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Abstract
This paper mainly introduces the potential of methane yield from co-digestion of primary sludge (PS) and the proposed new
waste materials of sugarcane leaves (SL) and Corchorus stalks (CS) in Egypt. This paper includes three parts. In the first
part, anaerobic co-digestion of PS, SL, and CS at different carbon-to-nitrogen (C/N) ratios was studied to determine the best
C/N ratio. The results indicated that the maximum cumulative methane yields (CMYs) were observed at a C/N ratio of 18,
which was associated with the highest volatile solid (VS) removal rate (74.41%). In the second part, the effect of using two
types of inoculum (fresh cow manure (CM) and rumen content from slaughterhouses (RS)) on increasing the production of
methane was investigated. Clearly, using CM as inoculum showed a superiority of the production of methane from co-
digestion of PS, SL, and CS. The maximum CMYs were observed using the CM as inoculum from co-digestion of PS, SL,
and CS. It was higher about 1.26 times more CMY using RS as inoculum. In the third part, the possibility of enhancing
biogas yields from semi-continuous co-digestion of PS, SL, and CS using different organic loading rates (OLR) of 0.5, 1.0,
and 2.0 was conducted. The highest biogas production rate was observed at an OLR of 1.0 gVS/(Lreactor.d) that coincided
with the optimum VS removal rate. Statistical analysis of the results was conducted using analysis of variance (ANOVA)
test, and the C/N ratio of 18 is statistically the best enhanced ratio. Overall, the feasibility of maximizing the methane
productivity considering the anaerobic co-digestion of PS, SL, and CS under the optimal operating conditions and config-
uration was proved.
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Abbreviations
AD Anaerobic co-digestion
BMP Biochemical methane potential
C/N Carbon-to-nitrogen ratio
CM Cow manure
CMYs Cumulative methane yields
CS Corchorus stalks
OLR Organic loading rate
PS Primary sludge
RS Rumen content from slaughterhouses
SL Sugarcane leaves
SS Sewage sludge
TS Total solids
TC Total carbon
TN Total nitrogen
TO Total oxygen
VS Volatile solids
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1 Introduction

Most sensitive problems facing the sustainable development
of Egyptian society are lack of energy sources and the treat-
ment of their sewage sludge (SS), livestock rumen contents
from slaughterhouses, and crop residues in an environmental-
friendly manner [1, 2]. Currently, Egypt has 303 wastewater
treatment plants that treat 11.85 Mm3 of sewage sludge con-
taining around 2400 t/day of dry solids daily [3]. Each year,
great amounts of SS are disposed of in a conventional manner
such as landfilling and incineration. In many countries,
landfilling and incineration are not a suitable solution due to
environmental contamination, land scarcity, and leachate
emissions [4].

On the other hand, the amount of agricultural wastes in
Egypt is estimated at approximately 35 Mt per year [5].
Agricultural wastes are primarily disposed of through burning,
which can have critical environmental repercussions.
Sugarcane is one of Egypt’s key strategic agricultural prod-
ucts. It occupies the second important status after wheat and
mainly is grown in upper Egypt [6]. Corchorus is also an
extremely popular Egyptian green vegetable. Anaerobic di-
gestion (AD) has the ability to reduce the environmental bur-
den and convert crop residues [7], sewage sludge [8], and
animal wastes [9] into biogas, which is used for generating
electricity.

Carbon-to-nitrogen (C/N) ratio is an important indicator for
microbial growth in AD and biological treatment systems. Co-
digestion of various plant materials with organic waste en-
hances the C/N ratio of the feedstock and supplies a wide
range of nutrients [10].

Most of the previous studies that investigated anaerobic
digestion of various substrates were focused on the effect
of the C/N ratio of the used feedstocks on improving bio-
gas production [11, 12] and neglected the effect of the C/N
ratio of inoculum. The novelty of this paper is to study the
influence of the C/N ratio of the used feedstock, without
neglecting the C/N ratio of inoculum on the increase of
methane yields.

Elsayed et al. [13] conducted anaerobic co-digestion of
sewage sludge and wheat straw in a batch reactor under
mesophilic condition, and the results showed that the maxi-
mum production of methane was observed at a C/N ratio of
15. Zhang et al.[14] reported that the co-digestion of the goat
manure with rice straw or corn stalks greatly increased the
production of biogas at C/ N ratios of 35, 21, and 16.

The source of inoculum plays an important role in the AD
process [15]. Quintero et al. [16] showed that a higher meth-
ane yield was obtained in the reactor inoculated with a mixture
of rumen liquid and pig waste sludge. By choosing a suitable
inoculum, the production of biogas and the generation of
methane from corn stover were improved by 15.5% and
10.8% respectively [17]. Several studies have employed

rumen contents as a good inoculum for anaerobic digestion
(AD) of a variety of lignocellulosic biomass, including agri-
cultural residues [18], energy crops [16], and aquatic plants
[19].

In recent years, Aboudi et al. [20]studied the effect of
organic loading rate (OLR) for semi-continuous co-diges-
tion of pig manure with sugar beet by-products, and the
results showed that the optimal gas production was record-
ed at an OLR of 11.2 gVS/(Lreactor.d). Di Maria et al. [-
21]conducted co-digestion of sewage sludge with fruit
wastes, and they observed that at a short hydraulic reten-
tion time (10 days), an enhancement in methane yield was
occurred.

The novelty of the study aims at studying the possibility
of increasing the production of methane from anaerobic co-
digestion of PS and the proposed new waste materials of
SL and CS in Egypt. The specific aims of this study were
as follows: firstly, investigate the effect of the C/N ratios of
the used substrates and inoculum on the co-digestion pro-
cess emphasizing the optimum methane productivity; sec-
ondly, study the best type of inoculum (CM and RS) for the
optimal gas production; finally, semi-continuous co-diges-
tion of PS, SL, and CS considering the effect of various
imposed OLR to highlight the potential methane enhance-
ment was conducted.

2 Methodology

The research methodology of this paper was shown in Fig. 1.

2.1 Feedstock characteristics

Primary sludge (PS) substrate was obtained from the pri-
mary sedimentation tank of the Kima wastewater treatment
plant, Aswan, Egypt. The Kima wastewater treatment plant
is the activated sludge treatment plant. Sugarcane leaves
(SL) and Corchorus stalks (CS) were collected from a local
farming area at city of Qift, Egypt, then dried at room

Characterization of feedstock and inoculum

Preparation of  the feedstocks and inoculum

Analytical techniques techniques

Experimental design

Fig. 1 Flowchart shows the research methodology
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temperature. To minimize the size of the SL and CS, they
were grinded and brought up to the size of less than
1.0 mm by using a house grinder. The suggested good size
for crop residues is ranged from 0.3 to 1.0 mm [22].
Feedstock characteristics that were used in BMP tests were
indicated in Table 1. Sugarcane leaves (SL) and Corchorus
stalks (CS) were rich in carbon content with proportions of
52.88% and 52.94% relative to their dry weights, while
they have a low nitrogen content of 0.89% and 0.91%,
respectively. On the other hand, primary sludge (PS) was
distinguished by high nitrogen content with a percentage of
6% and with moderate carbon content of 45.72%. SL and
CS have greater C/N ratios of 59.62 and 58.18, respective-
ly, while PS has a low C/N ratio of 7.62. Accordingly,
anaerobic co-digestion of PS with the agricultural waste
of SL and CS will calibrate the C/N ratio of the mixture
and improve the gas production[12]. Also, as shown in
Table 1, SL and CS substrates have a high VS content of
89% and 86.61%, respectively. Also, PS has a high VS
content (71.69%) which can lead to high biodegradability
levels [23].

2.2 Inoculum

Two types of inoculum were utilized in this paper to obtain
the optimal inoculum for the highest methane production.
For the first type of inoculum, samples of fresh cow ma-
nure were collected from a small farm located in the city of
Qift, Egypt. For the second type of inoculum, a sample of
fresh rumen content of cattle from slaughterhouses was
collected from the city of Qift central abattoir. Rumen con-
tents were collected from cattle freshly slaughtered.
Inoculum was stored in an anaerobic headspace under
mesophilic condition (37°C) for over a month to remove
the dissolved methane and residual organic matter
contained in the inoculum [24].

2.3 Analytical techniques

pH, total solids, and volatile solids were measured according
to the standard methods [25]. Total hydrogen, total oxygen,
total carbon, and total nitrogen were measured by using a
thermal conductivity detector (FLASH EA 1112). Water dis-
placement method was used to measure the daily production
of biogas (STP −105 Pa and 273.15 K). Table 1 displays the
characteristics of feedstock and inoculum which were used in
the biochemical methane potential (BMP) tests.

2.4 Experimental design

In this paper, three sets of experiments were carried out. Two
experiment groups of batch tests were conducted in duplicate
under mesophilic conditions (37 °C ± 1 °C) according to
Mahmoud Elsayed et al.[26]. Batch reactors having a total
volume of 500 mL (with a working volume of 400 mL) were
used. In the first group of experiments, various mixtures of
substrates of PS, SL, and CS with different C/N ratios were
prepared to determine the best C/N ratio and are noted R1 to
R5 in Table 2. Three extra anaerobic reactors that were re-
ferred as C1, C2, and C3 were used as controls for the indi-
vidual digestion of PS, SL, and CS. The total VS organic load
of the feedstock was set to be 7.50 gVS/L in each digester of
this group [27]. In the second group of experiments, two var-
ious types of inoculums (cowmanure and rumen content from
slaughterhouses) were used to evaluate the optimal inoculum
in anaerobic co-digestion of PS, SL, and CS using the best C/
N ratio, which was obtained from the first experiment in an-
aerobic reactors referred as B1 and B2, respectively, as shown
in Table 3.

The temperature in all the reactors (37 °C ± 1 °C) was
adjusted using a water bath. The value of pH was adjusted
to be 7 ± 0.1 in all the reactors before beginning the experi-
ments, by adding six moles of sodium hydroxide (NaOH).
Each reactor’s headspace was flushed with nitrogen gas (N2)
for 2 min to create an anaerobic condition. Batch reactor setup
was illustrated in Fig. 2. At the end of each experiment, all the
reactor’s digestion residue was sampled for the calculation of
TS and VS. The removal of VS was determined using the
following equation:

VSRemoval %ð Þ ¼ VSInitial−VSFinial
VSInitial

*100

where VS Removal is the removal of volatile solids for the
feedstock utilized, VS Initial (g/L) is the influent volatile solids
for the feedstock utilized, and VS Finial (g/L) is the effluent
volatile solids for the feedstock utilized.

In the third experiment, semi-continuous co-digestion tests
of PS, SL, and CS were conducted under mesophilic condi-
tions (37 ± 1 °C). A semi-continuous reactor with working and

Table 1 Feedstock and inoculum characteristics used in the BMP tests

Characteristics PS SL CS Cow manure Rumen content

TS (%) 3.99 96.97 96.71 9.68 3.31

VS (TS %) 71.69 89.00 86.61 80.79 91.73

TC (dry wt.%) 45.72 52.88 52.94 53.36 54.30

TN (dry wt.%) 6.00 0.89 0.91 1.74 1.16

TO (dry wt.%) 28.30 41.23 44.10 40.12 ND

TH (dry wt.%) 5.36 3.53 5.51 4.30 ND

C/N ratio 7.62 59.62 58.18 30.67 46.93

pH 7.20 ND ND 4.40 7.58

TS total solids, VS volatile solids, TN total nitrogen, TC total carbon, TH
total hydrogen, TO total oxygen, C/N carbon-to-nitrogen ratio, ND not
determined
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total volume of 13 L and 20 L, respectively, was used.
Figure 3 shows the schematic diagram of the semi-
continuous reactor. Three various organic loading rates
(OLR) of 0.5, 1.0, and 2.0 gVS/(Lreactor.d) for a constant re-
tention time of 30 days were used. Table 4 shows character-
istics of the various tested OLR for semi-continuous co-

digestion of PS, SL, and CS. According to the first and second
experiments, the mixture of the feedstocks was prepared at
optimumC/N ratio and best inoculum. The systemwas started
up as a batch reactor for 10 days to achieve an active acidify-
ing culture by loading the only inoculum to the reactor. Semi-
continuous feeding for the reactor started from day 10, where

Table 2 Different substrate mixtures in anaerobic co-digestion of PS, SL, and CS at different C/N ratios

Reactor number PS (gVS/L) SL (gVS/L) CS (gVS/L) Inoculum (gVS/L) (C/N) ratio

R1 13.25 2.75 2.75 37.5 18.0

R2 9.5 4.63 4.63 37.5 21.0

R3 5.75 6.5 6.5 37.5 25.0

R4 2.75 8.0 8.0 37.5 30.0

R5 0.5 9.13 9.13 37.5 35.0

C1 18.75 0.0 0.0 37.5 7.62

C2 0.0 18.75 0.0 37.5 59.62

C3 0.0 0.0 18.75 37.5 58.18

PS primary sludge, SL sugarcane leaves, CS Corchorus stalks

Table 3 Different types of inoculum used in co-digestion of PS, SL, and CS

Reactor number B1 B2 B3 B4

Inoculum type Cow manure + feedstock (C/N18) Rumen content + feedstock (C/N20.7) Cow manure Rumen content

PS added (gVS/L) 13.25 13.25 0.00 0.00

SL added (gVS/L) 2.75 2.75 0.00 0.00

CS added (gVS/L) 2.75 2.75 0.00 0.00

C/N ratio 18.00 20.70 30.67 46.93

PS primary sludge, SL sugar leaves, CS Corchorus stalks

Fig. 2 . Schematic diagram of the laboratory-scale BMP test set-up
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0.43 L of digested substrates was withdrawn daily from the
reactor and replaced with fresh substrates (feedstock + tap
water) to maintain the retention time of 30 days.

3 Results and discussion

3.1 Anaerobic co-digestion of PS, SL, and CS at various
C/N ratios

3.1.1 Methane production from individual digestion of PS, SL,
and CS

Daily production of methane from co-digestion of primary
sludge (PS), sugarcane leaves (SL), and Corchorus stalks
(CS) at various C/N ratios is presented in Fig. 4. For the
PS substrate, the highest values of the daily production of
methane were eventuated on the 5th day (8.05 mL/
gVSadded) and the 9th day (9.20 mL/gVSadded), whereas
for SL, the highest values for the daily production of
methane were eventuated on the 2nd day (9.43 mL/
gVSadded) and the 5th day (15.33 mL/gVSadded). Finally,

the highest daily methane production values of CS oc-
curred on the 2nd day (14.49 mL/gVSadded) and the 3rd

day (18.86 mL/gVSadded). For all the mixing ratios, the
majority of daily methane production occurred during
the first days of the test due to easily degradable organic
substances and as a result of the grinding process that
occurred for the used feedstock (high solid concentration,
carbohydrates, proteins, fats, among others)[28]. The two
highest peaks of the daily methane yield of CS and SL are
higher than the highest peak of the PS, which could be
attributed to the small particle size of CS and SL, which is
very simple to digest for micro-organisms [29]. It was
noted that methane productions from individual digestion
of PS, SL, and CS were reduced daily until there was no
methane production. This is expected since the rate of
reaction generally decreases with time due to a reduction
in the concentration of active substrates [30].

At the end of 30 days of anaerobic digestion, the cumula-
tive methane yields (CMYs) observed from individual diges-
tion of SL (164.37 mL/gVSadded) were about 1.63 times great-
er than that from PS (101.13 mL/gVSadded) and about 1.39
times greater than that from CS (118.35 mL/gVSadded). This

Fig. 3 Schematic diagram of the semi-continuous reactor

Table 4 Characteristics of the various tested OLR for semi-continuous co-digestion of PS, SL, and CS

Run number PS added (gVS/L) SL added (gVS/L) CS added (gVS/L) Inoculum (gVS/L) OLR HRT (days) C/N ratio

1 4.59 0.96 0.96 6.51 0.5 30.0 18.00

2 9.18 1.91 1.91 26.00 1.0 30.0 18.00

3 18.36 3.82 3.82 52.00 2.0 30.0 18.00
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may be due to the higher TC content of SL (52.88%) than the
other used feedstock. Inyang et al.[31] studied anaerobic di-
gestion of sugarcane bagasse, and the results showed 74.67
mL/gVSadded of methane after 40 days. The results of this
study indicate that the primary sewage sludge that has been
used is poorly anaerobically digestible so it is essential to co-
digest with other agricultural wastes[32]. This might be due to
a low C/N ratio as its inherent deficiency of carbon [33] that
results in an increase in pH values and ammonia accumula-
tion, which is toxic to methanogenic bacteria [34]. Also, PS
consists of fiber and different solid particles that settle in the
primary sedimentation tank of wastewater treatment plants
and are not feasible for biodegradation [35], so it is preferable
to co-digest carbon-rich wastes as agriculture residues with
nitrogen-rich primary sludge (PS) from primary clarifiers to
moderate probable effects of ammonia inhibition and beat
nutrient reduction in terms of carbon.

3.1.2 Methane production from co-digestion of PS, SL, and CS

As observed from Fig. 4, the peak values of the daily methane
yield from co-digestion of PS, SL, and CS at C/N ratios of 35,
30, 25, 21, and 18 occurred on the 8th day (20 mL/gVSadded),
the 22nd day (28 mL/gVSadded), the 13th day (27.6 mL/
gVSadded), the 21st day (30.67 mL/gVSadded), and on day
20th (36.8mL/gVSadded), respectively. These maximum peaks
are higher than the peak values of the individual digestion of
PS, SL, and CS. The highest peaks of methane production
were obtained at C/N ratios of 18 and 21. This may be due
to the balanced nutrients in the feedstock at these C/N ratios,
which improved the methanation process and bacterial growth
[36].

Cumulative methane yields (CMYs) from co-digestion of
PS, SL, and CS are shown in Fig. 5. From the figure, CMYs

from co-digestion of PS, SL, and CS at C/N ratios of 35, 30,
25, 21, and 18 were 190.13, 233.06, 220.80, 276, and 297.46
mL/gVSadded, respectively, which presented a higher methane
production of 1.88, 2.30, 2.18, 2.73, and 2.94 times than
digesting PS alone, respectively, and higher methane yield
of 1.16, 1.42, 1.34, 1.68, and 1.81 times than digesting SL
alone, respectively. Also, it showed a higher methane produc-
tion of 1.61, 1.97, 1.87, 2.33, and 2.51 times than digesting CS
alone, respectively. This may be due to the co-digestion of PS,
SL, and CS based on their C/N ratios is an essential way to
increase the biodegradability of the feedstock and production
of methane [37]. Mixing various feedstocks in anaerobic di-
gestion based on their C/N ratios enhances anaerobic diges-
tion performance and heavily improves biogas production
[38]. Also, the methane production was decreased at the
highest percentage of C/N ratio, because of the higher rate of
consuming the nitrogen from acidogenic bacterium than the
consumption of nitrogen from methanogenic bacteria [39].
This result agrees with precedent studies; Wu et al. [40] con-
cluded that at all C/N proportions, all crop residues greatly
increased the production of biogas and net volume of meth-
ane. Zhang et al.[7] reported that anaerobic co-digestion of
goat manure with rice straw or corn stalks at various C/N
ratios improved biogas production.

In this study, maximum CMYs were recorded at a C/N
ratio of 18 with an improvement of 22%, 12%, 15%, and
4% compared with the other C/N ratios of 35, 30, 25, and
21, respectively. These maximum CMYs were higher than
the highest methane yield estimated by Siddiqui et al.[41]
who estimated a production of biomethane from industrial
food waste (IFW) with sewage sludge of 239 mL/
gVSremoved at a C/N ratio of 15. On the other hand, the
maximum CMYs were less than the value of CMYs
(481.1 mL/gVSadded) obtained from co-digestion of sludge,
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wheat straw, and buckwheat husk at a C/N ratio of 10.07
[27]. The ideal C/N ratio of 18 (which was obtained from
this study) matches with the optimum range (from 9.0 to
30.0) for anaerobic digestion[41]. Previous studies bolster
the results obtained in from this work. Yen and Brune [42]
proposed for co-digestion of algal sludge with wastepaper
an ideal C/N ratio of 18. Elsayed et al.[13] studied co-
digestion of wheat straw and primary sludge and reported
that the best C/N ratio was 15. Sievers and Brune [43]
suggested that a C/N ratio of 16 was the optimal ratio for
anaerobic co-digestion of sewage sludge mixtures with pa-
per pulp. The second highest CMYs were detected at a C/N
ratio of 21 (276 mL/gVSadded), which matches with Rizk
et al. [11] who reported that anaerobic co-digestion of fruit
and vegetable wastes with sewage sludge significantly en-
hanced biogas production at a C/N ratio of 20. Also, the
optimal C/N ratio from co-digestion of swine manure with
corn stalks was obtained at a C/N ratio of 20 [40]. The
highest cumulative methane productions that occurred at
C/N ratios of 18 and 21 can be explained by two reasons.
Firstly, the C/N ratios of 18 and 21 contain a low percent-
age of agricultural residues (SL and CS) relative to the
other ratios, so lignin is minimum. In anaerobic digestion
operation, lignin is regarded as the least degradable sub-
strate of all agricultural residues [40]. Secondly, these C/N
ratios contain a higher content of PS substance, which is
digested easily [44]. The minimum CMYs were at a C/N
ratio of 35 (190.13 mL/gVS). This decrease may be due to
the small quantity of PS, which is digested easily.

Many of the previous studies, which investigated an-
aerobic co-digestion of different substrates on improving
biogas production, were focused on the effect of the C/N
ratio of the used feedstocks without adding the C/N ratio
of the inoculum (Elsayed et al., 2015; Yen and Brune,
2007). In this paper, the effect of the C/N ratio of the used

feedstock and inoculum on improving methane yields was
studied. The highest cumulative methane yields (CMYs)
occurred at a C/N ratio of 18, if we calculated the C/N
ratio of the used feedstock and inoculum, while the
highest CMYs occurred at a C/N ratio of 10 if we calcu-
lated the C/N ratio of the used feedstock without adding
the C/N ratio of the inoculum. Finally, it is better to cal-
culate the C/N ratio of the used feedstock and inoculum to
be more accurate.

3.1.3 VS removal and pH from co-digestion of PS, SL, and CS

Volatile solid (VS) removal rate and pH from co-digestion
of PS, SL, and CS are shown in Table 5. The percentage of
VS removal rate from individual digestion of PS, SL, and
CS was ranged from 40.52 to 49.32%. The percentages of
VS removal rate from individual digestion of SL and CS
were greater than the percentage of VS removal rate of
digesting PS alone. This can be transferred to easily digest
SL and CS in the anaerobic digestion process because of
their small particle size. Furthermore, the particular cell
structure of PS may also be an explanation for the lower
VS removal rate [45]. The maximum removal ratios of VS
for the anaerobic co-digestion of PS, SL, and CS were
achieved at C/N ratios of 18 and 21 with values of 74.41
and 66.26%, respectively (Table 5). In contrast, the least
VS removal rate was exhibited to be 30.52% at a C/N ratio
of 35. These results support and confirm the findings of
this paper concerning the minimum and maximum values
of CMYs that were observed at C/N ratios of 35 and 18,
respectively.

pH is a significant parameter affecting anaerobic diges-
tion operation and the growth of microorganisms, so it
should be kept at stable rates [46]. Various pH levels are
necessary for the two stages of acidification and
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methanogenesis in an anaerobic digestion process. At a pH
value ranging from 6.5 to 8.0, methanogenic microorgan-
isms can markedly generate biogas and methane [47]; how-
ever, pH has a harmful impact when it is over 8.5 [48]. In
this paper, the value of initial pH was modified for all
reactors using six moles of sodium hydroxide solution
(NaOH) to a value of 7 ± 0.1. There is a rise in the pH
level at the end of the BMP test, and it was noticed in the
range of 7.38 to 7.66.

3.1.4 Statistical analysis for CMYs from co-digestion of PS, SL,
and CS

This procedure performs a one-way analysis of variance
and constructs various tests and graphs to compare the
mean values of cumulative methane yields for the five dif-
ferent levels of C/N. Table 6 presents the different C/N
ratios and cumulative methane yields obtained during trials
1 and 2 from the co-digestion of PS, SL, and CS. Since the
P value of the F-test is less than 0.05, there is a significant
difference statistically between the mean cumulative meth-
ane yields from one level of C/N ratio to another at the
95.0% confidence level. The C/N ratio of 18 is statistically
the best enhanced ratio (Fig. 6).

3.2 Stoichiometric methane (Bo) yield of the samples

3.2.1 Base of empirical formula

The empirical formula was established on the basis of the
carbon, hydrogen, oxygen, and nitrogen content of the

sample, following the method described by Murphy and
Thamsiriroj[49]. The following table presents the stoichiomet-
ric description and the maximum methane stoichiometric po-
tential of each sample.

The stoichiometric description of primary sludge (PS), sug-
arcane leaves (SL), Corchorus stalks (CS), and mixtures of
PS, SL, and CS at a ratio of carbon to nitrogen equal to 18
(C/N 18) was C9H12O4N, C69H55O40N, C68H85O42N, and
C12H15O6N, respectively (Table 7).

3.2.2 Stoichiometric methane yield and experimental
methane potential of each sample

For individual digestion of PS, SL, and CS, Bo yields vary
from one sample to another. Low stoichiometric methane
(Bo) yield of SL may be correlated with low lipid levels.
For the mixture of PS, SL, and CS (at C/N 18), Bo verified
the good behavior of the microbial flora in the inoculum
used. As shown in Table 8, the Bo value obtained from a C/
N ratio of 18 was higher than the experimental CMY value
(which were observed from the BMP test at a C/N ratio of
18). The disparity between the theoretical Bo yield and
experimental methane yield from the BMP test is attribut-
able to the fact that the estimated theoretical methanogenic
potential Bo neglects a number of factors such as non-
degradable material and energy demand of the microbes.
The practical performance of a biogas reactor would often
be lower than the theoretical performance of a biogas re-
actor [50].

3.3 Anaerobic co-digestion of PS, SL, and CS using
different types of inoculum

3.3.1 Methane production from anaerobic co-digestion of PS,
SL, and CS utilizing different types of inoculum

Daily production of methane (CH4) from co-digestion of PS,
SL, and CS using different types of inoculums (cow manure
and rumen content from slaughterhouses) is illustrated in Fig.
7. Maximum daily CH4 yields from individual digestion of
cow manure (CM) and rumen content from slaughterhouses
(RS) were 23.77 and 12.27 mL/gVS on the 15th and 2nd days,
respectively. The highest values of CH4 from mono-digestion

Table 5 Cumulative methane yields, VS removal rate, and pH for anaerobic co-digestion of PS, SL, and CS

C/N ratios 18 21 25 30 35 PS SL CS

CMY (mL/gVSadded) 279.46 276 220.08 233.07 190.13 101.13 164.37 118.35

VS removal rate (%) 74.41 66.26 50.24 45.14 30.52 40.52 49.32 42.33

pH 7.43 7.38 7.61 7.49 7.55 7.66 7.52 7.65

CMY cumulative methane yield, PS primary sludge, SL sugar leaves, CS Corchorus stalks

Table 6 Cumulative methane yields at different C/N ratios

C/N ratios CMYs (mL/gVS added)

Trail 1 Trail 2 Average

18 280 278 279

21 278 274 276

25 230 210 220

30 223 243 233

35 185 195 190
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Fig. 6 Graphical ANOVA
analysis for CMYs from co-
digestion of PS, SL and CS

Table 7 Stoichiometric description and potential of maximum methane stoichiometric of each sample

Parameter
sample

Chemical
element

Number of atoms
per mole

Empirical
formula

Empirical formula Ca

Hb Oc Nd Sx
Maximum methane
stoichiometric (Bo)

Maximum methane
stoichiometric (Bo) (mL/gvs)

Primary
sludge (PS)

(C) 38.10 9 C9 H12 O4 N B0 ¼ 1
8

4aþb−2c−3d
12aþbþ16cþ14d

� �
Vm 523

(H) 53.60 12

(N) 4.29 1

(O) 17.69 4

Sugarcane
leaves (SL)

(C) 44.07 69 C69 H55 O40 N B0 ¼ 1
8

4aþb−2c−3d
12aþbþ16cþ14d

� �
Vm 452

(H) 35.30 55

(N) 0.64 1

(O) 25.77 40

Corchorus
stalks (CS)

(C) 44.12 68 C68 H85 O42 N B0 ¼ 1
8

4aþb−2c−3d
12aþbþ16cþ14d

� �
Vm 476

(H) 55.10 85

(N) 0.65 1

(O) 27.56 42

C/N 18 (C) 39.86 12 C12 H15 O6 N B0 ¼ 1
8

4aþb−2c−3d
12aþbþ16cþ14d

� �
Vm 508

(H) 51.10 16

(N) 3.21 1

(O) 20.33 6

Table 8 Stoichiometric methane yield and experimental CMYs from BMP test for each sample

Parameter sample Empirical formula Ca Hb Oc Nd Sx Maximum methane stoichiometric (Bo) (mL/gVS) Experimental CMYs from BMP test

Primary sludge (PS) C9 H12 O4 N 523 101.13

Sugarcane leaves (SL) C69 H55 O40 N 452 164.37

Corchorus stalks (CS) C68 H85 O42 N 476 118.35

C/N 18 C12 H15 O6 N 508 297.47
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of feedstock using RS as inoculum occurred earlier than CM
as inoculum. This may be due the growth of microorganisms
in rumen content from RS is more than that of cow manure
[51].

Cumulative methane yields (CMYs) from anaerobic co-
digestions of PS, SL, and CS using different types of inoculum
are represented in Fig. 8. CMYs obtained from individual
digestion of CM as inoculum (207 mL/gVSadded) were ap-
proximately 2.18 times higher than that from individual diges-
tion of RS as inoculum (95.07mL/gVSadded). This may be due
to CM is rich in organic materials and nutrients [52]. The
maximum CMYs from anaerobic co-digestion of PS, SL,
and CS were observed using CM as inoculum (297.46 mL/
gVSadded). It was higher about 1.26 times CMYs using RS as
inoculum (236.13 mL/gVSadded). The rate of methane

production was increased by decreasing the C/N from 20.7
to 18. A high C/N ratio leads to deficiency in the AD system,
since it indicates rapid consumption of nitrogen by
methanogens and leads to lower gas production. This agrees
with the results of other authors. Molnar and Bartha[53]
showed that manure is a perfect inoculum due to its high
buffering capacity and nutrients. Also, El-Mashad and R.
Zhang [54] improved biogas production by mixing cow dung
with organic wastes.

3.3.2 VS removal rate and pH values

As shown in Table 9, the maximum removal rate of VS from
anaerobic co-digestion of PS, SL, and CS using different types
of inoculum was observed at cow manure as inoculum. In
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contrast, the least removal rate of VS was obtained by using
rumen content as inoculum.

At the end of the BMP tests, pH values were steady and
varied from 7.43 to 7.86. The stable pH range affords a suit-
able condition for methanogenic microorganisms for produc-
ing a high methane yield [47].

Eventually, the results from this work showed that the op-
timal C/N ratio for anaerobic co-digestion of PS, SL, and CS
was 18 that generated highest methane production. On the
other hand, the ideal type of inoculum for the optimal produc-
tion of methane gas was cow manure (as inoculum), which
can improve the production of methane and the performance
of the reactor.

3.4 Semi-continuous co-digestion of PS, SL, and CS

3.4.1 Effect of OLR on biogas production

The volatile solids that fed into the anaerobic reactor has an
extreme effect on biogas and methane production. Daily bio-
gas production from semi-continuous co-digestion of PS, SL,
and CS under mesophilic conditions at different OLR is
shown in Fig. 9. From the figure, the maximum values of
the daily biogas yield from semi-continuous co-digestion of
PS, SL, and CS were found to be 5.70, 16.80, and 10.66 L/d at

OLRs of 0.5, 1.0, and 2.0, respectively. While, low biogas
production was observed at start-up period (Run 0) because
the reactor was fed only with inoculum and bacteria take time
to adapt to the temperature and environment conditions. Daily
biogas yield was improved with the increase in OLR to
achieve the optimum value at an OLR of 1 gVS/(Lreactor.d).
But the increase of OLR to 2.0 gVS/(Lreactor.d) led to a little
detraction in biogas production. It was probably due to high
volatile fatty acids (VFA) because of the accumulation of the
substrate’s organic content at high OLR so that anaerobic
bacteria activity was low and therefore low production of bio-
gas [55]. The highest value of production of biogas was ob-
served at an OLR of 1 gVS/(Lreactor.d), which provides a prop-
er environment for bacteria to increase and transform the car-
bon content of the feedstock to biogas. This result matches
with the previous studies; Edström et al. [51] mentioned that a
stable co-digestion process of animal by-products, stomach
content, sludge, and food waste was difficult to operate at an
OLR above 1 gVS/ (Lreactor.d).

The average production rate of biogas for the different
used organic loading rates (OLR) is shown in Fig. 10.
From the figure, the highest average production rate of
biogas was recorded at an OLR of 1 gVS/(Lreactor.d), while
the minimum average production rate of biogas was re-
corded at an OLR of 0.5 (Run 1) because of using low

Table 9 CMYs, volatile solid removal rate, and pH values at various types of inoculum from co-digestion of PS, SL, and CS

Cow manure + feedstock (C/N18) Rumen content + feedstock (C/N20.7) Cow manure Rumen content

CMY (mL/gVSadded) 297.47 236.13 223.87 95.07

VS removal rate (%) 74.41 53.59 42 16.97

pH 7.43 7.55 7.45 7.86

CMY cumulative methane yield, PS primary sludge, SL sugar leaves, CS Corchorus stalks
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organic loads. The anaerobic digestion process does not
run effectively for the reason that bacteria will exhibit
low activity of metabolism, so lower rates of gas will be
generated [56]. These results match with the literature re-
view that showed at lower OLR, the AD was inefficient
and enhanced with a rise in OLR; while the OLR increased
beyond the range, the biogas yield fell dramatically and the
system failed [57].

3.4.2 Effect of OLR on the evolution of VS and pH
characteristics of the digested feedstock

Removal rates of volatile solids (VS) and pH profiles from
semi-continuous co-digestion of PS, SL, and CS at various
OLR are shown in Fig. 11. The highest removal rate of VS
for the co-digestion of PS, SL, and CS was observed at the
OLR of 1.0 (69.93%), while the lowest VS removal rate
was recorded at an OLR of 0.5 gVS/(Lreactor.d) with a
value of 49.53%. In general, the average removal rates of

VS during the three tests of OLR ranged from 56.92 to
69.93%.

The pH of the effluent of a semi-continuous reactor
shows the stability of the anaerobic process and its variation
based on the buffering capacity of the system [58], so pH
should be at a stable range [59]. The average removal of
volatile solids rate and pH from semi-continuous co-diges-
tion of PS, SL, and CS at various OLR is shown in Fig. 12.
The average pH from semi-continuous co-digestion of PS,
SL, and CS at the start of the startup stage (Run 0) was 6.41.
After that, the pH increased from 6.41 to 6.65 at Run 1.
During the loading rate of 1.0 gVS/(Lreactor.d), the average
pH value was increased above 7 to be 7.16. This means that
the system was well buffered. The average pH value in-
creased from 7.16 to a value of 7.38 when the loading rate
was increased to 2 gVS/(Lreactor.d), which was also above 7
which was in the methanogenic range. Sibiya and Muzenda
[47] reported that at a pH value ranged from 6.5 to 8, the
methanogenic microorganisms can generate biogas
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effectively. The stability of pH during the loading rates Run
1, Run 2, and Run 3 indicated that the digester operated
under ideal conditions for the production of methane de-
spite increasing OLR [20].

4 Conclusions

This study investigated the capability of enhancing produc-
tion of methane from anaerobic co-digestion of primary
sludge (PS), sugarcane leaves (SL), and Corchorus stalks
(CS). Three experiment groups were conducted in this
study; in the first experiment, various mixtures of PS, SL,
and CS depending on their C/N ratios were prepared to
obtain the best C/N ratio and study the effect of adding
the C/N ratio of inoculum to the used feedstock for the
optimal methane production. The maximum cumulative
methane yield (CMY) and maximum removal rate of VS
were observed at a C/N ratio of 18, which was greater than
the other C/N ratios. This may be due to the C/N ratio of 18
including a low percentage of agricultural residues (contain
lignin), which are considered as the least degradable sub-
strate. In contrast, the least CMYs and minimum removal
rate of VS were noticed at a C/N ratio of 35. In the second
part, the effect of inoculum type (fresh cow manure and
rumen content from slaughterhouses) on improving meth-
ane production was conducted to determine the ideal inoc-
ulum. The maximum CMYs and removal rate of VS from
anaerobic co-digestions of PS, SL, and CS (utilizing two
different types of inoculum) were obtained using the cow
manure as inoculum because cow manure could provide
buffering capacity and a wide range of nutrients. In the third
experiment, semi-continuous co-digestion of PS, SL, and
CS using different organic loading rates (OLR) was con-
ducted. The greatest biogas production was obtained at an
OLR of 1.0 gVS/(Lreactor.d), which provides a proper envi-
ronment for bacteria to increase and transform the carbon

content of the feedstock to biogas. The highest biogas pro-
duction rate was associated with the highest volatile solids
(VS) removal rate. Finally, co-digestion of PS, SL, and CS
based on their C/N proportion can appreciably enhance the
biodegradability of the feedstock and hence methane
yields.
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