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Abstract

This study investigated the anaerobic co-digestion of sugarcane vinasse (V) and elephant grass silage (S) to produce methane.
Box-Behnken experimental design was applied to verify the statistical effects of the elephant grass ensiling time (40, 80 and
120 days), alkaline pretreatment of elephant grass silage (0.5, 2.25 and 4.00% w/v NaOH) and S:V mixture ratio (25:75,
50:50 and 75:25) on the methane yield. The results showed that the ensiling process resulted in the low degradation of lig-
nocellulosic substances, emphasizing the need for pretreatment using more efficient techniques, such as thermo-alkaline, to
improve the breakdown of elephant grass fibres. COD removals varied between 35 and 85%, and carbohydrate consumptions
ranged from 63 to 72%, with the higher efficiencies for both parameters occurring in the reactors with lower percentages
of silage. Cumulative methane yield ranged from 190.77 mLCH,/gVS (in the reactor with S:V of 75:25, 0.50% w/v NaOH
and 80 ensiling days) to 1729.80 mLCH,/gVS (in the reactor with S:V of 25:75, 2.25% w/v NaOH and 120 ensiling days).
According to ANOVA, S:V ratio was the only variable with a significant effect (p <0.05) on cumulative methane yield.
Therefore, the findings indicate that the relative composition of substrates within the mixture exerted the most significant
influence on the process, underscoring the critical role of vinasse as a co-substrate in enhancing methane production despite
silage pretreatments.
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Introduction

Energy demand supply will undergo structural changes in
the twenty-first century with the challenge posed by the
global climate emergency state, mainly associated with the
. ) . . indiscriminate use of fossil fuels. In this scenario, anaerobic

o The mixing ratio between vinasse and elephant grass silage was K K i K K
the most significant variable for the process. d1gest19n is potable asa prac?tlcal and efficient approach for
o Higher concentrations of lignocellulosic material are producing biofuels and meeting renewable energy demands.

unfavourable for methane production. The digestive process consists of several steps that use
e Co-digestion of vinasse and elephant grass silage promoted

higher methane yields compared to isolated substrates.
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microorganisms to degrade substrates rich in organic matter,
transforming them into biogas (mainly methane and CO,)
< Eduardo Lucena Cavalcante de Amorim and other products with high added value [1]. Biogas stands

eduardo.lucena@ctec.ufal.br out among clean energy sources and can derive from differ-
. ent substrates, such as energy crops, agro-industrial waste,
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Lourival Melo Mota, s/n — Cidade Universitdria, Macei6, sanitary sewage and organic fractions of solid wastes [2].

AL CEP 57072-900, Brazil Sugarcane vinasse, one of the critical agro-industrial resi-
2 Unit of Research and Development, Embrapa Coastal dues prgduced in Brazil, can.be gsed asa supstrate for b%ogzlls
Tablelands, Rio Largo, Brazil generation through anaerobic digestion. Vinasse is a liquid
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effluent from ethanol production that is highly polluting due
to its high organic matter content, requiring adequate treat-
ment and final disposal [3]. Cremonez et al. [4] compiled
results from studies on the methanogenic potential of this
residue, citing values for methane yield ranging from 249
to 302 mLCH,/gCOD [5, 6]. Nevertheless, recalcitrant and
toxic elements found in vinasse may hinder the progress
of anaerobic digestion. Yet, implementing treatments like
physical-chemical or enzymatic processes can effectively
address this concern and optimize the performance of anaer-
obic reactors [7, 8].

Another agricultural residue suitable to produce biogas is ele-
phant grass, a species of tropical forage grass that stands out as
an energy crop because of characteristics such as high biomass
production potential and elevated concentration of components
with high calorific value [9, 10]. Previous studies on metha-
nogenic yield from using this substrate resulted in productions
varying between 190 and 372 mLCH,/gVS [11-14].

Elephant grass contains approximately 46% of cellulose,
34% of hemicellulose and 21% of lignin [15] as a percentage
of dry matter. However, these values can vary according to
species variants and cultivation conditions [16]. Molecules
of this type of biomass have a high structural complexity
and, consequently, reduce the efficiency of hydrolytic bac-
teria that act in the first stage of anaerobic digestion. Thus,
the decomposition of these substrates requires a pretreatment
phase using physical, chemical or biological processes.

While physical treatments use mechanical or radiation
energy to change the biomass structure, facilitating its
digestibility, and one of its advantages is the use of fewer
chemical substances [17], biological pretreatments include
the addition of enzymes and the use of pure cultures or con-
sortia of microorganisms capable of decomposing lignocel-
lulosic substances [18]. Both methods also involve factors
that can affect their large-scale application, such as the high
energy consumption involved in the process or the sensitiv-
ity of microorganisms.

The thermal pretreatments employ maximum tempera-
tures of 220 °C to heat substrates under pressure, causing
more breakdown of the fibres and increasing methanogenic
production [19]. Chemical treatments such as alkaline, acid
and oxidative are widely used to increase the digestibility of
lignocellulosic biomass.

Particularly, alkaline pretreatment promotes better lignin
solubilization besides breaking acetate groups present in hemi-
celluloses. This treatment can be carried out by adding sub-
stances such as sodium hydroxide (NaOH), calcium hydrox-
ide [Ca(OH),] and potassium hydroxide (KOH) [20]. When
studying hydrogen production via anaerobic fermentation
using grasses, Cui and Shen [21] observed that the substrate
treated with an alkaline solution, compared to the pure sub-
strate, resulted in four times greater gas production. However,
more severe acid and alkaline pretreatments can generate high

@ Springer

operational costs and inhibitory by-products [18]. Therefore, the
conditions of their application must be studied and optimized.

In this context, ensilage — a storage method traditionally
used in agriculture — has been investigated for its potential as
a biological pretreatment since it promotes acidic conditions in
the environment, possibly increasing the digestibility of ligno-
cellulosic substrates [22]. Zhang et al. [23] evaluated the effect
of ensilage as a pretreatment of elephant grass, considering
different cutting heights and plant parts, obtaining the value of
361 mLCH,/gVS as the maximum methanogenic production.
Pardang et al. [24] investigated the impact of harvest age, tem-
perature and ensilage on biogas production using hybrid ele-
phant grass species as substrates. Under mesophilic conditions,
samples that underwent ensiling showed superior performance,
reaching a specific methane yield of 154 mLCH,/gVS.

The present study associated the ensiling process with
thermal-alkaline treatment, which presents the advantages
of greater efficiency in breaking down lignocellulosic sub-
stances, lower energy consumption compared to physical
alternatives and a simple and easily adaptable methodology.

Nevertheless, in addition to the type of substrate and its
pretreatment (when necessary), a set of factors also influences
the biogas production, such as the inoculum source, tempera-
ture, pH and co-digestion, which can contribute to enhancing
the digestive process, as it promotes the mixing and dilution of
toxic compounds, nutrient and pH balance, as well as improving
synergistic effects between existing microorganisms [4].

Previous studies performed the co-digestion of agro-
industrial by-products intending to produce biogas. Sousa
et al. [25] achieved high productivity and methane yield
when co-digesting vinasse with cheese whey compared to
mono-digestions. Gonzalez et al. [26] effectively tested the
co-fermentation of vinasse and sugarcane cake. However,
research on co-digestion using vinasse and elephant grass
silage is still scarce in the literature, as is the effect of ensil-
ing time on methanogenic production.

Therefore, this work aimed to improve methane produc-
tion from the anaerobic co-digestion of vinasse and elephant
grass silage, seeking a balance between the high organic load
of vinasse and the elevated content of lignocellulosic sub-
stances in elephant grass. For this purpose, a Box-Behnken
experimental design allowed the evaluation of the influence
of elephant grass ensiling time, mixing ratio between sub-
strates and alkaline pretreatment in elephant grass silage as
factors of interest in methanogenic production.

Materials and Methods
Elephant Grass Pretreatment

Brazilian Agricultural Research Agency (EMBRAPA),
which cultivates several varieties of this species in a
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research execution unit located in Rio Largo, Alagoas,
Brazil, provided the elephant grass specimen (Cenchrus
purpureus). The samples were acquired from the com-
plete crushing of twelve plants (stems and leaves) har-
vested in October 2020, having a cutting age of 6 months.
The average plant height was 4.03 m, with a spacing of
1 m between crop rows. The elephant grass samples were
homogenized, dried in an oven and subsequently under-
went processing in a forage crusher, resulting in particles
ranging between 1 and 2 cm in size.

Afterwards, the samples were ensiled in PVC mini silos,
each with a diameter of 200 mm and a height of 45 cm, and
no chemical or biological additives were introduced dur-
ing the ensiling process. The mini silos were hermetically
sealed using a lid and silicone glue to prevent air from
entering and stored at room temperature, around 30 °C.
After 40 days of ensilage, the pH values of the samples
were approximately 3.50.

The EMBRAPA carried out bromatological and elemen-
tal analyses of the crude elephant grass and ensilage samples
(after ensiling periods of 40, 80 and 120 days [27]), evalu-
ating the neutral detergent fibre (NDF) and acid detergent
fibre (ADF) content. This analysis aims to identify cellulose,
hemicellulose and lignin fibres present in the biomass, inves-
tigating the effect of ensilage on breakdown lignocellulosic
substances. The fibre content variation was calculated based
on the total dry matter (DM) percentage for each sample of
elephant grass silage [28].

After ensiling, elephant grass samples were subjected
to thermal-alkaline pretreatment [21] aiming to ensure a
higher breakdown of lignocellulosic fibres. A mixing ratio
of 1.0 g of elephant grass silage was adopted for 20 mL of
aqueous sodium hydroxide solution (NaOH) at different
concentrations (0.50, 2.25 and 4.00% w/v). Each mixture
was heated at 90 °C for 10 min, then filtered and diluted
solutions of HC1 15% v/v and NaOH 4% m/v were lastly
added to neutralize pH to 7.

Substrates and Inoculum

Elephant grass silage samples after pretreatment showed
the following physicochemical characteristics: COD
of 11.84-23.63 g/L, carbohydrate concentration of
8.66-12.93 g/L, volatile solids of 8.60-13.58 g/L and pH
of 7.00-7.05.

Sugarcane vinasse, collected at a local sugar and alco-
hol distillery plant, presented a COD of 39.93 g/L, car-
bohydrate concentration of 10.23 g/L, volatile solids of
23.90 g/L, total nitrogen Kjeldahl of 364 mg and pH of
3.98. As lignocellulosic substances that are difficult to
degrade are absent from the vinasse composition, unlike
elephant grass biomass, this substrate does not require a

pretreatment step. Furthermore, the formation of inhibi-
tory substances in the process was also not identified.

Vinasse and grass silages were diluted in water to adjust
the COD concentration to 5 g/L. The COD of the substrates
was adjusted to standardize this parameter in all reactors,
avoiding its influence on the process. Furthermore, the raw
substrates exhibited high COD values, which could poten-
tially overload the reactors.

The inoculum obtained in a UASB reactor from a sewage
treatment system at room temperature (ranging between 27
and 35 °C) presented 24 gCOD/L, total solids of 30 g/L,
total suspended solids of 21 g/L, volatile suspended solids
of 17 g/L and pH of 6.38.

Experimental Design

The present study followed a Box-Behnken experimen-
tal design to investigate the methane production from the
anaerobic co-digestion of the proposed substrates. The fac-
tors analysed in the experimental design were the ensiling
time of elephant grass (7)), the proportion between substrates
(P) (silage:vinasse — S:V) and the concentration of NaOH
solution used as pretreatment of grass silage (C), with three
levels of variation (— 1, 0,+ 1) (Table 1).

In the thermal-alkaline pretreatment of elephant grass
silage, all samples were firstly heated at a temperature of
90 °C for 10 min and then cooled, ensuring a consistent
thermal treatment. Therefore, the experimental design
did not consider the effect of temperature. The study also
included the control reactors: C1, C2 and C3, with elephant

Table 1 Experimental design

Reactor (R) T (days) P C (%)

R1 (40, 25:75, 2.25) 40(-1) 25:75 (1) 2.25(0)
R2 (120, 25:75, 2.25) 120 (+1) 25:75 (1) 2.25(0)
R3 (40, 75:25, 2.25) 40(-1) 75:25 (+1) 2.25(0)
R4 (120, 75:25, 2.25) 120 (+1) 75:25 (+1) 2.25(0)
R5 (40, 50:50, 0.50) 40 (-1) 50:50 (0) 0.50 (=1)
R6 (120, 50:50, 0.50) 120 (+1) 50:50 (0) 0.50 (= 1)
R7 (40, 50:50, 4.00) 40 (-1) 50:50 (0) 4.00 (+1)
R8 (120, 50:50, 4.00) 120 (+1) 50:50 (0) 4.00 (+1)
R9 (80, 25:75, 0.50) 80 (0) 25:75 (=1) 0.50 (= 1)
R10 (80, 75:25, 0.50) 80 (0) 75:25 (+1) 0.50 (= 1)
R11 (80, 25:75, 4.00) 80 (0) 25:75 (1) 4.00 (+1)
R12 (80, 75:25, 4.00) 80 (0) 75:25 (+1) 4.00 (+1)
R13 (80, 50:50, 2.25) 80 (0) 50:50 (0) 2.25(0)
R14 (80, 50:50, 2.25) 80 (0) 50:50 (0) 2.25(0)
R15 (80, 50:50, 2.25) 80 (0) 50:50 (0) 2.25(0)
T ensilage time (days), P proportion between substrates

(silage:vinasse), C NaOH solution (% w/v) concentration of the pre-
treatment
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grass treated with 2.25% NaOH and ensiled for 40, 80 and
120 days, respectively; C4 containing only vinasse; and C5,
inoculum.

Reactor Operation

The reactors were glass flasks of 120 mL with useful vol-
ume of 60 mL and a headspace of 60 mL. The inoculum
was added at a concentration of 10% in all reactors. Sodium
bicarbonate (NaHCO;) at a proportion of 0.5 gNaHCO;/
gCOD was applied to supplement alkalinity in the system
and buffer the pH [29].

Buffering was carried out to avoid pH fluctuations and
ensure that the microorganisms present in the reactors fol-
lowed the methanogenic production route. The ideal pH
range for methanogenesis is between 6.6 and 7.4, with sta-
bility around 6.0 and 8.0. For this reason, a decrease in pH
can lead to the accumulation of volatile acids (acidification)
in the reactors, causing a reduction in the rate of methano-
genic growth [30].

After adding the substrates, the pH was adjusted to
7+0.05, and reactors were closed with crimp-type seals cou-
pled to valves for gas collection. The reactors also received
nitrogen flow to remove oxygen in the medium. Then, the
reactors were capped and placed in a stirring chamber, main-
taining the operating temperature in the mesophilic range of
35 °C and rotation of approximately 100 rpm.

The reactors were maintained under these conditions
and frequently monitored to assess biogas production. The
experiment lasted 59 days, allowing the reactors to reach a
steady-state condition determined based on a constant CH,
production rate with a variation within 5-10% over 5-10
consecutive days [31]. The experiment also included control
reactors containing only the isolated substrates or inoculum.

The reactors were operated for two months, totalizing
approximately 1400 h of experiment duration, with frequent
monitoring of methane production through gas chromatog-
raphy analyses.

Analysis of Biogas Production

Biogas production was periodically monitored using gas
chromatography by manually injecting 0.3 mL samples of
the gaseous phase produced in the reactors into a gas chro-
matograph. The equipment used was a Shimadzu GC-2010
model chromatograph equipped with a thermal conductiv-
ity detector (TCD), Supelco Carboxen 1010 PLOT column
(30 mx0.53 mm) and operated with a carrier gas flow of
21.9 cm/s; the injector, detector and column temperatures
were 30, 200 and 230 °C, respectively. The gas chromatogra-
phy allowed the indirect quantification of methane (in moles
and millilitres) used to plot the curves of accumulated meth-
ane production as a function of elapsed time for each reactor.

@ Springer

Statistical Analysis

Accumulated methanogen production data were fitted to the
modified sigmoid model of Gompertz shown in Eq. 1 [32]:

R, X exp(l)
M(t) = P X expq —exp T(/l—t)+ 1 (1)
where:
M(f) cumulative methane production after time ¢ (mL);

P methanogen production potential (mL);

R,  methane production rate (mL/h);

A lag phase, that is, minimum time for biogas produc-
tion (h);
t incubation time of the reactors (h).

The effects of the factors on the response variable, stand-
ard errors, standardized effects, p-values and regression
model coefficients were calculated using the software Sta-
tistica 8.0 from StatSoft, considering a significance level of
5%. Analysis of variance (ANOVA) was also performed to
verify the statistical significance of the factors of interest
and to evaluate the fit of the proposed model to the experi-
mental data.

Results and Discussion
Ensilage Performance as Pretreatment

Initially, the fibre content was evaluated to verify the effi-
ciency of ensiling as a pretreatment. The crude elephant
grass presented 28.31% of hemicellulose, 40.18% of cellu-
lose and 8.45% lignin based on dry matter. After 40, 80 and
120 ensiling days, respectively, hemicellulose decreased to
26.79, 25.60 and 25.89%; cellulose content achieved 40.15,
41.35 and 40.93%; and lignin fibres augmented to 9.36, 9.69
and 10.64% of DM.

The ensiling process has been reported to lead to the
gradual disintegration of lignocellulosic structures, primar-
ily hemicelluloses, through the effects of weak acid-driven
hydrolysis under conditions of pH lower than 4.0 [33]. The
outcomes of the present study show that hemicelluloses had
a higher degree of breakdown. Nonetheless, the ensiling pro-
cess alone did not cause a significant variation (less than 3%
of DM) in the fibre content of the biomass, reinforcing the
need for a more efficient pretreatment.

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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These results corroborate the conclusion of Ambye-
Jensen et al. [34], which verified the low breakdown of cellu-
lose after the ensiling, proposing using enzymatic additives
to improve the process. Since physicochemical pretreatments
are more efficient in enhancing the lignocellulosic biodigest-
ibility of substrates used in anaerobic digestion, the present
study associated elephant grass ensilage with the thermal-
alkaline technique [33].

Variation of Physical-Chemical Parameters
COD Removal

Figure 1 presents COD removals (the supplementary mate-
rial shows the data for initial and final COD concentrations).
In general, reactors were efficient in consuming organic mat-
ter [35], achieving COD removals greater than 60%, except
for R3 (40, 75:25, 2.25), R8 (120, 50:50, 4.00) and R10
(80, 75:25, 0.50), which removed 57, 44 and 35% of COD,
respectively.

The lowest COD removal observed in reactor R10 (80,
75:25, 0.50) may be associated with the higher amount of
elephant grass silage in the mixture (75%), pretreated using
the alkaline solution with the lower concentration of NaOH
(0.50% m/v). In this case, the improper degradation of lig-
nocellulosic material in elephant grass silage may have hin-
dered the release of simpler molecules, such as oligosac-
charides or monosaccharides, necessary for consumption
through anaerobic digestion [36].

Fig. 1 Percentage of removal
of COD, carbohydrates, and
volatile solids in the reactors

100%

80%

60% —

40%

20%

Variation of parameters (%)

0%

-20% -

Meanwhile, reactors with smaller quantities of elephant
grass silage (<50%) and pretreatment using higher concen-
trations of NaOH (>2.25% NaOH m/v) had COD removals
greater than 80%, such as R2 (120, 25:75, 2.25) (84%), R11
(80, 25:75, 4.00) (85%), R13 (80, 50:50, 2.25) (84%), R14
(80, 50:50, 2.25) (83%) and R15 (80, 50:50, 2.25) (85%).
The higher amounts of vinasse in these reactors may have
favoured COD consumption since the organic matter pre-
sent in its composition is easily accessible for the action
of hydrolytic bacteria that initiate the process of anaerobic
digestion [37].

Carbohydrate Conversion

Figure 1 exhibits the percentages of carbohydrate conversion
(the supplementary material discloses the data for initial and
final carbohydrate concentration). All reactors achieved con-
versions above 60%, indicating a satisfactory consumption
of carbohydrates present in the medium. In contrast to the
COD removal values, which presented a wide range of vari-
ation (35-85%), the carbohydrate conversion range varied
less, between 63 and 72%.

Reactors R10 (80, 75:25, 0.50) and R11 (80, 25:75, 4.00),
with the lowest removal efficiency (63%), and R9 (80, 25:75,
0.50) and R12 (80, 75:25, 4.00), with highest carbohydrate
consumption (72%), were composed of different combina-
tions of experimental design levels. Therefore, no patterns
were identified that justify the differentiated performance.

[ ]cob
[ ]Carbohydrates

[ ] Volatile solids

T T T T T T T T T T T T T T
R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12 R13 R14 R15

Reactors
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Volatile Solid Removal

Figure 1 presents the percentage variations of volatile solids
(VS), with negative values indicating an increase in solids
content (the supplementary material shows the data for ini-
tial and final VS). The minimum VS removal occurred in R4
(120, 75:25, 2.25) (2%) and the maximum in R8 (120, 50:50,
4.00) (48%). Most reactors presented removal percentages
higher than 20%, except for R4 (120, 75:25, 2.25), R2 (120,
25:75, 2.25) (- 21%), R11 (80, 25:75, 4.00) (—23%), R12
(80, 75:25, 4.00) (— 17%) and R14 (80, 50:50, 2.25) (19%).

The typical curve of microorganisms' growth can clarify
the increase in solids in R2, R11 and R12 (which presented
negative percentages). Besides the dry matter from the sub-
strates, the solid content indicates the presence of material
coming from the cells of microorganisms involved in anaero-
bic digestion [38, 39]. Therefore, these reactors may have
suffered a deactivation during the multiplication of microor-
ganisms, presenting an augmentation in VS concentration. In
contrast, reactors that showed higher VS removals probably
underwent the microbiological exponential growth phase
and consumed part of the available substrate.

Reactors R5 (40, 50:50, 0.50), R8 (120, 50:50, 4.00) and
R9 (80, 25:75, 0.50) achieved higher VS removals of 39,
48 and 41%, respectively, similar to values reported in the
literature. Carvalho et al. [40] observed a VS removal of 48%
in the co-digestion of elephant grass hydrolysate and sewage
sludge. Ojediran et al. [41] reported a decrease of approxi-
mately 40% in VS after co-digestion of elephant grass with
piggery manure.

The three reactors with the highest VS removal pre-
sented S:V ratios of 25:75 and 50:50, indicating the vol-
ume of vinasse was equal to or greater than that of elephant
grass silage. Tena et al. [37] also found higher VS removals
with an increase in the percentage of vinasse in the reaction
medium. The authors evaluated the co-digestion of sewage
sludge (SS) with wine vinasse (WS) in SS:WS ratios of
100:0, 75:25, 50:50, 25:75 and 0:100, achieving maximum
removals of 37 and 49% at mixing ratios of 25:75 and 0:100,
respectively.

Therefore, this result suggests that the use of elephant
grass in amounts greater than 50% causes an imbalance in
co-digestion, affecting the organic matter consumption, as
similarly observed in the COD removal. Thus, in principle,
the S:V ratio was the most relevant factor for VS removal,
while the effects of ensiling time and alkaline pretreatment
were negligible.

Methane Production

Figure 2 exposes the accumulated methane production (mL)
and the adjustment curves of the experimental data to the
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modified Gompertz model described in Eq. 1. R? values var-
ied between 0.9909 and 0.9981, indicating that the model
adequately describes the data obtained in this study. Reac-
tors R9 (80, 25:75, 0.50), R5 (40, 50:50, 0.50), R14 (80,
50:50, 2.25) and R1 (40, 25:75, 2.25) performed better, with
accumulated methane production superior to 300 mL at the
end of 1400 h.

Table 2 presents the kinetic parameters obtained from the
adjustment of experimental data of accumulated production
to the modified Gompertz model. The maximum methano-
genic production potential (P) ranged from 59.73 mL in R4
(120, 75:25, 2.25) to 440.40 mL in R9 (80, 25:75, 0.50) with
the estimated maximum methane production rate (R) of
0.04 and 0.38 mL/h, respectively. The lag phase time (1) var-
ied between 52.58 h in R4 (120, 75:25, 2.25) and 580.54 h
in R7 (40, 50:50, 4.00). Reactors with the highest amount of
elephant grass silage, R3 (40, 75:25, 2.25), R4 (120, 75:25,
2.25), R10 (80, 75:25, 0.50) and R12 (80, 75:25, 4.00), pre-
sented the lowest accumulated yields (<300 mLCH,/gVS)
and shorter phase lag.

Regarding control reactors, those that contained only
silage as substrate (C1, C2 and C3) showed accumulated
methane yield between 295.79 and 302.32 mLCH,/gVS,
similar to values found in previous studies. Gunaseelan
[38] obtained methane yield values between 372 and 342
mLCH,/gVS when applying different parts of elephant grass
as substrate. Zhang et al. [23] used different cutting heights
and parts of the plant, obtaining the value of 361 mLCH,/
gVS as the maximum yield of methanogenic production.

The use of elephant grass silage as the predominant sub-
strate in the mixture (100 and 75% of silage) resulted in
lower methane yields (190.77-302.32 mLCH,/gVS) regard-
less of the other factors involved (ensilage time and NaOH
concentration). On the other hand, methane yield increased
in experimental conditions with the addition of minor
amounts (25 and 50%) of elephant grass silage, reaching the
maximum of 1729.80 mLCH,/gVS in R2 (120, 25:75, 2.25).

Therefore, despite the pretreatments applied, lignocellu-
losic material probably hindered the microbial digestion of
elephant grass fibres. In this type of feedstock, the hydrolysis
rate is slow and limits methane production [15, 39]. Fur-
thermore, the relative deficiency of nutrients such as nitro-
gen and phosphorus in elephant grass can hinder microbial
growth and inhibit fermentation [16]. Thus, these factors
highlight the need to use a more biodegradable substrate,
such as vinasse, to improve fermentation.

Increasing the proportion of vinasse in the mixture
caused an increase in methane yield for any ensiling time
and NaOH concentration. Besides that, control reactor
containing only vinasse (C5) presented a methane yield
of 918.53 mLCH,/gVS. Tena et al. [37] also reported the
positive influence of increasing the fraction of vinasse in
co-digestion systems. Aiming to produce hydrogen from
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Fig.2 Cumulative methane
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Table 2 Parameters of the modified Gompertz model for fitting curves and accumulated methane yield of reactors

Reactor P — methanogenic produc- R, — methane produc- 1 — lag phase (h) R? Accumulated methane
tion potential (mL) tion rate (mL/h) yield (mLqy4/gVS)
R1 (40, 25:75, 2.25) 392.83 0.36 417.21 1.00 1219.23
R2 (120, 25:75, 2.25) 377.75 0.35 446.24 1.00 1729.80
R3 (40, 75:25, 2.25) 106.60 0.05 164.11 0.99 214.82
R4 (120, 75:25, 2.25) 59.73 0.04 52.58 1.00 196.98
RS (40, 50:50, 0.50) 387.98 0.38 367.67 1.00 1002.66
R6 (120, 50:50, 0.50) 358.54 0.33 386.33 1.00 1018.77
R7 (40, 50:50, 4.00) 413.54 0.28 580.54 0.99 678.69
R8 (120, 50:50, 4.00) 392.97 0.26 538.76 0.99 719.24
RO (80, 25:75, 0.50) 440.40 0.38 404.73 1.00 1081.83
R10 (80, 75:25, 0.50) 79.98 0.06 138.09 1.00 190.77
R11 (80, 25:75, 4.00) 363.77 0.36 467.38 0.99 1633.73
R12 (80, 75:25, 4.00) 88.84 0.06 128.88 1.00 295.83
R13 (80, 50:50, 2.25) 378.56 0.35 485.27 0.99 1086.85
R14 (80, 50:50, 2.25) 419.49 0.38 437.09 1.00 1157.57
R15 (80, 50:50, 2.25) 375.93 0.34 469.31 1.00 1011.08

vinasse and sewage sludge, the authors observed that mix-
tures using 50 and 75% vinasse resulted in yields 13 to 14
times superior to those obtained by mono-fermentation
of sewage. The improvement in process performance was
attributed to the organic matter present in the vinasse
that is easily digestible by microorganisms. Besides that,
the non-lignocellulosic character and higher amount of

organic matter in vinasse facilitated the digestive process
[37].

In general, the values for methane yield obtained in previ-
ous studies were lower than the maximum result achieved
in this study (1729.80 mLCH,/gVS). Carvalho et al. [40]
analysed the anaerobic co-digestion of elephant grass hydro-
lysate with sewage sludge in a continuous anaerobic reactor,
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reaching a maximum yield of 0.21 LCH,/gVS. The authors
identified that the yields in co-digestion were 23 to 38%
higher than the results obtained in mono-digestion of sew-
age sludge. Gonzalez et al. [26] verified the anaerobic co-
digestion of sugarcane press mud with vinasse. The maxi-
mum methane yield (248 mLCH,/gCODy,,) resulted from
the mixture containing 50% of each substrate. This value
was 13% higher than that obtained using only pressure mud.

Haryanto et al. [41] produced methane from a 1:1 mix-
ture (25 kg:25 kg) of cow dung and elephant grass (with-
out pretreatment) under various dilution rates in water
(P1=50L,P2=75L and P3=100 L). The 25:25:100 (cow
dung:grass:water) composition resulted in 39.3 mLCH,/
gTS,cmovai- An improvement in yield was observed with
increasing dilution and decreasing total solid content. The
authors suggested applying mechanical pretreatment to ele-
phant grass to improve process performance.

Himanshu et al. [42] verified the prevalence of synergis-
tic effects in co-digesting perennial ryegrass silage (grass
harvested at two growth stages — PRS1 and PRS2) or red
clover silage (clover harvested at two growth stages — RCS1
and RCS2) with cattle slurry. Various substrate proportions
were tested on a volatile solid basis (forage silage:cattle
slurry — 1:0, 0.75:0.25, 0.5:0.5, 0.25:0.75 and 0:1). Diges-
tions isolated from forage silage yielded 317.5 (PRS1),
285.8 (PRS2), 286.7 (RCS1), 255.0 (RCS2) and 281.9 (cat-
tle slurry) LCH,/kgVS. The highest yields were obtained in
the mixtures 0.25:0.75 for PRS1 with cattle slurry (330.5
LCH,/kgVS) and 0.5:0.5 for RCS1 with cattle slurry (294.8
LCH,/kgVS).

Lovato et al. [43] evaluated the methane production by
co-digesting vinasse and cheese whey. The increase in the
percentage of whey from 0 to 100% caused an augmentation
in methane yield. An amount of 7.8 molCH,/kgCODy; was
obtained in the mono-digestion of vinasse and 10.9 molCH,/

kgCODy,, with the association between 25% vinasse and
75% whey.

Ojediran et al. [44] analysed the co-digestion of treated
and untreated piggery manure and elephant grass. The addi-
tion of piggery manure improved the methane production
capacity of elephant grass. An amount of 409.5 m*CH,/
kgVS was obtained from co-digestion with treated elephant
grass and 306.2 m*CH,/kgVS$ with untreated elephant grass.

Volpi et al. [45] investigated the generation of methane
through the application of lignocellulosic residues, vinasse
and other effluents from ethanol production, concluding that
anaerobic co-digestion enabled increases of almost 40% in
the biochemical potential of methane (BMP), compared to
isolated substrates. An amount of 605 mLCH,/gVS was
reached with the association between vinasse and liquor
deacetylation as co-substrates.

Statistical Analysis

The work analysed the effects of ensiling time, proportion
between substrates and NaOH solution concentration of the
pretreatment (independent variables) on accumulated meth-
ane yield (dependent variable) (Table 2).

Table 3 presents standard errors, standardized effects,
p-values and coefficients of each factor of the polynomial
regression model at a 95% confidence level. The linear effect
of proportion between substrates (P) presented a p-value
lower than 0.05, which means that this factor was statisti-
cally significant for methane yield. The effects of ensiling
time and alkaline pretreatment were non-significant because
p-values were higher than 0.05. However, all factors studied
were maintained in the analysis, aiming to obtain a model
that best fits the experimental data.

Table 4 presents the analysis of variance (ANOVA) of
the experiment. F-value, a parameter used to assess the

Table 3 Effects, statistical

b Effect Standard error Standardized p-value Model coefficient

mgmﬁgance and m(?del effects, #(2)

coefficients for the independent

variables Overall average 831.86 21.15 39.33 0.00 1085.17
(HT @) 137.35 51.80 2.65 0.12 68.67
) TWQ 95.33 38.13 2.50 0.13 -95.33
)P (L) —1191.55 51.80 —23.00 0.00 —595.717
2)P(Q) 149.63 38.13 3.92 0.06 —149.63
3)Cc @) 8.36 51.80 0.16 0.89 4.18
3)CW 135.00 38.13 3.54 0.07 —135.00
TxP —264.21 73.26 —-3.61 0.07 —132.10
TxC 12.22 73.26 0.17 0.88 6.11
PxL —223.42 73.26 -3.05 0.09 —111.71
Statistical significance: p <0.05
T ensilage time, P proportion between substrates, C alkaline pretreatment concentration, L linear effect, Q
quadratic effect
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statistical significance of regression, is calculated from
the sums and square means. F, of the regression (6.98)
was higher than the tabulated Fy 5 (4.77), indicating that
the proposed model is valid and adequately describes the
experimental data. The coefficient of determination (R?) was
0.93, confirming that it adequately describes the behaviour
of the process under study at a confidence level of 95%. Fur-
thermore, the F, (14.94) of the lack-of-fit was lower than
the F;, tabled (19.16), showing no lack-of-fit in the model.
Therefore, the model adjusted to the experimental data is
presented in Eq. 2.

R =1085.16 + 68.67T — 95.33T2 — 595.77P — 149.62P*

(@)

+4.18C — 134.99C? — 132.10TP + 6.117C — 111.71PC

where:

R methane yield (mLCH,/gys);

T ensiling time (coded values between — 1 and 1);

P proportion between substrates (coded values between — 1
and 1); and.

C solution concentration of pretreatment (coded values
between—1 and 1).

Coefficients in Eq. 2 display the majority and negative
linear effect of the substrate proportion factor (P=S:V) on
the methane yield (—595.77), indicating that the addition
of elephant grass silage (S) is linked to lower R values
(methane yield). As previously explained, this behaviour
probably occurs because of an increase in the lignocel-
lulosic substances present in elephant grass, which is a
substrate of greater digestive difficulty for part of micro-
organisms, reducing the rate of hydrolysis and can delay
or inhibit methane production [15, 39].

As for the other linear effects, although they proved
to be statistically non — significant, it is observed that the

increase in factors T (coefficient + 68.67) and C (coeffi-
cient+4.18) contributes positively to the methane yield.
Furthermore, except for the positive effect of the TC inter-
action (coefficient+ 6.11), the other second-order inter-
actions (coefficients — 132.1 and — 111.71) and quadratic
interactions (coefficients — 95.33, — 149.62 and — 134.99)
have negative coefficients and, therefore, contribute to the
reduction of R.

Surface and contour graphs showing the effect of the fac-
tors and their interactions on the accumulated methane yield
were generated based on the model proposed in Eq. 2, using
Minitab 21 software. These graphs offer a visual display
of variations in planning, factors affecting the response of
the experiment and possible strategies for optimizing these
results, revealing which experimental conditions lead to the
most desirable response.

Figure 3 shows the surface and contour graphs for the
proportion between substrates (P) and ensiling time (T). The
surface presents curvature in the axis corresponding to the P
factor, with the level S:V =75:25 resulting in lower methane
yields and level S:V =25:75 presenting significantly higher
values for the response variable. Thus, within the limits of
the present study, it was evident that combining vinasse and
elephant grass silage in anaerobic digestion yielded more
methane when the silage volume was approximately 25% of
the reactor’s useful volume. Since lignocellulosic biomasses
are usually characterized by high C/N ratios, which must be
maintained in the range of 20-30:1 for adequate operation
of anaerobic reactors [22], it is possible to infer that the ratio
between silage and vinasse equivalent to 25:75 provided a
more adequate C/N value and a better nutritional balance in
the reactors.

Furthermore, it is also possible to argue that elevated
quantities of silage mean an overload of fibres in the reac-
tor, negatively affecting biogas production if these fibres
have not been efficiently degraded in the pretreatment pro-
cesses. In this sense, the observation of the axis referring
to the T factor in the response surface in Fig. 3 shows that
the yield was higher for the level equivalent to 120 days of
ensiling. Wellinger et al. [46] explain that the extended ensi-
lage process may promote the breakdown of lignocellulosic

Table4 Analysis of varignce Source of variation N d.f MQ F Fep R?
(ANOVA) for methane yield
Regression 3,157,609 9 350,845.41 6.98 4.77 0.93
Residues 251,334 5 50,266.87
Lack of fit 240,600 3 80,200 14.94 19.16
Pure error 10,734 2 5367
Total 3,408,943 14

Significance level: 5%

SO sum squared, d.f. degrees of freedom, MQ mean square, F,, calculated F, F,,, tabulated F, R* coef-

ficient of determination
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Fig.3 Surface and contour plots for methane yield (mL/gVS) due to the interaction between factors: proportion between substrates

(silage:vinasse) and ensilage time (days)

compounds in elephant grass, leading to improved hydroly-
sis during anaerobic digestion. Thus, together with other
factors, the lengthier ensiling time can contribute to a more
efficient consumption of organic matter from the grass.

Figure 4 shows the surface and contour graphs for the
NaOH solution used in pretreatment (C) and the ensiling
time (T). The interaction range of the average levels of
factor C and factor T, using a pretreatment solution of
2.25% and an ensiling time of 80 days, resulted in the
best response. These findings suggest that, when only the
pretreatments of elephant grass are taken into account and
the influence of P is ignored, satisfactory methanogenic
production is not affected by the most extreme conditions
(4% concentration and 120 days of silage).

Figure 5 presents the surface and contour plots for the
pretreatment solution concentration (C) and substrate ratio

1100

1
Methane yield
(mL/gVs)

120
800

Ensiling time (days|
0.50 g (days)

225 40
4.00

NaOH concentration (%)

(P). In this case, the optimum point is located in the inter-
action between C equal to 4% m/v and P equal to 25:75,
reinforcing the analysis of the effect of alkaline treatment
and substrate balance on methane yield. The surface cur-
vature on the axis of factor C is not highly pronounced in
the range of 2.25-4.00, suggesting that the reactors’ per-
formance did not undergo substantial enhancements when
transitioning from the intermediate to the maximum level.

Conclusions

The isolated ensiling process was not enough to degrade
the elephant grass fibres, requiring the combination
of another pretreatment method to enhance methane

Methane yield
(mL/gVS)
u < 800
B 800 - 850
W 850 — 900
900 — 950
B 950 - 1000
W 1000 - 1050
| > 1050

Fig.4 Surface and contour plots for methane yield (mL/gVS) due to the interaction between factors: NaOH concentration (% w/v) and ensilage

time (days)
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Fig.5 Surface and contour plots for methane yield (mL/gVS) due to the interaction between factors: proportion between substrates
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production. Expressive organic matter removals indicate
a satisfactory treatment of substrates used. The mixing
ratio of elephant grass silage at 25% and vinasse at 75%
promoted the highest methane yields, indicating that this
configuration should be extensively investigated before
increasing the scale of the process. For future works, it
is interesting to apply more analyses on the efficiency of
ensilage in methanogenic production.
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