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ABSTRACT: In Colombia the agro-industrial process of fique generates approximately 20 800 kg of waste / ha planted, consisting of 
bagasse and juice. These wastes are discarded over soil and water generating a problem of environmental pollution.  The fique bagasse (FB) 
has a calorific value of 3 297.91 kcal / kg, high concentrations of cellulose, hemicellulose and C / N ratio that make it appropriate for biogas 
production. However, the presence of lignin in the FB requires specific microbial consortia for its degradation. Therefore, in this research the 
biogas production from FB on a laboratory scale was studied through the Anaerobic Digestion (AD) process using a consortium of ruminal 
fluid (RF) and pig manure (PM). A methane production of 0.35 m3 CH4/kg   volatile solids (VS) added during two weeks, equivalent to 1.38 
kWh/kg VS added, indicated that FB is an attractive residual to be used as a source of renewable energy.
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RESUMEN: En Colombia, el procesamiento agroindustrial de fique genera aproximadamente 20 800 kg de residuos/ha sembrada que 
corresponden a. jugo y bagazo. Estos residuos son descartados al ambiente generando problemas de contaminación. El bagazo de fique tiene 
un valor calorífico de 3 297.91 kcal/kg, altas concentraciones de celulosa, hemicelulosa y una relación C/N favorable para tratar este residuo 
mediante conversión anaerobia. Sin embargo, la presencia de lignina en el bagazo hace que se requiera un consorcio microbiano específico 
para llevar a cabo la degradación. En este trabajo se estudio la producción de biogás a partir del bagazo de fique, empleando como inóculo 
una mezcla de líquido ruminal y lodo estiércol de cerdo. Se alcanzó una producción de metano de 0.35 m3CH4/kg Sólidos Volátiles (SV) 
adicionados durante quince días de digestión, equivalente a 1.38 kWh/kg SV adicionado, indicando que el bagazo de fique es un residuo 
atractivo para ser usado como fuente de energía renovable.

Palabras clave: Digestión anaerobia, bagazo de fique, inóculos, residuo lignocelulósico, líquido ruminal.

1.  INTRODUCTION

Agricultural residues are an alternative source of energy 
that reduces  the depletion of fossil fuels [1]. The molecular 
structure of this residual biomass is responsible for their 
energy content which varies between 3000 and 3500 kcal 
/ kg for lignocellulosic wastes, and from 2000 to 2500 
kcal / kg for urban waste [2]. The agro industrial process 
of fique   (Agave family) generates 15000 tons of waste 
(bagasse) per hectare. Bagasse is being left on soil and 
thrown in rivers causing environmental pollution problems. 
Waste from the fique process have been evaluated for 
the production of pharmaceutical active compounds 
(hecogenin and tigogenin), surfactants, bioinsecticides, 
paper and fique fiber reinforced materials [3].

Due to the physicochemical composition of fique bagasse 
(FB), this residue is considered as a lignocellulosic 
waste biomass. [4]. 

Actually, one the most important impacts of renewable 
energy is the anaerobic digestion process from 
different substrates. The wastes´s physico chemical 
characteristics condition the biomethane potential.

The Table 1 shows the yields values of 0.03 and 0.48 
m3 CH4/kg VS added for urban municipal solid and 
cooked meat wastes, respectively.

Wastes with composition similar to Fique Bagasse, 
such as sisal, maize silage and grass silage, reached 
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high biogas production, with yields of  0.24 m3 CH4/
kg VS added, 0.36 m3 CH4/kg VS added and 0.6 m3 
CH4/kg VS, respectively [1, 5]  

In terms of methane yields, the Cattail aquatic plant 
reached a conversion of 66% from volatile solids, using 
ruminal fluid as inoculums [6]. Sisal and corn digestion 
attain methane values of 60% v/v [5, 7]. Whey, barley 

and rice residues showed high biomethane potential with 
values of 501, 229 and 195 L CH4/kg VS, respectively [8]. 

The high carbon content in FB makes it a potential substrate 
for methane production by anaerobic bioconversion 
systems [9]. Therefore, the aim of this research was to 
evaluate the production of biogas through anaerobic 
digestion on a laboratory scale, using a consortium of 
bacteria from ruminal fluid and pig manure.

Table 1. Potential for biogas production from different wastes

RESIDUE
METHANE PRODUCCTION                                 

(m3CH4/Kg VS)
REFERENCE

Cooked meat 0.48 Cho et al., (1995)Office Paper 0.37
Municipal Solid Waste 0.03 Forster-Carneiro et al., (2007)

Oilseeds 0.42 Petersson et al., (2007)Straw 0.44
Corn (silage) 0.36

Amon et al., (2007)Sunflower 0.30
Sisal 0.32

Plantain peel 0.27 Nallathambi Gunaseelan (2004)Rotten tomatoes 0.30
Grass silage 0.60 Liu et al., (2009)

Source: Ward et al., 2008 modified by the authors.

Anaerobic digestion takes place in four stages: 
a) hydrolysis b) acidogenesis c) acetogenesis d) 
methanogenesis. These stages are carried out by 
microbial consortia formed from different populations 
of microorganisms. The products generated in each 
stage are the nourishment of another [10]. 

In hydrolysis, the organic matter composed of complex 
molecules must be broken to simpler compounds. The 
microorganisms involved in this stage produce acetic 
acid-carbon compounds, fatty acids and other organic 
polycarbonate compounds. In this way, carbohydrates 
are converted into simple sugars, fats into glycerol and 
fatty acids and proteins are hydrolysed to peptides and 
amino acids, releasing carbon dioxide and hydrogen 
[11]. At the acidogenesis stage, the monosaccharides 
produced are converted into organic acids of acetate, 
propionate, butyrate, valerate type, CO2 and H2. In 
acetogenesis, acetate, H2 and CO2 are generated, mostly. 
In methanogenesis, the methanogenic consortiums 
convert acetate into methane and CO2, mainly [12, 13]. 

The methane production depends on its hydrolytic activity 
(HA) and specific methanogenic activity (SMA). The HA 
indicates the inherent ability of a microbial population to 

degrade carbon and it is quantified as the specific rate of 
substrate consumption [14]. The SMA refers to the ability 
of the microbial biomass to convert organic matter into 
methane and it is expressed as the mass of substrate in 
terms of chemical oxygen demand (COD) that is converted 
into methane per biomass unit per unit of time (gCOD-
CH4/g volatile suspended solids- VSS / day) [15].

Physico-chemical composition of FB indicates that 
these residues are composed of complex polymers such 
as cellulose, hemicelluloses and lignin. Therefore, FB 
digestion requires a specialized hydrolytic consortium. 
Different microbial consortiums have been used in 
biogas production from lignocellulosic materials, such 
as anaerobic sludge from primary wastewater treatment 
plants, ruminal fluid, pig manure or cattle manure, 
compost, and pure cultures of microorganisms [16, 17]. 

Previous studies showed that during anaerobic 
digestion from fique bagasse, the mixture Ruminal 
Liquid (RL) and Pig Waste Sludge (PWS), as consortia, 
showed high hydrolytic and methanogenic activities 
and the best biomethane potential. 

During the anaerobic digestion process, the organic 
matter is converted into soluble fractions, which can be 
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expressed as total reducing sugar (TRS), total volatile 
fatty acids (TVA) and cumulative methane volume.  

The aim of this research, was to describe anaerobic 
digestion from fique bagasse, used as inoculum the 
mixture ruminal liquid and pig manure sludge, through 
evolution of total reducing sugar, total volatile fatty 
acids and cumulative volume methane.

2.  MATERIALS AND METHODS

2.1.  Substrate

FB, as substrate, was collected in a fique processing 
plant located in Santander –Colombia. FB chemical 
composition was evaluated by: total alkalinity (TA), 
concentration of total solids (TS), volatile solids (VS), 
volatile fatty acids (VFA), carbon / nitrogen ratio (C / N), 
cellulose, hemicellulose and lignin according to procedures 
established by Van Soest and the Standard Methods for 
Examination of Water and Wastewater [18, 19].

2.2.  Inoculum

A mixture of 1:1 ruminal fluid (RF) and pig manure sludge 
(PMS) was used in the bioproduction process. RF was 
obtained from bovine stomachs collected in a livestock 
processing plant. PMS was collected from pig septic tanks. 
The inoculums physicochemical composition was evaluated 
according to protocols established by the Standard Methods 
for Examination of Water and Wastewater [18]. 

The microbiological characterization quantify the major 
microbial groups present in the inoculum and it was carried 
out using the technique of Most Probable Number (MPN) 
according to protocols established [15]. Serial dilutions 
were made from the mixture RF-PMS. Each dilution 
were inoculated in five hungate tubes, additionally, five 
un-inoculated tubes were considered as control. The tests 
were performed in a CO2 atmosphere to ensure anaerobic 
conditions. A positive result was identified according to 
the characteristics of each trophic group (Table 2). MPN 
values were calculated using the Mac Grady statistical table.

Table 2. Trophic group quantification determined by the MPN technique

Trophic group Abbreviation Substrate Incubation Time at 
35°C ± 2°C (days) Detection of positive tubes

Glucose-fermenting bacteria (GFB) Glucose 5 to 8 Color change from green to 
yellow

Lactate fermenting bacteria (LFB) Lactate 5 to 8 Color  change from green to 
yellow

Acetate sulfate-reducing bacteria (ASRB) Acetate 7 to 15 FeS Production
Hydrogenophilic methanogenic 
bacteria (HMB) H2/CO2 15 to 45 Methane Detection

Acetoclastic Methanogenic bacteria (AMB) Acetate 30 to 60 Methane Detection

Methanogenic bacteria for methanol (MBM) Methanol 30 to 60 Methane Detection

2.3.  AD process for FB

Methane production from FB using RF-PMS was carried 
out in 0.5 L reactors, with an operating volume of 0.35 L. 
substrate / inoculum ratio of 1 g VS / g VS was used. The 
operation time was 15 days, at 39 ± 2°C. The concentration 
of total reducing sugars (TRS), volatile fatty acids (VFA), 
biogas volume and the percentage of methane produced 
were considered as variables response.

TRS concentration was determined according to the 
colorimetric method of dinitrosalicylic acid, using a 
GENESYS 20 Thermo Spectronics spectrophotometer 
at a wavelength of 540 nm [20]. VFA concentration 
was quantified according to the titration procedure 

[21]. Methane volume was measured by the alkaline 
shift method [22] at standard conditions and the quality 
of biogas produced was determined by a PGD3-IR 
Status Scientific Controls infrared gas detector. All 
fermentations were performed in duplicate. Experimental 
result was analyzed with standard deviation.

3.  RESULTS AND DISCUSSION

3.1.  Characterization of FB

FB has similar physicochemical characteristics to sisal 
waste, cattail and sunflower oil residues (Table 3), all of 
them with high potential for biogas production [6, 23, 24].
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FB has an acidic pH that could inhibit the start of AD 
process. However, the inoculum’s buffering capacity 
regulates this inhibitory effect. According to the 
concentration of VS, cellulose and hemicelluloses 
content, FB has the capacity to produce methane and it 
is coherent with the biodegradability test in sisal [25].

The C/N content varies with the type of waste and 
causes inhibition in an inappropriate range. A C/N 
optimal range of 15 to 25 has been recommended for 
microbial growth.  As examples, the co-digestion of 
onion and digested sludge has a value of 15; mixtures 

of corn crops with the sludge reach ratios between 15 
and 18, and 21 in adverse operational conditions [13]. 
In this study FB has a C/N of 14.

In energy terms, olive waste has a calorific value of 4240 
kcal / kg and reached the maximum biogas production 
of 54.26 l / l olive residue containing 83% methane [26, 
27]. Sunflower oil residues has a calorific value of 3700 
with productions of 0.20 L CH4/kg VS [24]. FB has a high 
calorific value, 3000 kcal / kg, which can be exploited for 
energy production, this value corresponds to agricultural 
biomass with the low content of sulfur and ash. 

Table 3. Physicochemical characteristics of FB
Parameter Units Fique Bagasse Sisal Pulp Cattail Sunflower oil residues

pH 4 5.60 nd Nd

TS % (p/p) 24 14.2 90.2 11.6

VS % (TS) 87.1  82.3 91.2 87

C/N 14  65 nd 18

Celulose % 41.81  47.1 20.8 40.7

Hemicellulose % 22.17 23.1 22.6 8.5

Lignin % 15.56 8.60 10.5 11.5

Sulfur %p/p 0.006 Nd Nd Nd

Ash %p/p 10 Nd Nd Nd

Heating Power kcal/kg 3300 Nd Nd 3700
Nd: not determined

3.2.  Physicochemical and microbiological 
characterization of the inoculums

RF-PMS characterization is shown in Table 4. Values 
obtain from this inoculums confirm its application in 
AD process in terms of pH: 8.0 TVFA: 3100 mg/L 
and VSS: 21880 mg/L, among others parameters [28].  

Microbial distribution of populations in RF-PMS is shown 
in Table 5. High levels of GFB, LFB and ASRB confirm 
the enzyme activity  required for AD starting up 
(hydrolytic and acidogenic stages). The last group 
guarantees acetate metabolism since its ability to grow 
using this substrate of the incomplete oxidation of ethanol 
[29]. HBM, AMB and MBM concentrations between 
104 and 105 NMP/g VSS  maintain a partial pressure of 
hydrogen at a level that allows syntrophic degradation 
of ethanol and propionate [30, 31]. The percentage 

distribution of hydrogenophilic methanogenic archaea 
group (40%) is responsible for methane production and 
shown a symbiotic balance between the trophics groups.

Table 4. Physicochemical characteristics, HA and SMA of 
inoculums RF-PMS

Parameter Units Value

pH -- 8

TVFA mg/L 7 200

TA mg CaCO3/L 3 100

TS mg/L 43 770

VSS mg/L 21 880

TVS mg/L 23 640

HA g COD/g VSS day 0.051

SMA g COD/g VSS day 0.144
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Table 5. Inoculums group trophic quantification by NMP method

Trophic group Abbreviation RF-PMS
(NMP/g VSS)

Glucose-fermenting 
bacteria (GFB) 9.8 x 1011 

Lactate fermenting 
bacteria (LFB) 1.5 x 1010 

Acetate sulfate-
reducing bacteria (ASRB) 1.3 x 1010 

Hydrogenophilic 
methanogenic bacteria (HMB) 1.8 x 105 

Acetoclastic 
Methanogenic bacteria (AMB) 4.0 x 104 

Methanogenic bacteria 
for metanol (MBM) 2.0 x 104 

3.3.  TRS and VFA variation in AD from FB

TRS are soluble compounds, easily metabolized by 
microorganisms, which allow the AD first stage to 

take place [24]. The high concentration of TRS at 
the beginning encourages the process to start (Figure 
1). The rapid consumption of sugars, until the fourth 
day, is consistent with microorganisms metabolism in 
the hydrolysis and acidogenesis stages and shows its 
enzymatic capacity [26]. The TRS concentration was 
kept constant during the fermentation. 

During VFA production, a simultaneous TRS consumption 
was observed. From the eighth day, VFA concentration 
remained constant (from 4000 to 4320 mg VFA / L) and 
avoids inhibition by acidification in the reactor. These 
results are consistent with VFA and pH values from other 
studies. For example, the variation of pH for biomethane 
potential of maize in a batch test, ranged from 7.2 to 8.0, 
similar results were obtained with fruit/vegetable with 
maximum values before inhibition of a pH of 7.8 and 
7800 mg/l of VFA [7,33].

 
Figure 1. TRS and VFA concentration during the digestion time

3.4.  Methane production from FB

Methane production, for the first two weeks, was 3.6 
L (Figure 2) and confirms the AD success using FB 
as an organic substrate. Yields values obtained were 
0.45m3 CH4/kg VS and are comparable with the AD 
of grass, corn and agro-industrial wastes (0.40, 0.32 
and 0.32; respectively) [8, 23, 34].  The percentage 
composition of the biogas produced from FB (Table 6), 
is corroborated with research about anaerobic digestion 

from sisal experiments, the methane production reached 
was above 50% [5]. These results indicate that FB can 
be considered as a viable alternative for recovering 
energy in the form of biogas with 60–65% methane 
content. 

In comparison with other lignocelullosic wastes, FB is 
one of the most efficient biomasses in terms of electrical 
energy (Figure 3) [5, 8, 35].
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Figure 2. Accumulated methane production during digestion time (STP conditions)

Figure 3. Methane yields, during anaerobic digestion, expressed in kWh / kg VS added

Table 6. Percentage composition of biogas obtained from FB
Composition Units Value
CH4 % 65
CO2 % 30
Other gases % 5

4.  CONCLUSIONS

Anaerobic Digestion of FB, as the lignocelullosic 
substrate, produces 1.38 kwh/kgVS using a mixture of 
ruminal fluid-pig sludge manure with high hydrolytic 
activity and specific methanogenic activity potential. 
Anaerobic digestion of fique bagasse is an alternative, 
not only as a real source of energy but also it contributes 
to reduce the environmental contamination. 
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