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Abstract
Anaerobic digestion (AD) is an efficient process for the conversion of predominantly organic waste into biogas. However, 
when those wastes have a lignocellulosic composition, the process is slower with low rates of biogas production potential. 
In these cases, the increment with other wastes, known as anaerobic codigestion (AcoD), proves to be effective, especially 
when animal waste is included. The objective of the study is to obtain the best waste proportion (manure/agricultural waste) 
according to the volume of biogas produced during the biodegradability test under investigation of the effects of different 
temperatures (from 36 to 60 °C). The preliminary investigation consisted of sampling and drying the wastes with analytical 
tests (TS, VS, COD, TOC, N, P, pH, and moisture), what did allow to determine the proportions to be used in the experimental 
research. The biodegradability test was evaluated in different proportions of substrate (banana leaf) and inoculum (bovine 
manure) (1:1; 1:2; 1:9; 0:1) under mesophilic and thermophilic conditions. During the test, different temperatures were tested, 
starting from 36 up to 60 °C, gradually increasing from 2 to 2 °C, every 3 or 5 days, to adapt the anaerobic microorgan-
isms. The investigated proportions presented production different from biogas (in volume), which can be explained by the 
composition of the proportions and variability of proposed temperatures. The 1:9 proportion was that one which obtained 
the highest cumulative biogas yield among the proportions, with 113.00 mL/g VS. The results show that the tested AcoD 
has adaptability when undergone to the variation of temperature, with better profit of biogas in thermophilic temperatures, 
mainly for the proportion 1:9; when the best condition was considered for the profit of biogas for the employed wastes, in 
the conditions of the research.
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Introduction

Agribusiness involves different sectors, from rural produc-
tion, agro-industries and agricultural input to transport and 
marketing of agricultural goods [1] being responsible for the 
largest volume of biomass produced in the world [2]. Given 
this scenario, the process of anaerobic codigestion (AcoD) 
has stood out as one of the alternatives for the generation of 
renewable energy through the use of biogas [3–7] and for 
the reduction of the environmental impact (produced by the 
unsuitable destination of the waste) [8–10].

Anaerobic codigestion (AcoD) is a process it looks for 
the improvement of the anaerobic digestion performance of 
organic waste, optimizing the production of biogas (better 
yield in volume and quality) [7, 11, 12]; due to increased 
nutrient availability, bulk density of waste, variability of 
the substrate, dilution of toxicity of compounds [13–15]. 
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Due to AcoD be adaptable to waste with different charac-
teristics [16], this facility makes it possible to accelerate the 
process of degradation and reduction of solid content [17, 
18], contributing to process stability in anaerobic reactors 
(nutritional balance) [19–21] by increasing the diversity of 
microorganisms [20, 21]. The main product in the process is 
biogas [22–24] and as a by-product there is the production 
of a solid substrate called digestate, with potential for use 
as fertilizer [25, 26].

The process of AcoD in mesophilic temperature is consid-
ered more stable when compared to the thermophilic, due to 
a bigger variety of microorganisms (hydrolytic, acidogenic, 
acetogenic and methanogens) what are favored by the tem-
perature range [27]. The thermophilic temperatures applied 
to AcoD is more advantageous compared to mesophilic [28]; 
in thermophilic range, the reaction speed is higher, result-
ing in greater efficiency in biogas and better stabilization of 
organic matter, consequently in a higher biogas production 
[29]. However, despite the advantages, AcoD in thermo-
philic range presents low stability and reactor acidification 
and consequently inhibition of biogas production [28, 30].

Another important factor for the AcoD process is the total 
solid concentration (TS); being considered an important 
parameter in the choice of waste [31]. The process of AcoD 
with TS concentration from 10 up to 20% is advantageous 
over liquid digestion (TS < 10%) due to the greater flexibility 
in the type of substrate, especially biomass composed mainly 
of lignin, cellulose and hemicellulose, such as agricultural 
wastes. Performing anaerobic AcoD with this TS concen-
tration (10–20%), the process requires reduced particles, 
requiring less energy consumption of the process of heating 
the proportion [32].

When it comes to the choice of agribusiness biomass to 
be used in the AcoD process, they commonly allow the use 
of high availability waste in the region [33–36], seasonality 
[37] in addition to the transport of waste [38] seeking to 
reduce its environmental impact (atmospheric emissions) 
by keeping waste disposed of in the field [39].

However, one of the main difficulties in the use of ani-
mal manure in isolation is the presence of low carbon (C) 
and high nitrogen (N) content (mainly for pig and poultry 
manure) [40]; therefore, use in combination with other 
organic wastes such as agricultural waste [41–43], banana 
wastes [44] may accelerate and/or optimize the process. The 
high carbohydrate content of agricultural biomass is con-
sidered an excellent substrate for biogas production through 
solid state AcoD [45].

The cultivation of the banana produces a large quantity 
(in volume) of post-harvest organic waste (pseudocaps, 
peduncles, leaves, and peels), representing about 70% of the 
total weight of fresh plants [46]. Fernandes et al. [47] men-
tioned that for each tonne of fruit harvested, approximately 
4 tonnes are lignocellulosic wastes (3 tonnes of pseudostem, 

160 kg of stems, 480 kg of leaves and 440 kg of skins). 
These residues are often left on the ground, causing emis-
sion of volatile organic compounds, greenhouse gases [48, 
49]. In the state of Santa Catarina, 720.259 tons of bananas 
were produced in the 2017 harvest, representing 10.7% of 
the national production; 66.8% of the total produced in the 
state is attributed to the municipalities of Corupá (23.7%), 
Luiz Alves (19.2%), Massaranduba (9.0%), Jaraguá do Sul 
(8.1%) and São João do Itaperiú (6.8%) [53, 133].

In relation to the bovine herd, in the state of Santa Cata-
rina, in the year 2016, the herd totaled 4.79 million head, 
72.13% female and 27.87% male [133]. In the State, beef 
cattle farming has approximately 132,590 establishments 
and dairy bovines with 71,054 establishments [134].

This way, optimizing the AcoD process of the residues 
from the agribusiness sector, by means of the optimum 
ratio between the wastes, besides maintaining an adequate 
temperature condition, will promote benefits such as: better 
degradability of the wastes and higher yield in the produc-
tion of biogas. In view of the above, this study seeks the 
determination of an optimum proportion (waste:agricultural 
waste) according to the volume of biogas produced during 
the biodegradability test, with an additional investigation of 
temperature variability in the yield of biogas production in 
the AcoD process.

Materials and methods

Inoculum and substrate collection and sampling

The animal waste was collected in a private property, in the 
Itajaí Valley region in the state of Santa Catarina, Brazil 
and immediately transferred to the laboratory for cooling 
until starting the test. In the laboratory, the bovine waste was 
manually homogenized with the aid of a shovel and then, 
small portions were taken to determine the solids content 
(TS), moisture, nitrogen (N), phosphorus (P), total organic 
carbon (TOC), and chemical demand of oxygen (COD); the 
rest of the sample was conditioned in a plastic bag and kept 
under refrigeration (4 °C) until the beginning of the incuba-
tion to avoid fermentation, a procedure also performed by 
other researchers [50]. Twenty-four hours prior to use, the 
sample was taken off and left at room temperature.

In relation to the substrate, banana leaf is collected in 
a rural property in the region of Itajaí-Açú Valley region, 
in the State of Santa Catarina, Brazil. The waste was dried 
in the sun and, in a laboratory, the grinding of the waste 
(3–5 cm) was done through a knife mill (high rotation for 
processing, with production capacity of 50–200 kg/h and 
engine power of 10 HP); since the smaller the granulometry, 
the larger the surface area and porosity of the samples [51]. 
The milling stage is recommended by Krause et al. [52], 
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especially for smaller trials (100–250 mL bottle), as used 
in this study.

Waste characterization

The parameters monitored for each waste were moisture 
(%), total organic carbon (TOC), nitrogen (N), total phos-
phorus (P), ionic potential (pH), chemical oxygen demand 
(COD) obtained by the colorimetric method and total solids 
(TS), and volatile solids (SV) obtained by the gravimetric 
method [54], all of them were verified prior to and at the end 
of the process. The performance of the AcoD process was 
evaluated by daily and cumulative biogas yield and volatile 
removal efficiency (VS). Table 1 shows the analytical meth-
ods used to determine the characterization parameters.

Experimental design and set up

The experimental phase consisted of the assembly and moni-
toring of anaerobic bench digesters, through BMP test, to 
evaluate the potential methane production in agricultural 
wastes and animal waste. The biodigesters (BMP) consisted 
of 250-mL borosilicate flasks, with a screw cap fitted with 
a gas outlet valve and manometer (reading range 0–2.5 kgf/
cm, scale of 0.20 kgf/cm) to read the bottles’ internal pres-
sure (Fig. 1).

It should be noted that before the mixtures were inserted 
into the reactors, the system was checked to identify possible 
leakage. The verification consisted of applying a pressure of 
0.3 kgf/cm in each reactor and immersing them in a bucket 
of water to cover its lid and observing for 1 min if there was 
the release of air bubbles coming from the reactor. After 
observation time, it was also checked if there was a decrease 
in the pressure indicated by the manometer. When no leak-
ing was detected in the system, the air inside the reactor was 
sucked by a vacuum pump. In case of leaking, the reactor 
was opened, and the sealing procedure was performed again 
to correct the flaw. In some cases, reactors with significant 
failures have been replaced [125].

Table 1   Methods used for characterization of wastes

Parameter Analytical method Description of method

Moisture (%) Gravimetric Drying of the sample in an oven (103 ± 2) °C up to constant weight
TS, VS (%) Gravimetric Drying of the sample in an oven (103 ± 2) °C up to constant weight
COD (g/L) Spectrophotometric Digestion at 150 °C for 120 min and reading in the spectrophotometer
P (g/L) Spectrophotometric Digestion at 150 °C for 30 min and reading in the spectrophotometer
TOC (g/L) Spectrophotometric Digestion at 105 °C for 120 min and reading in the spectrophotometer
N (g/L) Spectrophotometric Digestion at 105 °C for 30 min and reading in the spectrophotometer
pH Potentiometric Direct measurement using a specific electrode
Mass of residues (g) Weighing Analytical balance with 0.1 mg precision

Fig. 1   Reactors used in the test (containing banana leaf and bovine 
manure)
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It was chosen as an initial parameter to determine the 
proportions the series of solids, preferably total solids (ST). 
Proper selection of inoculum and substrate is considered 
a crucial factor when performing biodegradability tests to 
determine biogas and methane production potential [42, 55]. 
The moisture chosen for this work was 85%, within the rec-
ommended range for biogas generation in [125]. pH in each 
reactor was adjusted whenever necessary. The initial solid 
concentration in the system has been adjusted to 15–20% 
based on previous research such as Xin et al. [56]; Yan et al. 
[57]. The leaf:bovine manure proportions were determined 
based on the TS concentration. In this sense, four reactors 
were incubated (in triplicate): 1:1 ratio; 1:2 ratio; 1:9 ratio; 
0:1 ratio; to present statistical significance.

The interval of solids used does not imply the need to 
add water to reduce solids loading, since the use of large 
amounts of water in industrial processes is viewed with cau-
tion as an increasingly scarce resource. The experiments 
were performed with bovine manure with banana leaves. 
The reactors were assembled in triplicate to calculate the 
standard deviation of the results obtained to produce biogas 
(in volume). However, the experiments were not always fin-
ished in triplicate due to the loss of reactors due to uncon-
trolled leakage.

After sealing the reactor’s caps, a current of nitrogen gas 
(N2) (99.9% of purity) was applied for a period of approxi-
mately 5 min, thus ensuring, according to Li et al. [58]; 
Barua et al. [59], Xu et al. [60], the conditions of anaerobio-
sis and internal pressure. Subsequently, the N2 pressure was 
relieved up to 0.10. This value is symbolic and was defined 
to assist in visualizing possible gas leaks throughout the test.

Then, they were placed in the incubator (MA1415/275), 
batch system, at temperatures ranging from 36 up to 60 °C, 
increasing by 2 °C every 3–5 days to adapt the anaerobic 
microorganisms present in the waste mass [61]. The gradual 
increase in temperature every 2 °C is because microorgan-
isms can tolerate temperature fluctuations of ± 3 °C with-
out negatively affecting biogas production [62]. A control 
reactor with only a sample of bovine manure was used and 
incubated to verify the amount of biogas produced using 
only such waste and making it possible to see the difference 
when using the banana leave mixed in the waste.

Monitoring of anaerobic codigestion

The method used to determine the volume of biogas pro-
duced was the manometric method [63, 64]. To obtain 
the produced volume, the following were monitored 
daily:internal pressure of the bottles, obtained by reading the 
manometers attached to the digestors and the external (envi-
ronment) obtained through the Epagri website. The pres-
sure values were then converted into biogas volume [65]. 
To obtain the actual biogas values (banana leaf), the volume 

of biogas obtained was subtracted from the biogas value 
produced in the control reactor (with bovine manure only), 
according to the procedure described by Holliger et al. [66].

Volatile solid removal efficiency (VS)

To evaluate the performance of the AcoD process, the effi-
ciency of VS removal was analyzed, since, according to 
Athanasoulia et al. [67], during the AcoD, VS are converted 
to biogas. The VS removal percentages were calculated 
based on the VS concentrations before and after the tests, as 
recommended in Eq. (1) reported by Li et al. [68]

where VSi is the VS at the initial; VSf is the VS at the final.

Statistical analysis

Averages and standard deviation were submitted for analysis 
of variance (ANOVA) and after, to the Tukey Test, at 5% 
of significance, using Excel 2010® software and past (ver-
sion 3.21). Principal component analysis (PCA) was also 
used to check which parameters (time and/or temperature) 
had the greatest influence on the biogas production of each 
treatment.

AcoD process kinetics in batch reactors

The experimental results of the biogas yields were validated 
with modified Gompertz model [69, 70], represented by 
Eq. (2). The performance of the model was evaluated using 
the coefficient of determination R2

where M(t) is the cumulative biogas yield (volume) over 
time (mL); A refers to the maximum biogas production 
potential (mL/g), μmax is the maximum production rate or 
velocity; (mL/day); � is the lag phase duration time (days); 
t is the incubation time (days) and e is the Euler number 
(2.71828).

Results and discussion

Physical–chemical characterization

Before the incubation of the binary mixtures, it carried out 
the characterization of the wastes in an isolated way. Table 2 
shows the results (mean values) of the analyses of the fol-
lowing initial parameters: total solids (TS), volatile solids 

(1)VS removal (%) =

(

VSi − VSf )

VSi

)

× 100,

(2)M(t) = A exp
[

− exp
(�max

A
e(� − t) + 1

)]

,
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(VS), moisture content (%) for each waste. The parameters 
were determined in triplicate.

It can be seen in Table 2 that of the TS, most were quanti-
fied as SV. The waste presents relatively high contents of TS 
and VS and, therefore, its use is attractive for AcoD tests for 
biogas production [31, 135]. Although they have a similar 
organic matter, content, they are completely different wastes 
in their composition and distribution of components. The 
organic fraction of bovine manure is rich in microorganisms 
and its organic compounds are found in the formation of the 
cell and its biological structures, while in agricultural waste, 
the fraction is organized mainly in the form of polymers, 
consisting of cellulose, hemicellulose and lignin [126].

The values found in relation to TS and VS parameters, for 
bovine manure, are cited in CIBiogás Technical Note No. 
03/2019 [127]: TS of 20% and VS of 82.2% and reported 
by Orrico Junior et al. [128] with TS 19.2% and SV 80.9%. 
The high VS content in the wastes means a relatively high 
energy content, which is desirable from the economic point 
of view regarding biogas energy production. The low C/N 
ratio of bovine manure facilitates the balancing of the C/N 
ratio inside the reactor, between the substrates and the inocu-
lum [129, 130].

According to the analysis, the banana leaf presented low 
moisture content. Considering the characteristic of anaero-
bic codigestion and the low moisture content of agricul-
tural wastes, small portions can be used in the process of 
anaerobic codigestion with bovine manure [131]. How-
ever, the AD process of agricultural substrates is slow due 
to the recalcitrant structure of lignocellulose [58, 68] and 
due to its high content of solids, which is proven with the 
results summarized in Table 2. Thus, the AD of agricul-
tural substrates is usually applied in a codigestion system, 
appearing as a possibility when using a co-substrate in the 
codigestion material that already contains microorganisms 
that may act in the consortium with those present in a reac-
tor, especially methanogenic ones, such as bovine manure. 
Bovine manure presented a high moisture content, making 

it act as a solvent for dry biomass (agricultural wastes), 
making it useful as a base substrate for codigestion.

In general, lignocellulosic biomass like banana leaf has 
the potential to contribute significantly to biogas produc-
tion. The banana leaf presented an enough biodegradable 
structure for the production of biogas; although it presents 
significant traces of lignocellulosic content, like cellulose, 
hemicellulose and lignin. For the banana leaf, the more 
significant content of cellulose may influence the resist-
ance to biological degradation and significantly reduce its 
accessibility to enzymes that degrade cellulose and help 
the production of biogas. An important fact to be men-
tioned is that the lignin content is the lowest among the 
lignocellulosic plots, helping the access of microorgan-
isms in the mixture of determined residues. This fact is 
interesting because normally, lignin provides greater rigid-
ity to the cell wall, being more resistant to biological deg-
radation than to cellulose and hemicellulose [124, 136]. 
To improve the degradability of the mixture, mechanical 
pretreatment of the banana leaf was performed.

All wastes used in the research (bovine manure and 
banana leaf) were previously characterized before incuba-
tion. Table 3 shows the detailed physical–chemical charac-
teristics for each proportion referring to the biodegradabil-
ity test of the binary mixtures of banana leaf with bovine 
manure. The parameters were determined in triplicate.

It was found that the largest reductions occurred in the 
proportion 1:9, with ST reduction efficiency of 47% and 
a VS reduction of 53%. The proportion 1:1 achieved a 
reduced efficiency of TS of 29% and SV by 23%; propor-
tion 1:2 achieved a reduction of ST of 28% and VS of 23% 
and 0:1 (control) achieved a reduced efficiency of TS of 
24% and VS by 37%. Solid removal presents process effi-
ciency in biogas production, mainly in reducing VS con-
centration; considered an important parameter to indicate 
the degree of degradation of waste [71, 72] and potential 
for biogas production of the proportion [73, 74]. It was 
also found that the banana leaves showed to be a highly 
degradable substrate for anaerobic digestion (TS = 90.5% 
and VS = 90.2%) when compared to the removal percent-
ages of the proportion containing only the bovine manure 
(TS = 21.8% and VS = 84.6%), that is, the banana leaf 
presents relatively high levels of TS and VS, and its use 
is attractive use for AcoD testing for biogas production 
purposes [75, 76]. By adding the agricultural substrate, 
the reduction in VS has decreased, suggesting that the 
fraction limits the degradation of the substrate. The same 
trend was observed by Ohuchi et al. [123] in the AcoD of 
silage with bovine manure. The unsuitable water content 
in the reactor results in a rapid accumulation of volatile 
fatty acids, especially for easily digestible raw materials 
that hinder the activity of methanogenic bacteria, leading 
to low biogas production [132].

Table 2   Characterisation of waste

a Average of values (triplicate)
b NA (no analysis)

Parameters Bovine manure Banana leaf

TS (%)a 21.82 90.53
VS (%)a (% TS) 84.63 90.16
Moisture (%)a 78.18 9.47
pHa 6.01 7.89
C/Nb 12.91 42.14
Cellulose NAb 36.21
Hemicellulose NAb 28.76
Lignin NAb 14.76
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Significant reductions have occurred, especially for 
the COD parameter. The high quantity of bovine manure 
presents high COD value, as observed in the control. 
The most significant reductions were 1:10 (53%); 1:2 
(36%); 0:1 (33%) and 1:1 (30%) allowing a higher biogas 
production.

Regarding the P parameter, 1:9 proportion presented a 
reduction of 84%; 1:2 proportion, a reduction of 27%; 0:1 
proportion to 22% and 1:1 proportion to 19%. Schwantes 
et  al. [77], studying the anaerobic digestion of organic 
wastes of plant origin for the production biofertilizer, found 
that concentration P ranges from 1.0 to 1.8 mg/L, considered 
by the authors as insufficient for plant nutritional purposes 
and similar to the final phosphorus concentrations in this 
study.

The highest concentration of N was reported for the pro-
portions containing the highest concentrations of animal 
manure (1:9 and 0:1), as according to Awasthi et al. [42] and 
Ormaechea et al. [43], animal waste presents a high nitrogen 
content in its composition. The largest reduction was found 
in 1:9 to 47%; followed by 0:1 to 40%; 1:2 to 34% and 1:4 to 
30%. The greatest N reductions in the proportions, probably 
occur due to high concentration of carbon in the wastes and 
also due to removal of N-volatile forms such as NH3, com-
ponents of the biogas [78]; already the low N reduction can 
be associated with the acidification of wastes in the reactor, 
compromising the degradation of more complex compounds, 
such as macronutrients [79–81].

In relation to pH, 1:1 (pH = 8.2) 1:2 (pH = 7.9) and 1: 9 
(8.3) were above ideal values (6.5–8.5) [82, 83]. Karlsson 
et al. [84] mentioned that the increase in pH is due to the 
degradation of N-rich wastes (such as bovine manure) that 
increase the alkalinity of the medium (release of ammonia) 
and when reacting with CO2 gives formation to ammonium 
bicarbonate. Although, for biogas production, pH values 
close to neutrality are indicated, in general, such factor did 
not cause low production efficiency, in this research. Zhang 
et al. [121] report that the pH ranging from 7.2 to 7.4 is 
related to the ammonia that was present nitrogen, favoring 

the process of anaerobic co-digestion, as verified for the 
proportion 1:9.

In summary, the increase in pH and the reduction in sol-
ids are indications of the conversion of organic matter, but 
the amount of biogas produced is the most valuable param-
eter for calculating the process yield [85].

Daily rate and cumulative production of biogas

The test was monitored for a period of 60 days, with verifica-
tion of the biogas production potential being daily; through 
the pressure variation obtained in the manometers. Figure 2 
shows the daily biogas yield of each proportion (in triplicate) 
as a function of temperature variability.

The first biogas production peaks occurred right at the 
beginning of the tests: 2nd day for 1:1; 1:2 and 1:9; with 
a biogas volume of 23.69 mL/g VS, 55.29 mL/g VS and 
65.50 mL/g VS, respectively. It is considered a phase with-
out delay, showing the acclimatization of microorganisms 
and availability of readily biodegradable organic material 
[86] increasing biogas yield in a standard of “zigzag” [72]. 
It can be observed that the daily yield is little slower and 
lower when the substrate content is close to that of the 
inoculum (1:1 and 1:2) when compared to 1:9. This same 
low yield trend was reported by Ohuchi et al. [123] where 
the possible cause of inhibition was associated with the 
high organic load in the proportions with larger fractions 
of agricultural substrate. Parralejo et al. [87] reported that 
a higher concentration of animal manure can accelerate 
biogas production and reduce degradation time. The 0:1 
proportion reached earlier biogas production peaks than 
the others, on the first day it reached 25.08 mL/g VS and 
on the second day, the maximum peak production with 
74.57 mL/g VS. This fact shows the importance of ani-
mal additives in the accelerating of digestion and produc-
tion of biogas, due to the balanced nutrients present in 
the manure [88, 89], confirming the theory that manure 
presents the capacity to accelerate the degradation of the 
agricultural substrate, allowing the growth of hydrolyzing 

Table 3   Physical–chemical 
characteristics of banana leaf 
test with bovine manure

Parameter 1:1 1:2 1:9 0:1

Initial Final Initial Final Initial Final Initial Final

TS (%) 15.85 11.25 17.60 12.70 16.45 8.65 18.97 14.48
VS (%) 81.92 63.23 79.02 61.09 88.91 42.14 81.34 51.23
Moisture (%) 84.15 88.75 82.40 87.30 83.55 91.35 81.03 85.52
COD
(g/L)

66.47 26.79 67.61 21.11 84.02 16.40 79.61 40.80

P (g/L) 1.15 0.68 0.62 0.28 0.72 0.11 3.81 2.80
N (g/L) 3.41 2.61 3.55 2.78 4.38 2.07 4.59 3.66
pH 8.2 8.7 7.9 7.8 8.3 7.1 7.01 7.3
C/N 39.08 35.09 34.89 30.53 25.28 58.25 10.02 11.47
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microorganisms [121, 122, 124]. The daily yield was con-
tinued until 36th day (1:1; 1:2 and 1:9), although produc-
tion was not uniform.

The shortest latency period (days) in biogas production 
was 2 days; thus indicating the possibility that the banana 
leaf fraction presents in its composition, easily biodegrad-
able material [75, 76] and in bovine manure (high concen-
tration of solids, carbohydrates, proteins, and fats) [79, 90] 
enabling faster production of biogas [91]. The second peak 
may be related to the microbial solubilization of starch and 
other complex substances present in banana leaves (fractions 
of hemicellulose and cellulose) [92, 93].

The cumulative yield was defined by Hansen et al. [94] as 
the maximum biogas produced, how is presented in Fig. 3.

It can be seen in Fig. 3 that the proportions presented a 
distinct behavior and may be associated with an increase of 
the growth of microorganisms in relation to the rich wastes 
that were inserted. The proportions 1:1 and 1:2 showed a 
cumulative biogas yield below the control. In this sense, the 
1:1 ratio obtained a cumulative biogas yield of 69.87 mL/g 
VS (60th day) and 1:2 with a yield of 72.90  mL/g VS 
(6th day); both with the portion assigned to the negative 
banana leaf, since the cumulative yield of the control was 
84.30 mL/g VS. The low production may be associated to the 
intrinsic characteristics of banana leaves, presenting a high 
C/N ratio, contributing to possible accumulation of organic 
acids or ammonia suppression during the anaerobic diges-
tion process, resulting in low biogas productions [12, 95]; 

Fig. 2   Daily biogas yield with 
temperature influence (mL/g 
VS)

Fig. 3   Cumulative biogas yield 
with temperature influence 
(mL/g VS)
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different from that found by Vats et al. [72] which concluded 
that the higher carbon concentration (due to the food waste 
fraction) significantly increased biodegradability in reactors. 
Despite the 1:1 and 1:2 proportions presented lower pro-
duction profile during the 60 days of monitoring, even with 
slight temperature fluctuations; adapting to the two exposed 
temperature conditions (mesophilic and thermophilic).

The 1:9 proportion obtained the highest cumulative 
biogas yield with 113.00 mL/g VS; with the portion assigned 
to banana leaf 28.69 mL/g VS, corresponding to 25.39%. 
The results suggest that in low quantity of banana leaf in 
proportion (1:9); the proportion presents greater affinity of 
degradation between the wastes by the action of microor-
ganisms, through access to the substrate (banana leaf) and 
subsequently, production of biogas [75, 96, 97] producing a 
synergistic effect (additional biogas volume when compared 
to the control). The synergistic effect is resulting from the 
contribution of nutritious ones, microorganisms or any other 
improvement that an organic waste, turning in an increase in 
the degradability of the wastes and increase in the biodeg-
radability of waste and biogas yield [98]. It is verified that 
the higher concentration of animal manure in the proportion 
led to the higher biogas yield and consequently the lower 
C/N ratio; observation also reported by Achinas et al. [99], 
Sa’Diah and Putra [100], Zhao et al. [101] and Parralejo 
et al. [87]. The positive effect of a higher concentration of 
bovine manure may be due to nutrients carried from the 
inoculum to the substrate; a higher load of microorganisms 
[29], creating a favorable habitat for the accelerating of 
organic matter degradation in the anaerobic digestion pro-
cess [102]. Another possibility that has been reported by 
Al-Zuhairi et al. [120] is that the higher concentration of 
bovine manure in relation to lignocellulosic wastes provides 
faster hydrolysis of more complex organic substrates that are 
reduced to simpler products; increasing biogas yield.

As well as the other proportions tested, the 1:9 proportion 
adapted well to the new conditions imposed on the system. 
Tietz et al. [103], confirms the theory, since when evaluat-
ing the influence of temperature on biogas production from 
bovine manure, biogas production was influenced by sud-
den temperature variations, affecting the activity of meso-
philic microorganisms, resulting in the reduction of biogas 
production.

The optimal S/I ratio obtained for the banana leaf test 
with bovine manure was 0.1 based on the VS content of 
both wastes; providing stable operating conditions, because, 
in general, proportions, lower than 2.0 for the digestion of 
most wastes show greater efficiency in solids removal and 
biogas production than at higher rates [104]. In this study, it 
was observed that as the S/I ratio increased, the biogas yield 
and VS reduction decreased; this fact may be associated with 
the fact that banana leaves need a considerable population 
of microorganisms compared to easily degradable substrates 

(bovine manure) [29, 80]. Yang et al. [27] reported that the 
low S/I ratio is generally preferred to provide more methano-
genic microorganisms for the rapid onset of AcoD. In addi-
tion, higher S/I rates generally reduce the alkalinity of the 
medium, which can lead to an inadequate system capacity to 
consume AGV produced in the early stage of AcoD, result-
ing in possible process failure [95, 105] with low biogas 
production yields [106, 107]. The results of this study do 
not agree with those reported by Pore et al. [108], even the 
authors using a different banana leaf substrate, reporting the 
optimum S/I ratio of 1.0 for AcoD of banana leave with 
bovine manure.

In this test, the 25:1 C/N ratio produced the highest biogas 
yield (1:9–113.00 mL/g VS). When the banana leaf propor-
tion decreased, the C/N ratio showed a decreasing trend and 
remained in the recommended range, mainly for the 1:9 pro-
portion (C/N 25) [121]. The results reported in the present 
study, support the data reported in the literature, where the 
reason the optimal C/N ratio is in the range 20–30 [31, 109, 
110]. Biogas yield was reduced as the C/N ratio increased 
(C/N 39:1–1:1 and C/N 34:1–1:2) [15].

Statistical analysis

Table 4 presents the summary of the ANOVA test for the 
biogas production in the proportions.

Interpreting the results obtained through the ANOVA 
test and presented in Table 3, all the proportions presented 
statistically significant, since the values of F were greater 
than Fcritic (F > Fcritical). In addition, all proportions were sta-
tistically significant (p < 0.05). In this case, as the ANOVA 
statistically showed significant, the Tukey’s test was applied 
at the 5% significance level, to verify the statistical differ-
ences between the proportions. From the results obtained, 
it was verified that they differed statistically for the produc-
tion biogas, corroborating with the results obtained in the 
laboratory, since the proportions produced biogas at higher 
levels than the control.

In relation the calculation of principal component anal-
ysis (PCA) (Fig. 4), the cumulative biogas yield and the 
variables: time and temperature were used. The main com-
ponents that presented the highest self-value and that added 
up explain most of the total variation of the data were con-
sidered significant [111].

Table 4   ANOVA test summary

Proportion F Fcritial p value

1:1 67.88 3.05 1.08 × 10–22

1:2 56.18 3.05 1.10 × 10–19

1:9 161.51 3.05 6.78 × 10–41

0:1 272.93 3.05 3.14 × 10–55
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Component 1 has the highest percentage of the explana-
tion of the variability of the results for the biogas yield of the 
proportions 1:1 and 1:2, both with 93% and, therefore, the 
highest weight, corroborating with the biogas yield, which 
for both proportions were similar. Among the variables, time 
presented the highest weight; therefore, the greatest influ-
ence on biogas yield [87, 112].

For the proportion 1:9, component 1 has the highest per-
centage of explanation of the results for the biogas yield, 
with 94% (higher weight). As for 1:1 and 1:2, time had the 
highest weight (greater influence on biogas yield, associated 
with proportion, composition) [113], indicating that micro-
organisms needed little adaptation to the environment [114].

For control, it was found that component 1 has the highest 
percentage of explanation of the results to produce biogas, 
with 93% (greater weight). The time variable presented the 
highest weight; being the greatest influence on biogas yield 
[28, 88]. It was verified with the PCA analysis that the sta-
tistical test confirms what was observed in the daily and 
cumulative biogas yield graphs, that is, that the temperature 
variable did not sign with the yield; the time (days) is pre-
sented as the primary variable so that the degradation of 
organic materials and biogas yield can efficiently.

Evaluation of biogas yield kinetics in batch reactors

Figure 5 illustrates the adjustments of the model to the 
experimental data of biogas yield in the proportions.

In Fig. 5, in general, the biogas yield curves (experimen-
tal data) fit well to the theoretical model (Gompertz equa-
tion). The arrangement of the observed points (cumulative 
yield) around the adjusted model characterized the model 
efficiency of the reactors with 60 days of operating time and 
thus it is observed that the estimate of biogas yield is good 
when using the modified Gompertz model.

Table 5 shows the parameters of the model: maximum 
biogas production potential (A); maximum biogas produc-
tion speed (μmax) and the duration time of the lag phase (λ) 
with 95% confidence interval.

It was found that the highest cumulative biogas yield (A) 
was for the 1:9 proportion and was consistent with the maxi-
mum yield value obtained in the test. Thus, knowing that the 
coefficient of determination (R2) is a measure that represents 
the adjustment of a model in relation to the observed experi-
mental values (varying between 0 and 1), the proportions 
were high (R2 > 0.90), indicating a good correlation between 
the experimental data and the adjustment of the model [114].

The values μmax modeled followed the trend observed in 
the laboratory (the higher μmax, the faster the process will 
stabilize). In this case, 1:2 and 1:9 were the first to stabilize. 
It is possible that the increase in speed occurred, due to the 
greater availability of animal manure [115, 116].

Regarding the duration of the lag phase (λ) (time 
required by the anaerobic microorganisms to adapt the 
proportions), the values found may have been according 
to the adaptation of the consortium among the wastes. It 

Fig. 4   Principal component analysis for cumulative biogas yield: a 1:1 b 1:2 c 1:9 d 0:1
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was found that the higher the proportion of lignocellulosic 
biomass (1:1 proportion), the longer was the duration of 
the lag phase; this was because the low value of λ indi-
cated that the microorganisms needed bigger adaptation to 
the environment [78]. Thus, it is assumed that this factor 
contributed to the longer adaptation time of the biomass 
with the microorganisms to the consortium, due to the 
possible limitation of hydrolytic reactions, which may 
be incomplete and slow; making it difficult to hinder the 
availability of simple sugars in high concentrations of the 

cellulose component, limiting the growth of microorgan-
isms in the medium [117]. Nielfa et al. [67] report that the 
higher the biodegradability of the wastes, the higher the 
biogas production rate, i.e., the closer to the Y-axis will be 
the curve (lower lag phase). It is also noted that the higher 
production of biogas refers to the proportion that presented 
the lowest lag phase (λ). For the 1:9 ratio, the delay phase 
was maximized by the AcoD of waste with high protein 
load, in this case, the bovine manure [118, 119].

In general, it can be concluded that the addition of 
banana leaf to bovine manure reduces the time needed for 
anaerobic codigestion due to the presence of sugar and 
digestible compounds, as long as their participation does 
not exceed the optimal C/N ratio of the process [132].

In general, the delay time (λ) varied due to different 
organic compositions (carbohydrates, proteins and lipids), 
presenting a synergistic influence on the total codigestion 
delay time. The shortest delay time was found in the 1:9 
proportion, with a time of 1.07 days and the longest time 
was reported for the 1:1 proportion with 3.47 days.

Fig. 5   Biogas yield kinetics with Gompertz model application

Table 5   Result of adjustment parameters by modified Gompertz 
model

Proportions Kinetic parameters

A (N mL) μmax λ (days) R2

1:1 64.38 2.84 3.47 0.93
1:2 53.65 62.54 1.23 0.96
1:9 112.63 2.97 1.07 0.93
0:1 66.80 30.75 1.19 0.96
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Conclusions

The profiles of the cumulative biogas yield curves varied 
according to the test configurations proposed. The biodeg-
radability tests of the different proportions showed better 
biogas production rates and achieved the highest cumula-
tive biogas yield when compared to the control samples, 
mainly for the 1:9 proportion, due to the synergistic effect 
of bovine manure on agricultural fractions (providing 
nutrient balance and buffering capacity) promoting better 
biogas yields. In addition, the wastes showed good adapt-
ability to temperature conditions (mesophilic and thermo-
philic), showing synergism.

The trend observed in biodegradability tests indicated 
that mixing substrates bring a better distribution of nutri-
ents and availability of C/N in the processes; therefore, the 
substrate composition is important both for the volume of 
biogas yield and for the decomposition time of the waste. 
It was also found that VS reduction was directly correlated 
with biogas yield, recovering organic matter bringing sev-
eral environmental benefits.

Modelling by the modified Gompertz equation showed 
that, depending on the proportion, the adaptation times of 
biomass (lag) to produce biogas varied significantly and 
were relatively high, even under the conditions in which 
the largest biogas yields were observed.
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