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Abstract: Anaerobic co-digestion (AcoD) of food waste (FW) and lignocellulose waste is a promising
technology for methane production. This work investigated the methane generation from AcoD of
FW, sugarcane leaves (SLs), and cow dung (CD) under mesophilic conditions in a batch test. As
for AcoD of two feedstocks (SL and FW or CD and FW), introduction of SL and CD (25%, volatile
solid (VS) basis) showed slight improvement in methane production from FW. In contrast, positive
synergistic effect (synergy index = 1.03–1.14 > 1) was observed in all the AcoD reactors of the three
feedstocks (SL, CD, and FW). The optimum mixing ratio of FW:SL:CD (VS basis) was 85:11.25:3.75
with a synergy index of 1.07, achieving a methane yield rate and methane content of 297.16 mL/g
VS and 73.26%, respectively. This group cumulative methane production was an improvement of
110.45 and 444.72% higher than mono-digestion of SL and CD. The biodegradability, soluble chemical
oxygen demand (SCOD), and VS removal rate were 56.44, 44.55 and 55.38%, respectively. The
optimum results indicated that AcoD of FW, SL, and CD have higher potentials for energy recovery
and provided forceful scientific evidence for their energy utilization.

Keywords: anaerobic co-digestion; methane; food waste; sugarcane leaves; cow dung; synergistic effect

1. Introduction

With the continued population increase and rising economic activity, the annual yield
of global food waste (FW) is estimated to be 1.3 billion tons [1]. FW has been typically
despoiled using compost, landfilling, and incineration, leading to multiple environmental
problems, such as air, water, and soil pollution [2–4]. Compared with landfilling, incinera-
tion, and composting treatments, the anaerobic digestion (AD) technology conversion of
FW into bio-methane is an alternative way to address the challenges of FW management
and energy security [5,6]. This is because these methods can use FW as a raw material
to generate biogas that is primarily comprised of methane, carbon dioxide, and organic
fertilizers, simultaneously. This, thus, relieves the pernicious impacts to human health and
the environment [7].

Generally, FW contains large amounts of organic components (e.g., lipids, carbo-
hydrates, and soluble proteins) with high moisture contents. Therefore, it has a high
biodegradability and methane production potential [8,9], which makes it a common sub-
strate in AD. However, in many reactors that use FW as the mono-digestion material, it
has been reported that as the organic loading rates increases, acidification occurs easily,
and ammonia concentration increases in the AD reactor. This leads to instability or fail-
ure of the AD process [10,11]. To overcome the disadvantages of FW mono-AD, some
researchers have suggested the use of two or more substrates in the anaerobic co-digestion
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(AcoD) to improve the stability of the AD process, methane production, and digestion
efficiency [12–14]. Furthermore, as compared with various pretreatment methods, AcoD
does not require additional energy or chemicals, and this reduces the operating costs of
biogas plants [15,16].

Previous studies have shown that the AcoD of FW with lignocellulose-rich materials
can significantly improve the stability of the AD process and the output of biomethane.
This is primarily because the AcoD nitrogen-rich FW with nitrogen-deficient lignocellu-
lose can adjust the nutritional balance and play a role in diluting toxic substances [17],
thereby accelerating the growth and metabolism of microorganisms. Until now, various
inexpensive and readily available organic solid wastes have been used as substrates for
the AcoD of FW, such as sewage sludge [18], yard waste [19], crop straw [20], and animal
manure [21]. Due to the large output of sugarcane leaves (SL) and cow dung (CD), having
high lignocellulose content, and high C/N ratio, these are potential raw materials for
producing biomethane. However, SL and CD have low nitrogen contents that affect the
normal growth and metabolism of anaerobic microorganisms. In addition, the complex
structure of lignocellulose limits their rate of hydrolysis. As a result, they have a low gas
production rate and low efficiency during mono-digestion [10,22]. Therefore, utilizing SL
and CD co-digestion with FW seems to be a good choice. The addition of SL and CD can
adjust the C/N balance of the AD system of the FW, thereby maintaining the stability of the
process. Additionally, FW is rich in degradable organic matter, which is beneficial for the
growth, metabolism, and reproduction of microorganisms during the early period of the
AD system [8]. This can solve the problem of the slow growth of microorganisms during
the mono-AD of SL and CD.

In fact, most previous studies have shown that the AcoD of three or more raw mate-
rials had higher AD process stabilities and higher methane yields than the AcoD of two
substrates [23]. In addition, multiple organic solid waste materials used in AcoD in the
same reactor can reduce the construction investment of the AD reactor [24]. However,
most of the current research is focused on the AcoD of two raw materials. Only a few
studies have been performed to investigate the AcoD of three raw materials, and there
exist very few studies that have paid attention to the AcoD of FW, SL, and CD. Therefore,
in this study, different proportions of FW, SL, and CD were used for AcoD to discover
the best mixing ratio for promoting methane yield. The methane yield performance was
investigated through profiling of daily methane yield and cumulative methane yield, while
process stability was studied by pH, and ammonia nitrogen. The efficiency was discussed
by biodegradability, organic matter removal and synergistic effects.

2. Materials and Methods
2.1. Substrates and Inoculum

FW, SL, and CD were used as digestion substrates in this study. The FW was collected
from the South China Agricultural University student’s canteen (Guangzhou, China). The
SL was obtained from villagers in Shaoguan City, Guangdong, China. Solid fresh CD
samples were collected from the WENS groups dairy farm (Zhaoqing City, Guangdong,
China), after they had undergone solid–liquid separation. All of the substrates were
crushed using a grinder (Yunbang 2500A, Huzhou, Zhejiang, China) to a size of 2–3 mm.
The samples were frozen until they were used in the batch test experiments.

The inoculum for the AD process applied in this work was derived from a mesophilic
anaerobic reactor located in our laboratory. This process was conducted for 100 days,
with a solid retention time of 15 d, using FW and SL as the feedstocks. The inoculum
was pre-cultured under anaerobic conditions for two weeks to remove organic matter.
The characteristics of the feedstocks and inoculum used in this study are exhibited and
discussed in Section 3.1.
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2.2. Batch Test Design

AD batch tests were conducted to assess the effect of the FW, SL, and CD co-AD in a
series of 500 mL sealed glass bottles with effective working volumes of 450 mL each. The
FW, SL, CD, FW + SL, FW + CD, and FW + SL + CD were used as the feedstocks (mono
and mixed) with focus on FW based assays. The volatile solid (VS) of the feedstocks added
in each bottle was 10.6 g, and the VS ratio of the substrate and inoculum was 1:1. Then
the reactor was capped with a silica gel stopper and purged using nitrogen for another
3–5 min to create an oxygen free atmosphere. After purging, the reactor was placed in a
37 ± 1 ◦C thermostat water bath at a stirring rate of 150 rpm/min. The batch tests lasted
for 21 days until a negligible amount of methane yield was observed. All the batch tests
were performed in triplicate. Table 1 displays the detailed information for the different
mixing ratios and inoculum.

Table 1. The different mixing ratios and inoculums utilized.

Ratio (FW:SL:CD) a FW (g) b SL (g) b CD (g) b Inoculum (g) b

R1 (100:0:0) 43.50 - - 408.06
R2 (0:100:0) - 57.36 - 408.06
R3 (0:0:100) - - 55.89 408.06
R4 (75:25:0) 32.62 14.34 - 408.06
R5 (75:0:25) 32.62 - 13.97 408.06

R6 (15:63.75:21.25) 6.52 36.56 11.88 408.06
R7 (25:56.25:18.75) 10.87 32.26 10.48 408.06

R8 (50:37.5:12.5) 21.75 21.51 6.99 408.06
R9 (75:18.75:6.25) 32.62 10.75 3.49 408.06
R10 (85:11.25:3.75) 36.97 6.45 2.10 408.06

a: VS basis; b: wet basis; -: Not determined.

2.3. Physicochemical Analyses

The total solids (TS) and VS were detected based on the procedures described in the
Standard Methods manual [25]. The pH meter (FiveEasy Plus, Mettler Toledo, Switzerland)
was used to measure the pH of the collected digestate. The ammonia nitrogen (NH4

+-N)
and Soluble Chemical Oxygen Demand (SCOD) was determined using commercial reagent
kits (Hach Company, Loveland, Colorado, US) and a Hach DR 3900 spectrophotometer.
The proteins were determined using the Folin-phenol reagent method (Lowry method) [26],
and the carbohydrate was measured using the phenol-sulfuric acid method [27].

A gas collecting bag was utilized to collect the biogas. The biogas volume was
measured every day using a 100-mL plastic syringe, and its composition was analyzed
using a gas chromatograph (GC2010 Plus, Shimadzu, Tokyo, Japan) equipped with thermal
conductivity detectors (TCD) for CH4, CO2, H2, and N2 quantification. Argon gas was
applied as the carrier gas at 25 mL/min, and the working temperatures of the injector,
detector, and capillary packed column were 100, 170 and 60 ◦C, respectively. The carbon
(C), hydrogen (H), oxygen (O), nitrogen (N), and sulfur (S) contents were measured on
a dry weight basis and were determined using an elemental analyzer (Vario EL, GmbH,
Hanau, Germany). Three parallel experiments were conducted for all analysis.

2.4. Calculations

The daily methane yield (DMY) was calculated using Equation (1).

DMY = Daily biogas volume × Methane content (1)

The specific methane yield (SMY) was determined according to Equation (2) [28]:

SMY =
VMY
g VS

(2)
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where:
SMY = The specific methane yield in (mL/g VS);
VMY = The total volume of the bio methane yield in (mL); and
g VS = The mass of VS added to each reactor.
The theoretical methane yield (TMY) was determined using Equation (2) [28] and is

shown as the following:

TMY =
930C + 2790 H − 350 O − 600 N − 175 S

C + H + O + N + S
(3)

where C, H, O, N, and S are the percentages carbon, hydrogen, oxygen, nitrogen, and sulfur
in the feedstocks on a dry basis.

ABD% =
SMY
TMY

× 100% (4)

The feedstock anaerobic biodegradability (%ABD) was calculated using Equation (4).
The synergy index (SI) was calculated to evaluate the synergistic effect of the AcoD

for each feedstock’s mixture according to Equations (5) and (6):

WMY = FWCMY × A + SLCMY × B + CDCMY × C (5)

SI =
SMY
WMY

(6)

where:
WMY = the weighted methane yield in (mL/g VS);
A is the ratio of FW (VS basis); B is the ratio of and SL (VS basis); and C was the ratio

of CD (VS basis).
If SI > 1, then the AcoD has a positive synergistic effect. If SI < 1, then the AcoD has a

negative synergistic effect. If the synergy = 1, then there is no synergistic effect [29].
The VS removal was calculated using Equation (7):

VSremoval =
VSinitial − VSfinish

VSinitial
× 100% (7)

where VSinitial is the VS concentration at initial time (mg/L) and VSfinish is the end VS
concentration (mg/L).

The SCOD removal was calculated using Equation (8).

SCODremoval =
SCODin − SCODout

SCODin
× 100% (8)

where SCODin is the SCOD concentration at initial time (mg/L) and VSout is the end SCOD
concentration (mg/L).

2.5. Kinetic Model-Based Analysis

This study utilized the modified Gompertz model Equation (7) to fit the batch test
data of the CMY at the different mixture ratios [30]:

M(t) = Y0 exp
{
− exp

[
e × Rm

Y0
(k − t) + 1

]}
(9)

where M(t) is the SMY at a given time t (mL/g VS); Y0 is the maximum methane potential
(mL/g VS); Rm is the maximum methane yield rate (mL/g × VS/d); k is the lag time (d);
t is the AD duration (d); and e ≈ 2.7183.
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2.6. Statistical Analysis

For each group, a t-test was conducted to identify the statistical significance of the
synergy index using one-way ANOVA (SPSS IBM statistics 22.0), and the value of p < 0.05
was considered as the criterion for statistical significance.

3. Results and Discussion
3.1. Characterization of the Feedstocks and Inoculum

The raw material characteristics are extremely important factors that affect the start-up
of AD, process stability, and methane production [31]. Table 2 illustrates the physical and
chemical properties of the FW, SL, CD, and the inoculum.

Table 2. Physico-chemical properties of the feedstocks and the inoculum utilized.

Parameter FW SL CD Inoculum

pH - - - 7.87 ± 0.01
TS a% 25.84 ± 0.17 21.41 ± 0.22 20.27 ± 0.24 4.41 ± 0.01
VS b% 94.30 ± 0.02 86.34 ± 3.19 93.56 ± 0.67 58.85 ± 2.36
C b% 49.27 ± 0.82 43.59 ± 0.05 44.03 ± 0.02 -
H b% 6.47 ± 0.20 6.91 ± 0.01 6.82 ± 0.01 -
O b% 36.04 ± 0.10 41.49 ± 0.08 40.79 ± 0.35 -
N b% 2.75 ± 0.22 1.19 ± 0.10 1.69 ± 0.19 -
S b% 0.24 ± 1.01 0.27 ± 0.05 0.36 ± 0.01 -

C/N ratio 17.89 36.51 26.10 -
Soluble Carbohydrates b% 20.88 ± 0.49 3.69 ± 0.23 0.44 ± 0.03 -

Lipids b% 22.49 ± 0.21 4.58 ± 0.26 2.97 ± 0.10 -
Soluble Proteins b% 16.33 ± 012 5.75 ± 0.05 6.16 ± 0.03 -

pH - - - 7.87 ± 0.01
NH4+-N (mg/L) - - - 1244.33 ± 4.04

SCOD (mg/L) - - - 536 ± 3.46
a: wet basis; b: dry basis; -: Not determined.

The VS of the three substrates, FW, SL, and CD, were 94.30, 86.34 and 93.56%, re-
spectively. The three substrates had a high VS content and were suitable for methane
production. Hence, they were all regarded as potential raw materials for AD.

The elemental analysis showed that the C/N ratios of the FW, SL, and CD were 17.89,
36.51 and 26.10, respectively. According to the literature, the C/N ratios of reactors with
higher methane productions range from 20–30 [32]. However, only the C/N ratio of the CD
was within the recommended optimum range. The C/N ratio of the FW and SL were out
of this range. The methane production and ABD results, which are discussed in Section 3.3,
showed that a suboptimal C/N ratio did not affect the biodegradation of the FW and SL.
This was primarily likely due to the inoculum supplying adequate nutrients for microbial
growth. In addition, in this study, the carbohydrate content of the FW was low, which may
have been one of the reasons why the FW did not acidify during the early stage of mono-
digestion alone (discussed in Section 3.3). The CD had the lowest soluble carbohydrates
and lipids, which may have been the reason for the lower methane production in the
experimental group that had more CD additions.

The inoculum characteristics also played an important role in the start-up and stable
operation of the AD process. In this study, the pH of the inoculum was 7.87 ± 0.01, which
neutralized the initial acid production of the AD system of the FW and played a significant
role in avoiding the acidification of the system [33].

3.2. Methanogenesis

In an AD system, the most desired and valuable energy recovery product is methane.
Therefore, the methane yield rate and methane yield are two of the most important indica-
tors that were used to evaluate the efficiency of the AD in this study. The following section
shows the results of the daily methane yield and cumulative methane yield.
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3.2.1. Methane Yield Rate

The DMY rate can reflect the crest value situation of methane generation, and different
methane production peaks can reflect the differences in the AD kinetics [34]. The variation
tendencies of the daily methane using the different feedstock mixing ratios are shown in
Figure 1. During the AD period, the experimental results indicated that the main trends
observed were quite similar for all groups. The AD process started rapidly, and the DMY
increased swiftly until achieving the peak value and then decreased gradually. Moreover,
there appeared to be a difference in both the culmination times and the peak values of the
DMY in the different feedstock mixing ratios.
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In this study, the highest methane generation crests that appeared in the four ex-
perimental series on the second day were R2 (35.70 mL/g VS), R4 (57.13 mL/g VS), R5
(58.25 mL/g VS), R6 (47.81 mL/g VS), and R7 (56.38 mL/g VS). On the third day, they were
R1 (67.88 mL/g VS), R3 (9.02 mL/g VS), R8 (61.13 mL/g VS), R9 (56.76 mL/g VS), and
R10 (61.54 mL/g VS). The second DMY peaks appeared on the 7th, 6th, and 5th days, and
they were R1 (40.66 mL/g VS), R4 (43.46 mL/g VS), and R10 (45.85 mL/g VS) groups. A
related study reported that the reason for the two or three methane yield crests may be
due to the diverse degradation rates of lipid, protein, and carbohydrate components in
the FW [35]. In addition, a second methane peak appeared in FW AcoD system due to
the acceleration of the AcoD dissolution efficiency for organic matter and this induced or
boosted the heterogeneous degradation process [17].

3.2.2. Methane Content

The methane content was tested every day, as shown in Figure 2. During the first
three days, the ten groups demonstrated a similar trend in methane content, where it
increased rapidly to a stable level and then gradually decreased as the substrate degraded.
The methane content of the AD biogas was 55–70%, as described in two studies [36,37].
The higher the methane content in the biogas (approximately 70% or more), the better the
quality would be [38].
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In this study, the methane content peak of each co-digestion reactor reached greater
than 60%, among which the highest was R1 (73.29%, on the 7th day), followed by R10
(73.26%, on the 5th day). It was obvious that the peak time of methane production in
AcoD groups was obviously shorter than that in R1. This was possibly due to the co-AD
stimulating the growth of methanogen microorganisms.

Recently, some articles have reported a higher methane content in biogas with the
optimization of the AcoD using various types of organic solid wastes. For example,
Mu’s et al. [39] studied the methane yield of the AcoD of yard waste (YW), FW, and sewage
sludge (SS), and they found that the optimum mixing ratio was 3:9:4 based on the VS with
a methane content 64.4 ± 1.7%. Tasnim et al. [40] tried to stimulate methane generation
using dairy manure, FW, and water hyacinth, and this resulted in a 65% methane content.
Thus, it is significant to optimize the AcoD process based on the type of organic waste as
well as the characteristics. When biogas is generated by blending with FW, SL, and CD, a
ratio of at least the 50% FW, and a maximum of 85%, is recommended. The biogas that was
yielded by blending FW and SL with CD illustrated the possibility of biogas production
using these materials during AcoD. This is demonstrated by the higher methane content
compared to other feedstocks.

3.2.3. Cumulative Methane Yield

The CMYs obtained by AD reactors with different FW, SL, and CD mixing ratios are
displayed in Figure 3. After 21 days of AcoD, with the degradation and utilization of the
substrate, the CMY of the FW digested alone, two feedstocks and three substrate groups
reached a stable stage and no obvious addition was later detected.

During the first five days, the CMYs in R5 (202.46 mL/g VS), R8 (222.67 mL/g VS), R9
(233.79 mL/g VS), and R10 (255.12 mL/g VS) were higher than that of the mono-digestion
of FW (190.51 mL/g VS). Even in the first six days, the CMY rate of R9 (250.35 mL/g
VS) and R10 (275.20 mL/g VS) remained higher than that of R1 (228.04 mL/g VS). The
technical digestion time to reach the maximum CMY (T80) was usually applied to describe
the methane yield efficiency in AD. T80 for the AcoD group were on days 3rd-5th, which
were 2-4 days earlier than that in the mono-AD groups. At the end of the experiment,
the order of CMY in each group were R1 (307.36 mL/g VS), R10 (297.16 mL/g VS), R4
(269.44 mL/g VS), R9 (268.27 mL/g VS), R5 (251.53 mL/g VS), R8 (239.89 mL/g VS), R7
(180.63 mL/g VS), R6 (155.65 mL/g VS), R2 (141.20 mL/g VS), R3 (37.74 mL/g VS).
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The highest CMY was the mono-AD of FW, which was 307.36 mL/g VS. This was
possibly because this group contained greater amounts of higher lipid contents, soluble
proteins, and soluble carbohydrates. However, the lowest was the R3 (37.74 mL/g VS),
and this was probably because CD contains low soluble carbohydrates and lipids. In the
co-digestion series, regarding the AcoD that utilized two substrates, the CMY of the FW
with SL and the FW with CD were 269.44 mL/g VS and 251.53 mL/g VS, respectively. In
comparison, for the AcoD of three feedstocks, the CMY of the five groups were 155.65,
180.63, 239.89, 268.27, and 297.16 mL/g VS. Hence, the higher the blending ratio of the FW,
the higher the CMY.

It was interesting to note that when adding the same proportion of FW, the CMY
displayed a significant difference, like the findings in the literature [2,29]. First, the CMY of
SL AcoD with FW was greater than the CD AcoD with FW. This could be because CD had
lower amounts of soluble carbohydrates and lipids. Previous research found that lipids
play an important role in CMY, and this was attributed to the products of lipid hydrolysis
being fatty acids that are readily available for anaerobic microorganisms. Second, the
AcoD of the three feedstocks (R9) was greater than the AcoD of two substrates (R5). This
result was most likely due to the addition of SL and CD further regulating the nutrient
balance of the AD system and stimulating the growth of microorganisms, thus promoting
the production of methane [39,41]. In summary, the supplementation of FW to the AcoD
process can significantly boost the methanogenic potential of an AD system. However,
it is worthy to note that this type of promotion was primarily attributable to the higher
methane yield potential of the FW than the SL and CD.

3.3. Stability of Process and Degradability of Substrates
3.3.1. Variation of pH and Ammonia Nitrogen of the AD Process

PH is considered an important indicator to evaluate the AD process [42,43]. The
sampling times were 0, 3, 6, 9, 15, and 21 days. Figure 4 shows the changes in the pH and
ammonia nitrogen with respect to different mixing ratios. Overall, as shown in Figure 4,
the initial pH values of the ten groups were all near 7.71 ± 0.10. During the whole AD
process, the pH of each experiment group was between 7.39 and 7.81. In this study, the pH
values of each group were maintained in the neutral range of 6.5–7.8, and there was no
system instability [44].
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An appropriate ammonia concentration can alleviate the acidification of the system,
while excessive ammonia will inhibit methane’s activity and system stability. Figure 4b
displays the diversification of the ammonia nitrogen concentration in each test group. In
general, the ammonia nitrogen content displayed a gradual upward trend. It has been
reported that high ammonia concentration (ranges from 1700 mg/L–14000 mg/L) might
inhibit methane production and even lead to failure of the AD process, which depends
on the type of substrates and inoculum [45]. In this work, the concentrations of ammonia
nitrogen for all batch tests were lower than 1500 mg/L. Thus, the ammonia nitrogen levels
were too low to inhibit methane yield in this study.

3.3.2. Anaerobic Degradability and Removal of Organic Matter

The TMY and biodegradability of the different feedstocks were calculated using Table 2
and Equations (1), (2), and (3). The TMY of R4 (520.61 mL/g VS), R5 (520.58 mL/g VS), R9
(520.60 mL/g VS) and, R10 (520.50 mL/g VS) were similar, and the experimental results
were quite different, and this was discussed in Section 3.1. The highest biodegradability
of R10 (57.60%) was followed by R1 (55.85%), R9 (51.94%), R4 (50.30%), R8 (46.85%), R5
(45.71%), R7 (36.34%), R6 (32.66%), R2 (32.14%) and R3 (11.69%). This result implied that the
higher the FW proportion, the higher the biodegradability. However, the biodegradability
result reflected that the SL and CD had lower biodegradability, which could be because
they contained higher lignocellulose contents. The anaerobic digestion biodegradability
(ABD) was consistent with the CMY, namely, the higher methane yield was, the higher the
biodegradability was. Similar results were obtained in a previous study [35].

The removal of VS and SCOD were important indicators of the amount of degraded
organic matter during the AD process [46]. As a rule, like biodegradability, a higher VS
and SCOD reduction efficiency means a more complete biodegradation of co-feedstocks.
Furthermore, higher VS and SCOD removal cause a higher methane production and lower
organic content of the digestates [47]. As can be seen from the results listed in Table 3, the
removal rate of VS and COD was roughly the same as the trend of biodegradability.

The highest VS and SCOD removal of 44.35 and 55.38%, respectively, were gained
from R10. In general, the higher the proportion of FW, the higher the removal rate of VS
and SCOD. These results can be attributed to the higher biodegradable component of the
raw materials and the co-digestion that promoted the degradation of the substrate [48]. It
is worth noting that the VS and SCOD removal rates of the experimental group digested
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using cow manure alone were the lowest (28.89 and 13.71%). This result may have been
attributed to the fact that the CD after solid–liquid separation contained a lower amount of
soluble organic matter and a higher amount of difficult-to-degrade lignocellulose.

Table 3. Anaerobic biodegradability, VS, and SCOD removal in the different reactors.

Groups TMY (mL/g VS) CMY (mL/g VS) ABD% VS Reduction (%) SCOD Reduction (%)

R1 535.35 307.36 ± 6.78 57.41 ± 1.27 60.96 ± 0.68 63.27 ± 0.72
R2 476.41 141.20 ± 14.36 29.64 ± 3.02 38.27 ± 0.24 37.10 ± 1.39
R3 476.27 37.74 ± 9.11 7.92 ± 1.91 28.89 ± 0.19 13.71 ± 0.15
R4 520.61 269.44 ± 11.96 51.76 ± 2.30 41.01 ± 0.11 42.26 ± 0.09
R5 520.58 251.53 ± 8.64 48.32 ± 1.66 39.79 ± 0.40 40.68 ± 0.51
R6 485.22 155.65 ± 4.81 32.08 ± 0.99 37.06 ± 2.58 43.87 ± 0.35
R7 491.12 180.63 ± 7.54 36.78 ± 1.54 36.08 ± 0.72 40.90 ± 0.34
R8 505.86 239.89 ± 8.70 47.42 ± 1.72 41.50 ± 0.27 45.37 ± 0.24
R9 520.60 268.27 ± 16.66 51.53 ± 3.20 43.95 ± 0.99 52.65 ± 0.08
R10 520.50 297.16 ± 11.88 56.44 ± 2.26 44.35 ± 1.46 55.38 ± 0.33

3.4. Analysis of the Kinetics

In this study, the modified Gompertz model was applied to match the methanogenic
results. Kinetic parameters have often been used to assess and forecast the AD degradation
characteristics of all types of organic feedstocks. By imitating the methane yield in Figure 3,
the key indicators reflecting the AD process, such as lag time, the maximum methane
production rate (Table 4) and the methane yield potential, can be calculated [49]. It is
worthy to note that the laboratory results matched well (R2 = 0.9855–0.9990) with the
Modified Gompertz model, as shown in Table 4. In addition, the predicted maximum CMY
potentials all showed an enhancement with the added proportion of FW in the substrates.
It was in line with the variation of the calculated maximum methane yield potentials
identified using the laboratory values.

Table 4. Modified Gompertz model parameters obtained by matching the methanogenic data.

Parameter Y (mL/g VS) Rm (mL/g-VS/day) λ (day) R2

R1 310.99 ± 3.70 48.93 ± 3.28 0.29 ± 0.22 0.9855
R2 138.18 ± 1.04 28.53 ± 1.52 0.13 ± 0.14 0.9913
R3 36.29 ± 0.45 5.62 ± 0.38 0.78 ± 0.23 0.9872
R4 270.88 ± 2.63 48.92 ± 3.02 0.22 ± 0.18 0.9880
R5 252.64 ± 1.99 50.88 ± 2.77 0.28 ± 0.14 0.9912
R6 152.77 ± 0.92 44.70 ± 1.89 0.23 ± 0.08 0.9955
R7 178.02 ± 0.61 55.24 ± 1.77 0.33 ± 0.06 0.9976
R8 238.43 ± 0.55 67.98 ± 1.38 0.38 ± 0.04 0.9990
R9 267.75 ± 0.76 62.54 ± 1.37 0.32 ± 0.05 0.9987

R10 297.67 ± 1.14 65.83 ± 1.86 0.36 ± 0.07 0.9978

The maximum methane yield rate (Rm) was 67.98 mL/g-VS/day (R5), which increased
by 1.38-, 2.38- and 12.09-fold compared with the FW, SL and CD mono-AD, respectively.
λ represented the lag-phase time for the AD system, and presented the lowest value
(0.13 days) at SL mono-digestion, which indicated the fastest starting of the AD process
compared to other groups. Therefore, through kinetic analysis, it can be concluded that the
AcoD of FW, SL and CD improved maximum methane yield potential while the addition
of FW proportion exceeded 25%.

3.5. Synergy Impact of Anaerobic Co-Digestion

The synergistic effect of methane production was calculated using Equations (5) and (6).
The SI values of the mono-digestion of FW, SL, and CD were assumed to be one.

As shown in Figure 5, the synergy index of co-digestion of the two raw materials
was between 1.01 and 1.05 (p > 0.05), indicating that there were neither synergistic effects
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nor antagonistic effects. In contrast, the SI values of the three substrates of the AcoD of
FW, SL, and CD were between 1.03 and 1.14 (from R6 to R10), the highest SI values were
in R8 (1.14) (p < 0.05), indicating that there were significant positive synergistic effects in
group R8. However, R6 (1.08), R7 (1.11), R9 (1.03) and R10 (1.07) (p > 0.05), implied that
there were neither synergistic effects nor antagonistic effects. However, previous studies
have reported that the co-digestion of cattle and pig slurries with grass silage in vitro had
antagonistic effects [50]. Zhao [51] performed AcoD of oat straw and CD and found that
there were both synergistic and inhibitory effects. The three substrates applied in this
study had coordinated effects. Thus, the synergistic effects may be related to the types of
feedstocks and the mixing ratio of two or more substrates.
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These results further indicated that the addition of SL and CD in an appropriate
proportion increased the methane yield during the digestion of FW. This effect can be
attributed to the regulation of the nutrient balance, enhancement of the buffering capacity,
and dilution of the toxic elements in the AD process [2], thus facilitating the methane
production. In addition, the addition of FW promoted the hydrolysis activity, enhanced
the degradation of difficult-to-use organic matter, and facilitated the organic component
conversion to methane. This consequence showed that the AcoD of FW and SL with
CD can be an effective method to generate renewable energy by using plentiful organic
solid wastes.

3.6. Significance of This Work

Until now, co-digestion has been the conventional, easy to operate and low-cost
technology for methane yield from organic wastes. A low degradation rate was due
to properties of raw materials that had higher lignocellulose and inorganic composition
contents. However, this study demonstrated that the nutrient balance of the AD system
was regulated by three types of raw materials that improved the anaerobic biodegradability
of FW, SL, and CD. This research suggested that, compared with the AD of SL and CD
mono-digestion, the addition of FW can enhance the CMY potential and produce better
biodegradation of lignocellulosic components in the AD reactor. Future work to improve
the methane production should consider pretreatment of the feedstocks, the addition of
biochar, and the optimization of operating conditions in the continuous stirred-tank reactor.

4. Conclusions

In this study, the AcoD of FW, SL, and CD was shown to be a promising method
for the sustainable management of organic solid wastes, compared to mono-digestion
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and two-raw-material co-digestion. Based on the observed CMY data from the batch
tests, the addition of FW improves the CMY potential, and the CMY increases with the
proportion of FW (from 155.65 to 297.16 mL/g VS). In addition, the addition of FW had
better biodegradation and SCOD removal compared with SL and CD mono-AD. The
modified Gompertz models could simulate the AcoD process of FW, SL and CD well. In
general, this finding suggests that AcoD of FW, SL and CD can provide a feasible basis for
the management of municipal, crop and breeding industry organic wastes, and contribute
to clean energy production.
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