes (31.86-33.76%), Proteobacteria
(9.13-14.75%), Synergistetes (4.51-6.68%), and Spirochaetes (2.89-4.85%) in reactors under
35 °C. However, it is interesting to note that Firmicutes played the dominant role in reactors
under 55 °C, with the RA of 96.50%, 89.22%, 96.00%, and 94.32% for T1 to T4, respectively.

The archaeal OTUs were divided into three phyla, Euryarchaeota (51.08~87.66%), Cre-
narchaeota (12.17~48.56%), and Parvarchaeota (0~0.1%). The unclassified genera of archaea
accounted for a large proportion. Under mesophilic conditions, the unclassified genera of
M1, M2, M3, and M4 accounted for 46.49%, 37.10%, 35.85%, and 41.27%, respectively; under
thermophilic conditions, the value of T1, T2, T3, and T4 accounted for 22.93%, 68.75%,
41.41%, and 29.46%, respectively. At the genus level, under mesophilic conditions, the
most dominant genera of methanogenic archaea were Methanosaeta and Methanosarcina;
among them, Methanosaeta accounts for the highest proportion, accounting for 32.66%,
32.63%, 47.17%, and 36.07% in the M1, M2, M3, and M4 reactors, respectively (Figure 4B).
Under thermophilic conditions, Methanosarcina was the predominant methanogen archaea,
accounting for 46.85%, 10.71%, 43.97%, and 37.24% in the T1, T2, T3, and T4 reactors,
respectively. In order to better understand the dynamics of microbial communities, the
sequencing data should be interpreted at a subdivision level.
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Figure 4. Microbial profiles of the bacterial genera (A) and the archaeal genera (B) (only bacterial and archaeal genera with
relative abundance of >0.5% in at least one digester are presented; the rest were classified as others; all other unidentified

were included in unclassified).

Simpson and Shannon indexes reflected community diversity, and the greater these
values were, the higher the microbial diversity. In this study, the diversity of the bacterial
community was higher than that of the Archaea community (in Table 4). M1 and T2 had
the highest microbial community diversity. Except for T2 reactor, the microbial community
diversity of mesophilic reactors was higher than that of thermophilic reactors. Beta diversity
was concerned with microbial similarities between communities, and the similarity of
microbial communities was high between treatments with similar distance in the co-
ordinate system. Principal component analysis (PCA) was conducted based on the RA
of microbial OTUs (Figure 5) and the results indicated that, compared with chemical
components, the effects of temperature treatment on the microbial community were more
significant. In addition, the differences between M1 and other treatments were significant,
and T2 was isolated from other treatments.

Table 4. Microbial diversity indexes of the microbial community.

Sample M1 M2 M3 M4 T1 T2 T3 T4

OTUs 331 347 353 331 344 321 327 330

Bacterial Simpson 0.97 0.97 0.97 0.97 0.96 0.98 0.96 0.96
Shannon 6.84 6.69 6.72 6.62 6.19 6.78 6.32 6.27

OTUs 310 251 309 279 331 363 310 354

Archaeal Simpson 0.91 0.87 0.83 0.87 0.79 0.97 0.77 0.86
Shannon 532 4.69 4.49 4.62 4.29 6.73 3.80 4.87




Processes 2021, 9, 1682

90f13

A B oT2
2F o Mesophilic 2F @ Mesophilic
@ Thermophilic 9 mi @ Thermophilic
1+ 1+
@ T2 §
oo 1P 3, oM
c OTI < MaS ™
o o™ OMZ
&) O w2 g )
a o M3 T30 @T4
QT1
-1 F A1k
9o M4
2 - 2F
1 1 1 1 1 1
-1 0 1 2 2 -1 0 1 2
PCI1 (75.4%) PCI (51.6%)

Figure 5. Principal component analysis (PCA) of bacterial (A) and archaeal (B) operational taxonomic unit (OTU) distribution
generated by 165 rRNA gene sequencing.

Because of the differences in carbohydrates, proteins, and lipids content, the methane
productions were significantly different. Under mesophilic conditions, the optimal organic
component mixing ratio is M1 (CLP = 20:50:30), indicating that high levels of lipids and pro-
tein, but lower carbohydrates were more suitable for fermentation at mesophilic conditions,
which was consistent with research by Luca Alibardi [28]. With the temperature changes,
the optimal ratio of organic components changed significantly. Under thermophilic condi-
tions, the optimal organic component mixing ratio was T2 (CLP = 40:50:10), which implied
a high content of carbohydrates and lipids, but lower content of proteins had better fer-
mentation. The common characteristic of both was high content of lipids. The TMP of
carbohydrate, protein, and lipid were 415, 496, and 1014 mL/g VS [29]. This indicated
that lipids had higher TMP compared to carbohydrates and proteins, which explained
that the high lipid reactors (M1, T2) in this study had the highest methane production.
The methane potential of lipid-rich raw materials was higher than that of carbohydrate-
and protein-rich materials, but the reactor with the highest lipid content did not achieve
the highest methane production in this experiment. Although lipids had high methane
potential, they were harder to decompose and, therefore, lipid content was too high to
make the fermentation system difficult to degrade; low VFA content leads to low methane
production under mesophilic conditions. Therefore, the lipid content must be maintained
at an appropriate level, the content was too high to reduce methane production. Yifei
Sun [30] found that, when lipid content was below 60%, AD reactors operated stably, but
AD reactors failed to operate when lipid content was greater than 65%; in this study, the
methane production of the reactor with the highest lipid content was not good, which was
basically consistent with this result.

Although the lipid content was the same, the corresponding optimal proportions of
other ingredients were different under mesophilic and thermophilic conditions. Under
mesophilic conditions, high-protein and low-carbohydrate reactors had good CHy produc-
tion. Proteins provided the necessary buffering capacity for the fermentation system and
essential nutrients for the construction of microbial cell structures. Appropriate ammonia
concentration could not only provide nutrients for micro-organisms, but also enhance the
buffer capacity in AD. The more protein in the substrate, the faster the micro-organisms
grow and the more acid was consumed [31]. In the optimal proportion (M1), the VFA
content was highest in the initial fermentation stage, and the pH value was the highest
throughout the fermentation compared with the other three ratios, demonstrating that the
whole micro-organism system rapidly consumed VFA without acid inhibition. However,
high AN causes ammonia inhibition, which was one of the main reasons reported for AD
failure [32-34]. Under the thermophilic conditions, the AMP and GR of T2 with low protein
content were higher, because the ammonia nitrogen level and inhibition degree of low
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protein content was low, which led to the highest VFA transformation degree. With the
increase in temperature, the FA content (p < 0.01) increases significantly. Therefore, the
protein content should be reduced under thermophilic conditions to prevent ammonia
inhibition. Xue et al. [31] studied the interactive effects of chemical compositions of FW
during AcoD under thermophilic conditions, and found that 40% carbohydrate, 50% lipid,
and 10% protein composition held a higher AMP of 497.44 mL /g VS and GR of 65.09%
compared with other groups, which was consistent with our findings.

The micro-organisms involved in AD metabolism could be divided into four types:
hydrolytic fermentation bacteria, homoacetogenic bacteria, acetoclastic methanogens, and
hydrogenotrophic methanogens [35,36]. Firmicutes, Bacteroidetes, and Proteobacteria were
classified as hydrolytic fermentation bacteria. Firmicutes was a homoacetogenic bacterium
that degraded various substrates to produce VFAs, Proteobacteria could effectively utilize
glucose and LCFAs, Bacteroidetes was involved in the degradation of protein or nitrogen-
containing substances to generate VFAs and ammonium, and Synergistetes played a key
role in the stages of acid, acetic acid, and salicylic acid production [35-37]. Firmicutes,
Bacteroidetes, Proteobacteria, and Synergistetes were the dominant bacteria under mesophilic
conditions, while only Firmicutes was the dominant bacteria under thermophilic conditions.
There was no significant difference in bacterial community between chemical compositions,
while temperature was positively correlated with RA of Firmicutes (p < 0.01), and negatively
correlated with RA of Bacteroidetes (p < 0.01), Proteobacteria (p < 0.01), and Synergistetes
(p < 0.01). Under thermophilic conditions, the concentrations of VFAs were higher and
the consumption rates were lower, which might be related to the high RA of Firmicutes.
The results showed that the RA of Firmicutes was positively correlated with the peak
concentrations of VFAs (p = 0.002719 < 0.05). Compared with thermophilic AD, the
mesophilic digestion system had richer hydrolytic fermentation bacteria, which could
better balance the competition among micro-organisms, improve the degradation rate of
substrate and the utilization rate of VFAs, and show better digestion performance.

A balance between acidogenic bacteria and methanogens was essential for a stable
AD system. Methanogens could be roughly divided into two types, namely, acetoclastic
methanogens and hydrogenotrophic methanogens [31]. Methanosarcina was a mixotrophic
methanogen, capable of metabolizing hydrogen, acetic acid, and methyl compounds, with
a high growth rate and stronger tolerance to pH mutation and high concentration of VFAs;
Methanosaeta was an obligate acetoclastic methanogen; Methanoculleus and Methanobre-
vibacter were forced hydrogenotrophic methanogens [38—40]. In mesophilic reactors, the
acetoclastic methanogen of Methanosaeta (32.63~47.17%) and mixotrophic methanogen
of Methanosarcina (11.59~25.80%) were the dominant methanogens, indicating that ace-
toclastic metabolism was the main methanogenic pathway. However, the RA of the hy-
drogenotrophic methanogens was significantly increased (p < 0.01), and Methanosaeta
was significantly reduced (p < 0.01) in thermophilic reactors, indicating that the domi-
nant methane-producing pathway was transformed into hydrogenotrophic metabolism,
which was consistent with previous studies [41-43]. Hydrogenotrophic and acetoclastic
methanogens in the T2 reactor were 13.09% and 13.66%, respectively, which could better
alleviate the competition between the substrates of the two metabolic pathways and ensure
the efficient and stable operation of the AD system. However, AMP and GR of the T2
treatment were lower than those of the M1 treatment, which might be due to the higher
microbial diversity of the M1 reactor and which could better balance acidogenic bacteria
and methanogens, thus promoting VFA consumption and methane production. Tianjie
Ao et al. compared the microbial community structure of mesophilic and thermophilic
AD of vegetable waste, and the results showed that temperature could greatly change the
methanogenic pathway and that the methanogenic pathway might be converted from the
acetoclastic metabolism pathway in the mesophilic conditions to the hydrogenotrophic
metabolism pathway in the thermophilic conditions, which was consistent with our results.
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4. Conclusions

The results showed that 50% lipid content had the highest AMP and CR, while
carbohydrate and protein content needed to be adjusted with temperature change. Under
mesophilic conditions, the maximum AMP of M1 (CLP = 20:50:30) was 552.02 mL/g VS,
and high protein content could promote microbial growth and enhance the buffering
capacity of the system, while, under thermophilic conditions, the maximum AMP of
T2 (CLP = 40:50:10) was 485.45 mL/g VS, the substrate degradation rate increased with
temperature increase, and the low protein content of 10% could reduce ammonia inhibition.
In addition, the analysis of the microbial community showed that the microbial diversity
was higher under mesophilic conditions, which could better maintain the balance between
acidogenic bacteria and methanogens, thereby promoting organic waste conversion and
methane production.

Based on the CLP ratio study, the experimental error caused by the difference in the
chemical composition of different raw materials was eliminated, and the universality of the
test results was enhanced. The interaction of CLP composition and temperature enhanced
the adaptability of substrates to the environment. In this study, the optimal mixing ratio
of FW was based on CLP ratio and temperature, which provided a data reference for
determining the optimal process conditions of large-scale biogas projects. However, there
were certain differences between the laboratory-scale batch tests and the biogas projects,
and continuous fermentation test of CSTR might be added later to enhance the practicality
of the test results. In addition, temperature was only one of the environmental factors
affecting AD, and the comprehensive effect between other environmental factors and
substrates should be further considered to determine the optimal AcoD process conditions.
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