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Abstract 17 
 18 

The efficient pretreatment in lignocellulosic biomass are needed to reduce the associated 19 
energy costs. Lignin-degrading bacteria (Comamonas testosteroni, Agrobacterium sp., 20 
Lysinibacillus sphaericus, and Paenibacillus sp.) were tested as potential pretreatment 21 
methods for oil palm empty fruit bunches (OPEFB) in order to enhance its methane yield 22 
during anaerobic digestion (AD). The lignocellulose fractions were analysed for total 23 
reducing sugar (TRS), total soluble phenols (TSP), lignin content, weight loss, pH and 24 
microscopic analysis carried out both before and after treatment. The methane production 25 
was tested using the biochemical methane potential (BMP) test. Bacteria mediated 26 
depolymerisation of OPEFB was confirmed through the observation of increased release 27 
of TSP and associated lignin breakdown and weight loss of the cultured OPEFB biomass. 28 
The highest percentage of lignin breakdown (41.2%) was obtained from OPEFB treated 29 
by Lysinibacillus sphaericus, while the highest average specific methane potential (0.042 30 
m3/kg VS) was obtained from treatment with Comamonas testosteroni.  31 
 32 
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1. Introduction 46 

To meet the continuous increase in global energy demand and environmental 47 

problems, lignocellulosic biomass is considered as the best renewable feedstock to 48 

produce biobased products including bioenergy. Different types of biomass feedstock 49 

such as agricultural residues, forest residues, agro-industrial waste and food waste have 50 

been tested and evaluated as feedstocks to generate renewable bioproducts. 51 

Lignocellulosic residue from agricultural waste such as oil palm empty fruit bunch 52 

(OPEFB) is a promising feedstock, which is produced from palm oil factories as by-53 

product. However, OPEFB is recalcitrant, since it contains high amounts of 54 

lignocellulosic material, consisting of cellulose (35-45%), hemicellulose (25-40%) and 55 

lignin (15-25%) (Suksong et al., 2016). In addition, OPEFB also contains high levels of 56 

organic material such as carbon (480-490 kg/ton dw), nitrogen (7.4-9.8 kg/ton dw), with 57 

a C/N ratio of 50-65, (Purnomo et al., 2018) and high moisture content (60-67%) 58 

(Brunerová et al., 2018). The cellulose and hemicellulose content of OPEFB can be 59 

decomposed into C5 and C6 sugars by various cellulolytic enzymes, while lignin is 60 

relatively difficult to decompose. The lignin content is the most recalcitrant component, 61 

which becomes an obstacle to produce value-added products or chemicals. OPEFB has 62 

been used for biogas production using anaerobic digestion (AD) method, which resulted 63 

low yield (<60%) (Suksong et al., 2017) due to the recalcitrant structure of lignin. The 64 

complex structure of OPEFB is a major challenge for its utilisation to produce renewable 65 

energy and other bioproducts. Therefore, a bioconversion process or pre-treatment as a 66 

potential platform to modify or depolymerise the recalcitrant structure of lignocellulose 67 

is necessary. The lignocellulosic pretreatment is likely to enhance the methane yield, 68 



since the presence of lignin results in low accessibility to enzymes and microorganisms 69 

during the AD process (Maroušek et al., 2018; Yıldırım et al., 2017). 70 

Biodegradation of lignocellulosic biomass has been widely carried out using 71 

biological pretreatment, especially using white and brown rot fungi that produce 72 

extracellular peroxidases and laccase (Bugg et al., 2020; Ren et al., 2019; Wan and Li, 73 

2012). However, the use of fungi in lignocellulose biodegradation often requires a long 74 

period of incubation to be able to produce specific enzymes in degrading lignin (Guo et 75 

al., 2019). The use of fungal enzymes is challenging to express in high yield, and fungi 76 

are also difficult to be genetically modified. Meanwhile the potential of bacterial lignin 77 

degradation has been widely discovered and identified to be examined its ability in 78 

modifying or attack lignin (Ahmad et al., 2010; Bugg et al., 2020; Salvachúa et al., 2015). 79 

Although some studies have found that the reactivity of lignin-degrading bacteria is lower 80 

than fungi, most bacteria are highly tolerant to temperature, pH, and oxygen ranges (Wu 81 

and He, 2013). In addition, bacteria have the characteristic to grow faster and are more 82 

environmentally tolerable, therefore making large scale cultivation easier (Kamimura et 83 

al., 2017). The most common lignin-degrading bacteria represent mainly  in three classes, 84 

Actinomycetes, -Proteobacteria and -Proteobacteria (Bugg et al., 2011; Huang et al., 85 

2013; Janusz et al., 2017).  86 

Some facultative anaerobic lignin-degrading bacteria have been isolated from 87 

municipal solid waste (MSW) such as Comamonas testosteroni, Agrobacterium sp., 88 

Lysinibacillus sphaericus and Paenibacillus sp, which can be used for delignification of 89 

municipal solid waste (MSW) and enhancement of gas production (Rashid et al., 2017). 90 

According to the previous study, the addition of bacterial culture to bioreactor of MSW 91 

has shown to increase methane production by 25% (Mali Sandip et al., 2012; Ni et al., 92 



2016; Rashid et al., 2017). The addition of Paenibacillus sp. could enhance biogas 93 

production three-fold higher than control, Comamonas testosteroni and Lysinibacillus 94 

sphaericus 2.6 times higher than control, and Agrobacterium sp 1.7-fold higher when 95 

added (Rashid et al., 2017). Agrobacterium sp was able to decompose lignin by 42% after 96 

5 days (Deschamps et al., 1980).  In general lignin-degrading bacteria can depolymerize 97 

or modify lignin by producing various type of oxidative enzymes (Lee et al., 2019). It has 98 

been confirmed that Paenibacillus sp can hydrolyze cellulose and hemicellulose for their 99 

growth while lignin was present under both aerobic and anaerobic conditions (Mathews 100 

et al., 2014). Further study reported Paenibacillus sp and Agrobacterium sp were 101 

categorised as DyP-type peroxidase bacterial which are able to depolymerise lignin, while 102 

Comamonas sp and L. sphaericus can degrade lignin by producing multi-copper oxidase 103 

enzyme (Granja-Traves et al., 2020). The efficacy of those bacterial lignin degrader has 104 

never been tested on the breakdown of lignocellulosic OPEFB which then enhance 105 

methane production using AD process. 106 

The objective of this study was to determine the potential of facultative anaerobe 107 

lignin-degrading bacteria to breakdown lignin and thus enhance methane production from 108 

OPEFB. The total reducing sugar and phenol assays was used to identify the efficacy of 109 

bacterial degradation of lignocellulose present in OPEFB, while the biochemical methane 110 

potential (BMP) test was used to measure the rate of methane release from AD. The most 111 

effective bacterium could then be used as an alternative biological pretreatment, and 112 

enhance biogas production at the same time, which would represent the biorefinery 113 

concept and support sustainable energy production from renewable biomass.  114 

 115 

 116 



2. Materials and Methods 117 

2.1. Microorganims and growth media 118 

The facultative anaerobes bacterial lignin degrader strains (Comamonas 119 

testosteroni, Agrobacterium sp., Lysinibacillus sphaericus, and Paenibacillus sp.) were 120 

originally isolated at the laboratory at Department of Chemistry, University of Warwick, 121 

UK. The bacteria were then cultured and maintained using LB media at 30 C and stored 122 

at 4 C at Bioindustry, Department of Agroindustrial Technology, Universitas Brawijaya, 123 

Indonesia.  124 

2.2. Feedstock and pre-treatment 125 

The OPEFB were collected from a small palm oil company in Blitar, Indonesia. 126 

OPEFB were chopped into small pieces (about 1-2 cm) and air-dried for 48 h. This was 127 

placed into jars and doubled sterilized (121 C for 1 hour) (Nurika et al., 2020a, 2020b).  128 

2.3. Lignocellulose biodegradation assay 129 

The sterilized OPEFB samples were inoculated with each bacteria strain. Bacterial 130 

strains were grown in LB broth at 30 C for 24 hours. The cells then were harvested by 131 

centrifugation (5000rpm, 10 min) and the cell pellets washed with M9 minimal media 132 

then repelleted with a repeat centrifugation and resuspended in M9 minimal media.  4 ml 133 

of suspended bacteria were inoculated in 400 ml M9 minimal media containing sterilized 134 

40 grams OPEFB and incubated in a shaking incubator at 180 rpm for 7 days at 30 C.  135 

The OPEFB treated with 4 (four) species of bacteria (Comamonas testosteroni, 136 

Agrobacterium sp., Lysinibacillus sphaericus, and Paenibacillus sp.) were filtered and 137 

washed with distilled water and dried. The treated lignocellulose samples were then used 138 



as substrate for methane generation via AD (see anaerobic digestion set-up section 139 

below).  140 

The delignified samples were used for analysis to identify any breakdown of 141 

lignocellulose by the bacteria. A total reducing sugar (TRS) assay (Miller, 1959) was used 142 

to identify the amount of sugar released from pretreated OPEFB. The total soluble phenol 143 

(TSP) was measured colorimetrically using the Folin-Ciocalteau method (Singleton and 144 

Rossi, 1965). pH and weight loss were also measured (Nurika et al., 2020b) to support 145 

the evidence of lignocellulose degradation by the bacteria.  146 

 147 

2.4 Sugar determination (UHPLC-QTRAP_MS/MS) 148 

An UHPLC system (Agilent infinity 1290, Agilent technologies) with a triple 149 

quadrupole-linear tandem with ion trap Mass Spectrometry detector (LC-MS/MS-API 150 

4000 QTRAP from AB-Sciex) was used to analyse the sugar component (glucose and 151 

xylose). The method used was modified from Xu et al. (2021). The liquid extract samples 152 

from non-treated and treated samples was evaporated at a temperature of 40C until dry 153 

and diluted using acetonitrile and water (ACN:water) 50:50, followed by homogenisation 154 

using vortex and sonicator. The samples was then centrifuged and  filtered and directly 155 

injected to autosampler vial. The mobile pahse consisted of 0.003% ammonium acetate 156 

(A) and acetonitrile (B) with a flow rate 0.2 mL/min. Gradient elution is 0-14 min 80% 157 

A; 14-16 minutes, 80-75% A; 16-20 min, 80% A. The column temperature was 158 

maintained at 30C and the injection volume was 5 L. 159 

 160 

2.5 Lignocellulose determination analysis 161 



Estimation of lignin content was measured using the Chesson-Datta method (Datta, 162 

1981). 1 gram of dry sample (a) was refluxed for 2 hours using 150 ml of distilled water 163 

(H2O) at 100 °C. The reflux solution was filtered and the residue was dried using oven at 164 

105 °C to a constant weight. The constant residual weight was used as the value of (b). 165 

The residue was then refluxed again using 150 ml 0.5 M H2SO4 for 2 hours at 100 °C. 166 

The reflux solution was rinsed with hot distilled water to neutralize the pH, then filtered 167 

and dried in an oven at 105 °C to constant weight. The constant residual weight was used 168 

as the value of (c). The residue was then immersed in 10 ml of 72% H2SO4 for 4 hours at 169 

room temperature. After that it was diluted to 0.5 M H2SO4 and refluxed for 2 hours at 170 

100 °C. The reflux results were rinsed with hot water, then filtered and dried at 105 °C to 171 

constant weight. The constant residual weight was used as the value of (d). The dried 172 

sample residue was then placed in a furnace at a temperature of 575±25 °C. The weight 173 

after ash was weighed as the value of (e). Calculation of lignocellulose components using 174 

the following equations: 175 

 176 

 177 

 178 

where: 179 
a = initial sample dry weight (grams) 180 
b = sample dry weight after refluxed with H2O (grams) 181 
c = sample dry weight after refluxed with 0.5 M H2SO4 182 
d = sample dry weight after soaking with 72% H2SO4, diluted to 0.5 M H2SO4 and 183 
refluxed (grams) 184 
e = ash weight after ashed in furnace (grams) 185 
 186 

2.6. Scanning Electron Microscope (SEM) analysis 187 

Hemicellulose (%) = 
b - c

a
 × 100%    …………………………………………………………(1) 

Cellulose (%) = 
c - d

a
 × 100%    ………………………………………………………………(2) 

Lignin (%) = 
d - e

a
 × 100%    …………………………………………………………………(3) 



The structure changes and morphology of non-treated and treated OPEFB samples 188 

were identified using scanning electron microscopy (a NanoSEM-FEI Nova 200, type 189 

Inspect-S50, Hillsboro, Oregon, USA).  The OPEFB samples were affixed to a carbon tip 190 

and a sputter coating (mini sputter coater EMITECH type SC7620, Laughton, East 191 

Sussex, UK) used for vacuum and coating to prepare the samples for SEM. 192 

2.7. Anaerobic Digestion (AD) set-up and Biochemical Methane Potential (BMP) test 193 

Digestate (inoculum) was obtained from a full-scale mesophilic AD plant-treating 194 

cattle manure at Balai Besar Pelatihan Peternakan (BBPP) in Batu city, Indonesia and 195 

degassed for 48 h at 37 C. The inoculum used in this study has the following 196 

characteristic: pH of 7.36; TS of 1.87%WW; VS of 1.47%WW; VS of 78.42%TS; MC 197 

of 98.13%WW and ash 0.40%WW.  The collected digestate was sieved through a 1 mm 198 

screen to remove larger particles. Pre-treated OPEFB was used as substrate and added to 199 

250ml bioreactor with the digestate in a ratio of 6:1. Samples were added to each bottle 200 

with an organic loading rate (OLR) of 3 kg VS l-1 day-1. All bioreactors were operated in 201 

batch culture mode for 30 days at at 37 C  0.5 C. The biogas and methane production 202 

were analyzed by performing using a BMP batch anaerobic digestion test. The BMP test 203 

used in this study was performed based on Suhartini et al. (2019). All tests were carried 204 

out using three replicates. The samples were placed in 250 ml bottle with a working 205 

volume 40 ml. All samples were heated in a water bath maintained at 37 C  0.5 C. The 206 

inoculum only was used as the control blank and -cellulose as positive control.  207 

2.8 Analytical methods 208 

The proximate analysis were carried out including total solids (TS), volatile solids (VS), 209 

moisture content (MC) and ash content were determined based on Standard Method 2540 210 



G (Eaton et al., 2005). pH was measured using a digital pH meter (Eaton et al., 2005). 211 

The calorific value (CV) was measured using a Bomb calorimeter. Theoretical methane 212 

content was calculated using Buswell equation which assumed 100% organic compound 213 

of biomass breakdown (Buswell and Mueller, 1952). Biogas production was calculated 214 

at temperature (273.15 K) and standard pressure 101.325 kPa (Suhartini et al., 2019), 215 

while the specific methane potential (SMP) was calculated using the equation (1) in 216 

Strömberg et al. (2014) as follows:   217 

 218 

  (4) 219 

 220 

Where, SMP is specific methane potential, obtained from normalisation methane volume 221 

(m3 CH4/kg VS); VS is the accumulated methane volume from reactor with substrate and 222 

inoculum, VB is methane volume from reactor with inoculum (blank sample); mIS is the 223 

mass of VS of inoculum added in the sample; mB is the mass of VS of inoculum added in 224 

the blank sample; mVS,sS is the mass of substrate added in the reactor. 225 

2.9 Statistical analysis 226 

The results of pretreatment experiment were analysed using ANOVA and the significance 227 

test and level of treatment were tested using Duncan’s Multiple Range Test (DMRT). 228 

Mean and standard deviation (error bars) were calculated using Microsoft Excel software. 229 

The test was carried out in three replicates with level of significance used of 95% 230 

 231 

3 Results and Discussions 232 

3.1. Total reducing sugar, pH, weight loss and total soluble phenols 233 



Total reducing sugar (TRS) was measured to determine the ability of each bacteria to 234 

degrade lignocellulose. The release of sugars from the depolymerisation of cellulose and 235 

hemicellulose was represented by amount of TRS.  The general trend of sugar released 236 

between the non-treated and pretreated samples can be seen in Figure 1a, which showed 237 

the change of TRS produced from non-treated and pretreated sample were insignificantly 238 

different. In this study the pretreated samples released slightly higher TRS compared to 239 

the non-treated sample. This is probably due to the requirement of bacteria for a carbon 240 

source for growth and metabolism, which therefore can affect the value of TRS (Millati 241 

et al., 2020).  242 

During the biomass conversion, cellulose and hemicellulose are mainly converted 243 

to glucose and xylose. Further derivative of sugars was identified using UHPLC-MS/MS. 244 

In this study, the initial concentration of glucose and xylose from non-treated and 245 

pretreated OPEFB were 0.034 mg kg-1 and 2.34 mg kg-1 respectively (data not showed).  246 

After 7 days of incubation the amount of glucose and xylose from pre-treated samples 247 

changed which showed different patterns. The glucose concentration released from all 248 

pre-treated OPEFB increased, while xylose has not detected (ND). The highest 249 

concentration of glucose obtained from pre-treated OPEFB with Comamonas testosteroni 250 

(1.460 mg kg-1). The different pattern of glucose and xylose released during incubation, 251 

could relate to the nutrient needs for the growth and metabolism of the bacteria which 252 

affected in differences in content of sugars. According to Azman N.F et al., (2019) 253 

which identified the utilisation of several types of sugar monomer incubated with 254 

thermophilic bacteria during lignocellulose degradation of OPEFB for 0, 3 and 7 255 

days. The results showed Stenotrophomonas sp S2 was able to completely utilize 256 



xylose, glucose, galactose and mannose within 7 days of incubation, while Bacillus 257 

subtillis S11Y was able to utilise all the glucose, fructose and mannose.  258 

 259 

(a) 

 
(b)  

 

 
(c) 

 
 260 



  (d) 261 

 262 
 263 
Figure 1. The difference value of total reducing sugar (a), weight loss (b), pH (c) and (d) 264 
phenols released of non-treated and pretreated Oil Palm Empty Fruit Bunch (OPEFB) 265 
with Comamonas testosteroni (C.test), Lysinibacillus sphaericus (L.sph), Agrobacterium 266 
sp (Agro) and Paenibacillus sp (Paeni). Error bars represent standard deviasion from 267 
three measurements. 268 
 269 

The degradation of lignocellulose during cultivation could be represented by the 270 

change of weight loss (Baker et al., 2015; Wang et al., 2014). The decomposition of 271 

cellulose, hemicellulose and release of volatile components such as CO2 and CH4 and 272 

some hydrocarbons contribute to weight loss from the samples (Bahrin et al., 2012). In 273 

this study the change of weight loss between all the treated and the non-treated sample 274 

showed significant differences (Figure 1b). The greatest change in weight loss was 275 

obtained with OPEFB sample treated by Paenibacillus sp (59.6%), followed by 276 

Lysinibacillus sphaericus (54.5%), Comamonas testosteroni (54.4%) and Agrobacterium 277 

sp (54.2%). Weight loss values observed were significantly greater than the 23.2 % 278 

weight loss recorded for OPEFB incubated with Phanerochaete chrysosporium for 14 279 

days (Piñeros-Castro and Velásquez-Lozano, 2014). The weight loss from the biomass 280 

sample was also obvious in the breakdown of OPEFB cell wall in those samples incubated 281 

with the bacteria. The degradation of lignin during pretreatment lignocellulose which 282 



released the phenolic and aromatic compounds also contributes to the increasing of 283 

weight loss (Baker et al., 2015; Kamcharoen et al., 2014; Wang et al., 2014).  284 

The pH values between the non-treated and pretreated samples differ significantly 285 

(Figure 1c). Changes in pH can occur due to the metabolic activity of microbes, which 286 

then affect the growth of the microorganism. During the 7 days incubation, the pH value 287 

of the samples incubated with Comamonas testosteroni decreased from 7.20 to 6.55, and 288 

a similar pattern of results was obtained from other pretreated samples. Lysinibacillus 289 

sphaericus can grow at pH 5-10 and optimally grow at pH 6.0, the pH will therefore affect 290 

the enzyme activity of the bacteria (Chantarasiri et al., 2017). In fungi, the decrease of 291 

pH can occur due to the accumulation of organic acids such as pyruvic acid and lactic 292 

acid, as well as the release of CO2 due to the degradation of lignocellulose (Pometto and 293 

Crawford, 1986). However, the mechanisms of lignocellulosic bacteria produce organic 294 

acid which then affect to the change of pH were still less informed.  295 

The total soluble phenols (TSP) assay was conducted to show the release of 296 

soluble phenols from the lignin in non-treated and pretreated samples. The release of TSP 297 

indicates the ability of bacteria to break down lignin during the incubation (7 days) and 298 

therefore the low molecular weight phenolic product was released (Schroyen et al., 2015). 299 

The average amount of soluble phenols released from the pretreated sample is 0.139 mg 300 

g-1. The highest value of TSP was obtained from sample inoculated by Paenibacillus sp, 301 

which is 39% higher than a non-treated sample (Figure 2a). Paenibacillus sp was 302 

confirmed to be able to hydrolyze cellulose and hemicellulose for growth and was able to 303 

grow on lignin media as the sole carbon both in aerobic and anaerobic conditions 304 

(Mathews et al., 2014). Other studies showed that C. testosteroni and Agrobacterium sp 305 

were also able to release TSP about 74.6% and 22.7% respectively from pine wood 306 



(Rashid et al., 2017). Differences in the characteristic of the substrate, the concentration 307 

of lignin and the surface area of the biomass can strongly influence the fermentation 308 

capacity of microorganisms (Tsegaye et al., 2019). The type of phenols released could 309 

indicate the amount of lignin breakdown, but there is not clear correlation data of TSP 310 

and lignin content. This is because some of bacteria strains are efficient as aromatic 311 

degraders (Taylor et al., 2012) which potentially also consumes phenolic compounds, 312 

therefore the amount of phenol release does not always correlate with the amount of lignin 313 

breakdown (Rashid et al., 2017), which means the amount of phenolic compounds 314 

accumulated depends on the balance between lignin and aromatic degradation. 315 

 316 

3.2. Lignocellulose breakdown  317 

Various microorganisms, including bacteria can degrade lignocellulose by 318 

secreting lignocellulosic enzymes (Wei et al., 2019). The distribution of degradation and 319 

changes in lignocellulose component of non-treated and pretreated OPEFB are shown in 320 

Fig. 2.  In this study, the pretreated sample showed a significant decreased in lignin 321 

compared to non-treated sample (Fig. 2). The rate of lignin reduction from each sample 322 

ranged from 12.24% to 25.84%, with the greatest reduction obtained from OPEFB sample 323 

treated with Agrobacterium sp (25.84%), followed by samples treated by Comamonas 324 

testosteroni (23.49%) (Figure 2). The lignin degradation by these strains might not be via 325 

the same mechanism as in aerobic lignin degrader which are classified as oxidative 326 

enzymes such as lignin peroxidases, manganese peroxidase and lacasse. Under facultative 327 

anaerobes conditions, the mechanism of the bacteria breakdown lignin might involve 328 

demethylation or non-redox pathways (Rashid et al., 2017).  329 



 330 

Figure 2. The change of lignocellulose (cellulose, hemicellulose and lignin) composition  331 
of non-treated and pretreated Oil Palm Empty Fruit Bunch (OPEFB) with Comamonas 332 
testosteroni (C.test), Lysinibacillus sphaericus (L.sph), Agrobacterium sp (Agro) and 333 
Paenibacillus sp (Paeni). Error bars represent standard deviasion from three 334 
measurements 335 
 336 

Since the amount of total reducing sugars (TRS) obtained (above) between non-337 

treated and pre-treated samples were not significantly changed, the similar patterns of 338 

cellulose detected from the samples confirmed that the change of cellulose components 339 

between non-treated and pretreated OPEFB samples remained almost unchanged (the 340 

change rate was less than 5%) (Fig. 2). A few changes in the amount of hemicellulose 341 

from non-treated and pretreated samples of OPEFB were also observed, indicated the 342 

ability of the bacteria breakdown the structure of lignin which then led to increase the 343 

availability of the enzymes to act on hemicellulose structure (Fig 2). However due the 344 

utilisation of glucose and xylose as carbon sources for the growth and metabolism of 345 

bacteria, therefore there were no remaining amount of xylose and only few amounts of 346 

glucose obtained after 7 days of incubation (data not shown).  This indicated that the 347 
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recalcitrant structure of lignocellulosic OPEFB could not be easily broken down through 348 

delignification using lignin-degrading bacteria only.  349 

3.2. Scanning Electron Microscopy (SEM) analysis 350 

The change of morphological OPEFB before and after culture with the bacteria is 351 

shown in Figure 3. The non-treated sample (Figure 3a) showed a solid surface with a rigid 352 

and sturdy structure which contrasted with all the treated samples. The changes on 353 

OPEFB sample treated with lignin degrading bacteria suggests they have affected the 354 

surface area of OPEFB and caused the opening of lignocellulose indicated by the changes 355 

on the pore size of the samples. Changes in morphology of the treated OPEFB indicated 356 

the removal or decreased on the amount of lignin caused greater surface deconstruction 357 

by the activity of ligninolytic enzyme produced by bacteria during pretreatment process. 358 

The degradation of lignocellulose causes damage to some of the ether bonds within 359 

complexed lignin which then affect to the hydrogen bonds between cellulose and thus the 360 

vibration process occurs (Li et al., 2010).  361 

 362 

 363 

  

(a) (b) 



  
(c) (d) 

 
(e) 

Figure 3. The change of microstructure non-treated (a) and pretreated OPEFB with 364 
Comamonas testosterone (b); Agrobacterium sp. (c); L. sphaericus (d); and Paenibacillus 365 
sp (e) 366 
 367 

The structure of OPEFB composed of high degree of crystallinity which are 368 

contributed from the presence of silica body embedded on the surface (Nur-Nazratul et 369 

al., 2021; Zulkiple et al., 2016). The rigid an dense of nontreated sample of OPEFB could 370 

be due to lignin content and the presence of large number of spherical silica bodies on the 371 

fiber surface (Rosli et al., 2017). After going through the pretreatment process with 372 

bacteria, there was stretching of the surface structure indicating lignocellulose 373 

degradation. The application of bacteria lignin degrader showed an effect to the removal 374 

of silica body which then expose the lignocellulose structure to enhance and increase 375 



hydrolysis rate in sugar production. These is proved by sugar production which was 376 

higher on the pre-treated samples compare to non-treated samples. Singh et al. (2021) 377 

stated that the structure of lignocellulosic biomass through biological pretreatment 378 

showed pores and cracks caused by weakening of the cell walls during delignification, 379 

which increased yields of reducing sugars.  380 

 381 
3.3. Physico-chemicals properties of treated and non-treated OPEFB related to the 382 
production of biogas 383 
 384 

The yield of biogas and yield of methane are significantly affected by the content 385 

of carbohydrates, fats, and protein of the feedstock, these will also affect bacteria growth 386 

(Chandra et al., 2012). The anaerobic digestion process is determined by certain factors 387 

such as pH, temperature, volatile solids (VS), total solids (TS), retention time (RT) and 388 

organic loading of the feedstock. These physico-chemical parameters were measured for 389 

nontreated and pretreated OPEFB feedstock, and are shown in Table 1.  390 

Table 1. The physico-chemical properties of non-treated and pretreated Oil Palm Empty 391 
Fruit Bunch (OPEFB) 392 

Composition unit OPEFB 
OPEFB + 

CT 

OPEFB + 

LB 

OPEFB + 

Agro 

OPEFB + 

PB 

Total Solid 

(TS)  
% (WW) 89.22 22.35 26.60 23.26 25.58 

Volatile Solid 

(VS) 
% (WW) 80.71 21.26 26.09 22.89 24.84 

VS/TS  % 90.46 95.14 98.10 98.40 97.08 

Moisture 

Content (MC) 
% 10.77 77.65 73.40 76.74 74.42 

Ash  % (TS) 8.51 1.09 0.51 0.37 0.75 

Calorific 

Value (CV) 
(MJ kg-1 TS) 25.49 8.06 24.07 16.56 16.77 

C  %/TS 46 42.4 41.8 43.1 42.6 

H  %/TS 6.28 5.8 5.74 5.83 6.02 

O  %/TS 46.97 50.93 51.49 50.1 50.36 

N  %/TS 0.75 0.88 0.98 0.97 1.02 

Theoritical 

CH4 
(%) 50.8 

 

47.3 

 

 

47.8 

 

 

46.8 

 

 

48.3 

 

Annotations: 393 



OPEFB   = OPEFB non-treated 394 
OPEFB + CT   = OPEFB treated with Comamonas testosteroni 395 
OPEFB + LB   = OPEFB treated with Lysinibacillus sphaericus 396 
OPEFB + Agro = OPEFB treated with Agrobacterium sp. 397 
OPEFB + PB   = OPEFB treated with Paenibacillus sp. 398 
 399 

OPEFB contains a high proportion of organic material, which is measured by the 400 

VS value. The VS value is directly related to the amount of biogas production (Angelidaki 401 

et al., 2009). Compared to pretreated samples, the non-treated samples gave higher VS 402 

values (80.71% w/w). The VS/TS of OPEFB non-treated was 90.46%TS and this 403 

increased followng incubation by the bacteria for 7 days to 95.14-98.40% TS (Table 1). 404 

This indicated that the biological pretreatment using bacteria plays a pivotal role in the 405 

degradation of the lignocellulosic structure of OPEFB, which results in an increased 406 

VS/TS value. Furthermore, the treated samples showed lower C, H, O, N values than the 407 

non-treated, which means the organic compound of OPEFB sample are degraded by the 408 

bacteria during the incubation. Data showed both non-treated and pretreated substrate 409 

contains are high in carbon and low in nitrogen (Table 1). The low level of organic content 410 

in AD can affect the activity of microorganisms, and thus the microbes could die when 411 

nutrients are not present (Vintiloiu et al., 2012). The level of nitrogen in the substrate 412 

affects ammonia production, which in turn affects the pH value (Dioha et al., 2013). C/N 413 

ratio has been considered as one of the major operating parameters in a variety of 414 

biological treatment systems which play a crucial role on biogas production. It has been 415 

suggested that the optimum C/N ratio for biogas production should be within 25-30 (Pan 416 

et al., 2021). The C/N ratio of non-treated OPEFB is 61.33, while the C/N ratio of the 417 

OPEFB treated with bacteria ranged from 41.76 to 48.18 (Table 1). When the C/N ratio 418 

is too high (>30), the methanogenic bacteria will consume more nitrogen, which will 419 

reduce the level of biogas obtained during the process (Chandra et al., 2012).  420 



3.4. Specific Biogas and Methane Potential 421 

The potential biogas and methane produced in this study also known as specific 422 

biogas potential (SBP) and specific methane potential (SMP) which were measured over 423 

28 days. The accumulation of SBP and SMP showed (Figure 4a-b) that the treated 424 

samples value were higher than the non-treated samples and the positive control (-425 

cellulose). All the OPEFB samples treated with bacteria showed an increased SBP and 426 

SMP productions. Compared to inoculum control (blank), treatment with Comamonas 427 

testosteroni gave the highest SMP (0.077 m3kg-1VS), followed by Paenibacillus sp (0.051 428 

m3kg-1VS), Lysinibacillus sphaericus (0.04 m3kg-1VS) and Agrobacterium sp (0.026 429 

m3kg-1VS). 430 

 431 

(a) 

 



(b) 

 
 432 
Figure 4. Specific biogas (a) and methane (b) potential from the BMP test of non-treated 433 
and pretreated Oil Palm Empty Fruit Bunch (OPEFB) samples. Error bars represent 434 
standard deviation from three measurements. 435 
 436 

The increased SMP value of the treated samples indicates the presence of lignin 437 

or lignocellulose compound in the non-treated sample is higher than the treated samples. 438 

The presence of lignin in the non-treated sample was confirmed using the lignin assay 439 

(Figure 2b). This indicates that the sample still contained recalcitrant compounds which 440 

hinders the bioconversion of biomass to methane production using AD (Mancini et al., 441 

2018). Substrates which contain a high concentration of lignin will affect the efficiency 442 

of the digestion process and therefore the release of methane will be less compared to a 443 

sample which contain more organic degraded material. Furthermore, the ability of each 444 

bacteria to degrade lignin was not the same (Figure 2b) and therefore the value of SMP 445 

in each treatment is also different. In addition, the value of elemental content of C, H, O, 446 

N and S of each samples showed varied as shown in Table 1, which may affect to the 447 

methane production. 448 

 449 



(a) 

 
(b) 

 
Figure 5. The average specific biogas (a) and methane (b) potential of non-treated and 450 
pretreated Oil Palm Empty Fruit Bunch (OPEFB). Error bars represent standard deviasion 451 
from three measurements 452 
 453 

The average SBP and SMP values of the non-treated and pretreated sample can 454 

be seen in Figure 5. The value of SMP on samples ranged from 0.004 m3 kg-1 VS to 455 

0.042m3 kg-1 VS which were obtained from the blank sample (inoculum) and OPEFB 456 

treated by C. testosteroni respectively, while the SMP value of the non-treated OPEFB 457 

sample was 0.005 m3kg-1 VS. In this study all the OPEFB samples treated by lignin 458 

degrading bacteria obtained higher SMP value compared to the non-treated OPEFB and 459 

control samples. C. testosteroni had a noticeably larger effect than the other bacteria. 460 

These data confirm that the lignin content can limit the digestibility and conversion of 461 

biomass into biogas using AD (Mancini et al., 2018). Other studies also supported that 462 



when the feedstock contains high lignin content, it will produce lower amounts of 463 

biomethane and will take longer to achieve high levels of methane production (Schroyen 464 

et al., 2015). This could be due in part due to the crystallinity and surface area of the 465 

lignocellulosic material which can inhibit the ability of ligninolytic enzymes to reach the 466 

surface area of the material feedstock (Koupaie et al., 2019).  467 

 468 

3.5 Theoretical BMP 469 

 The specific methane potential produced from OPEFB was theoretically predicted 470 

and validated using Buswell equation. The theoretical value was compared to the 471 

experimental. The predicted value was then tested using index  (deviation) as the 472 

following formula (Fernández et al., 2021):  473 

 (%) = (BMPExper. – BMPTheor.) x 100 474 

 475 

Figure 6. Validation in the empirical model of methane production from OPEFB 476 

 477 

 The methane potential of OPEFB has been estimated using Buswell equation. The 478 

theoretical SMP values obtained for each sample were compared to experimental values, 479 
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carried out for 28 days. Fig. 6 showed that the value of experimental SMP is lower than 480 

theoretical. This is presumably due to there was an inhibition such as some of the organic 481 

substances were not degraded during methane production in AD process. The fact that 482 

there were some amounts of lignin remained in the substrate (pre-treated OPEFB) ranged 483 

24.85%-29.41% (Fig.2). The presence of inhibitory factors from the substrate affect to 484 

the growth of consortium microorganism in AD process (Saxena et al. 2019). The 485 

presence of lignin in the substrate will affect to the difficulty of decomposition and 486 

gasification process in AD (Roati et al., 2012). According to Suhartini et al.,( 2019), the 487 

value of methane produced from food waste resulted in lower experimental SMP 488 

compared to theoretical, which was influenced by I/S ratio used during study, which was 489 

laso described in Raposo et al. (2006). The difference values between experimental and 490 

theoretical SMP, explained that the theoretical methane productivity is obtained from 491 

prediction method, where the experimental results are not always in the same condition 492 

(Nielfa et al., 2015).  493 

   494 

4 Conclusions  495 

This study demonstrated the ability of lignin degrader bacteria to depolymerize 496 

lignocellulosic OPEFB and enhance methane production from AD. The highest lignin 497 

breakdown (25.84 %) was obtained from OPEFB treated with Lysinibacillus sphaericus, 498 

while the highest average specific methane potential (0.042m3/kg VS) was obtained from 499 

OPEFB treated with Comamonas testosteroni. Further studies are required to determine 500 

how best these bacteria could be used in order to further optimise the methane potentials. 501 

As the bacteria are obviously working differently, it is possible that different mixtures of 502 

these bacteria might further enhance their conversion potential. 503 
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