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ABSTRACT

The effect of ultrasonic pretreatment on biogas production from rice straw was investigated.
Results showed that the application of 37 and 102 kHz resulted in a reduction of hemicellulose about
25.78% and 20.82%, respectively. An increase in the power level and exposition time decreased
the hemicellulose content. The biochemical methane potential values at 37 kHz and 102 kHz of the

pretreated rice straw for a period of 45 days were 250.36 and 243.79 mL CH, g VS

adder Which were

about 21.95% and 18.75% increase compared to the unpretreated one, respectively. The pretreatment
with 37 kHz has provided a better methane yield compared to the one with 102 kHz. Response
surface methodology indicated a positive result toward the methane yield and production rate. The
utilization of ultrasonic pretreatment toward rice straw for biogas production seems to provide a
solution to help solving the problems of both agricultural waste and renewable energy.

Keywords: Pretreatment, Ultrasonic, Biogas, Rice straw, Biochemical potential assay.

INTRODUCTION

A depletion in fossil fuel resources and an
increased awareness of their adverse impact on the
climate trigger an extensive attention for exploring
and enhancing the use of renewable energy
sources. Rice straw is one of the major agricultural
residues and attractively used as a biomass fuel
due to its high energy content, abundance, and low

cost.! Additionally, re-utilization of rice straw rather
than being used as the fuel possibly avoids some
environmental issues such as air pollution, fire
disaster, and degradation of soil fertility.?2 One of the
potentials of this waste is to be a raw material for
producing biogas.

Anaerobic digestion (AD) is a biochemical
degradation process widely used for converting
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organic matter to a mixture of gases, known
as biogas. This biogas is regarded as a sort of
renewable energy and possibly used for producing
heat, electricity, and compress natural gas (CNG).2
However, rice straw has limited itself for a significant
biogas production in the AD process due to its intrinsic
composition and structure. Rice straw contains
high carbon-nitrogen ratio (C/N) leading to have a
low nutrient content available for microorganisms.
Furthermore, the structure of rice straw is complex
and consists of lignin, cellulose, and hemicellulos,
which limits a biodegradable activity of enzymes and
microorganisms. Consequently, a series of processes
of biogas production from hydrolysis to methanization
cannot take place efficiently, resulting in a meager
energy recovery in terms of methane yield.*> A
pre-treatment technique should be applied to obtain a
high efficacy of biogas production from rice straw.

Various pretreatment methods that have
been used in a single or combination include physical
techniques (e.g. mechanical and thermal), chemical
techniques (e.g. acids, bases, and oxidants), and
biological techniques (e.g. fungi and enzymatic
hydrolysis).®” Some pretreatments are currently
impracticable due to the economic aspect and their
drawbacks. The chemical pretreatments require a high
energy consumption and generate a large amount
of wastewater® while the biological methods are
difficult to be controlled with high cost of production.®
The physical pretreatments seem to be more
advantageous and feasible due to their convenience
in an operation and comparative low investment.

Ultrasonic method is a recent interesting
physical pretreatment used to enhance biogas
production.’ High frequency of ultrasonic wave
allows the cells and regions with liquid vapor
to generate microbubbles.' The explosion of
microbubbles causes a disruption of cell membrane
and induces cell lysis to release the intracellular
material. This pretreatment also disintegrates
sludge flocs and breaks large organic particles to
smaller ones.'? Consequently, the hydrolysis of
sonicated materials is accelerated and subsequently
the volatile fatty acids are more readily generated
and transformed to methane. Furthermore, the
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ultrasonic application is more attractive for producing
a significant biogas production because of its
simplicity, i.e. without adding chemical agents.'?
Many studies indicated that the factors affecting the
performance of the ultrasonic pretreatment include a
raw material related, such as total solid (TS) content,
temperature, pH, and particle size, and the operation
related, such as exposition time, intensity, frequency,
and power input.’® The operational parameters,
such as frequency, exposition time and power input,
play a very important role in a disintegration of raw
materials prior to using for the biogas generation, so
the optimization of those parameters would provide
a significant influence of the ultrasonic pretreatment.
Recently, several studies have reported the potential
application of the ultrasonic pretreatment; however,
they were mainly focused on a sludge pretreatment
and some lignocellulosic biomass.'"'® The ultrasonic
pretreatment on rice straw for biogas production is
still little reported.

The main objective of this study was to
investigate the effects of ultrasonic pretreatment
on biogas production from rice straw. The physical
and chemical changes of the material before and
after being subjected to the pretreatment were
investigated. The pretreated samples were also
used to study the biochemical methane potential.
Additionally, the response surface method was
applied to observe the relationship between the
ultrasonic parameters and the produce.

MATERIALS AND METHODS

Materials

Rice straw was obtained from a local
farmer in Nakhon Ratchasima Province, Thailand.
The material was left in the hot sun till the moisture
reduced to about 12% w. b., and consecutively milled
with 25 mm and 2.5 mm screen size hammer mill
machines. The milled produce was kept in a ventilated
room. The properties of rice straw are presented in
Table 1. Sludge from an anaerobic digestion
wastewater plant of the cassava starch factory was
collected for the inoculum. The collected sludge was
settled down for 24 h and the supernatant was discarded
while the settling material was used as a seed.
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Table 1: Characteristics of rice straw

Analysis Parameter Value
Proximate Moisture content (wt%, wb) 5.91 +0.80
Calorific value (MJ kg'") 17.84 £ 0.74
Volatile matter (wt%, db) 77.09 £2.78
Fixed carbon (wt%, db) 12.24 + 0.15
Ash (wt%, db) 13.82 +0.43
Ultimate Carbon (C) 49.46 + 0.13
analysis Hydrogen (H) 6.24 + 0.05
(Wt%, db) Nitrogen (N) 0.50 + 0.04
Sulfur (S) 0.17 + 0.01
Oxygen (O) 43.63 +0.23

Ultrasonic pretreatment

A 500 ml slurry for 5% TS was prepared
by adding distilled water to the prepared rice straw.
The slurry was sonicated in a vessel equipped with
8 ultrasonic transducers at the bottom, and the
ultrasonic wave was generated by the ultrasonic
generator (Model AG1007, T &C Power Conversion,
Rochester, NY). The 37 kHz (Transducer HNC-8SH-
3840, Hainertec, China) and 102 kHz (Transducer
HNC-4SS-38100, Hainertec, China) frequencies
were chosen to cover a low frequency range,
effectively and efficiently used for pretreatment of
biomass materials."'* The ultrasonic power level
and exposition time were varied to determine the
optimal conditions for methane production. After
cooling down to room temperature, the pretreated
samples were partitioned for the composition and
structure change investigation and the biochemical
methane potential study.

Biochemical methane potential (BMP) test

The BMP experiment was conducted using
a serum bottle technique based on the BMP assay
with some modifications.'® Briefly, 20 ml inoculum
was mixed with 20 ml substrate in a 100-ml serum
bottle with a pH adjustment to about 7. The mixture
was then supplemented with the medium containing
macro- and micro-elements. The stock nutrient
solution (5 times concentrated) makes up of 1.4 g I'
NH,CI,1.25gL"K,HPO,, 0.5gL"MgSO, H,0, 0.05
gL' CaCl,H,0, 0.5 g L yeast extract, and 5 ml L
trace element solution. The trace element solution
consists of 2000 mg L' FeCl, 4H,0, 50 mg L' H,BO,,
50 mg L' ZnCl,, 38 mg L' CuCl, 2H,0, 500 mg L
MnCl, 4H,0, 50 mg L' (NH,) ,Mo,0,, 4H,0, 90 mg L

7724

AICI, 6H,0, and 2000 mg L' CoCl, 6H,0.

Each 60 ml working volume serum bottle
was flushed with pure N, for 2 min prior to being
sealed, and then placed in an incubator shaker
(Wis10RL, Wisd Laboratory Instrument) with the
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agitation speed of 150 rpm and temperature of
35°C. The accumulating biogas was measured daily
via the displacement method. The composition of
biogas was determined with the gas chromatography
(SHIMADZU GC-14B, Japan) that has a thermal
conductivity detector (TCD) and a stainless-steel
column (Molecular sieve-5A, mesh 30/60, and
2 mx 3 mm).Temperatures of the injection, column, and
TCD detector were 100, 80, and 100°C, respectively,
and a carrier gas Helium was introduced at the flow rate
of 50 ml/min. The methane production was corrected
for the STP condition.’® The experiments with the
pre-treated and non-pre-treated mixed-inoculum
substrates were carried out for 45 days.

The modified Gompertz equation was
employed to determine the cumulative methane
production, and its mathematical expression is as
follows':

Hm =H xexp {7 exp [RI:I—W (M)+l]}

Where H  is the cumulative methane
production (ml); e is exp (1); Rm is the maximum
specific methane production rates (ml d'); H is the
accumulating methane production potential (ml), and
A is the lag phase time (day).

Analyses

Characteristics of rice straw was determined
with the proximate analysis (ASTM D1762-84 and
ASTM D2015-77) and the ultimate analysis using
a CHNS-932 element analyzer (LECO Corp., St.
Joseph, MI, USA). Thermal degradation of the
untreated and treated rice straw in an O, atmosphere
was performed with the Thermogravimetric analysis
(TGA) using TGA/DSC-1 thermogravimetric analyzer
(Mettler-Toledo, Greifensee, Switzerland). On the
other hand, thermal stability of the hemicellulose was
performed with the TGA and differential scanning
calorimetry (DSC) using a simultaneous thermal
analyzer (NETZSCH STA 449 F3, Germany). 3.5
mg samples in the alumina pan were heated to
600°C with the rate of 10°C/min and a continuous
introduction of 10 ml/min of nitrogen gas.

The SEM investigation was carried out
with a field emission scanning electron microscope
(FE-SEM) (JEOL JSM-7800F, Japan) coupled
with energy dispersive X-ray spectroscopy (EDS)
(50 mm? Silicon Drift Detector (SDD)-X-MaxN,
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Oxford Instrument, USA). The samples were stuck on
the iron slice using a carbon tape for a gold coated
process in a JFC-1100E ion sputter (JEOL, Japan).
The prepared samples were then directly observed
under a low vacuum.

EXPERIMENTAL

The ultrasonic powers (100, 160, and
200 W) and treatment durations (10, 20, and 30
min) were applied for investigating the chemical
and structural changes, including hemicellulose,
cellulose, lignin, AIA, TGA, and FE-SEM. Each
treatment was performed in triplicate. Plus, response
surface methodology (RSM) with the central
composite design (CCD) was used to observe the
relationship between the experimental variables
(the power level and exposition time) and the BMP
parameters (H and Rm). The relationship can be
related with the following mathematical model.
Y=a +a X +a,X,+a, X 2+a,,X,+a X X,

Where Y is the response (H and Rm); X'
and X2 represent the ultrasonic power level and
exposition time, respectively; a , a,, a,, a,,, a,,, and
a,, are the coefficients that could be estimated from
the least square method. The coded and real values
in this experimental design are given in Table 2.

Table 2. Variable and coded unit for faced central
composite design

Variable Code Response
-1 0 1

Power level (W) 120 160 200 Hand R

Exposition time (min) 10 20 30

RESULTS AND DISCUSSION

Effect of ultrasonic pretreatment lignocellulose
compositions

Table 3 shows the decomposition of
lignocellulose in rice straw before and after the
ultrasonic pretreatment with different frequencies,
power levels and exposition times. Apparently, the
ultrasonic pretreatment significantly influenced
on hemicellulose compound, but slightly affected
on cellulose and lignin. After the pretreatment,
hemicellulose content has decreased from 41.70%
to 37.43 — 30.95%, which corresponds to the highest
reduction of 25.78% and 20.82% for 37 kHz and
102 kHz, respectively. This obviously indicated that
increasing the value of frequency provided less impact
on the hemicellulose reduction from the pristine
rice straw. Contradictorily, an increase of the power
level and exposition time resulted in decreasing the
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hemicellulose content for each applied frequency.
The results are as expected because higher value of
the power level and exposition time would enhance
the intensity and physical effects in terms of liquid
streaming and turbulence, which consequently
improve the active cavitation volume.

Table 3: Compositions of lignocellulose in rice

straw with the ultrasonic pretreatment at 37 kHz

and 102 kHz

Freq. Power Time % Dry matter
(Hz) (W) (min) Hemicellulose Cellulose Lignin AIA
Untreated - 41.70 37.52 3.09 1.97
37 120 10 34.04 36.63 3.68 2.50
20 33.89 35.55  3.02 2.43
30 33.51 36.76 2.91 2.65
160 10 33.46 36.09 345 243
20 33.08 36.63 3.50 3.09
30 33.99 36.02 3.56 3.56
200 10 32.63 37.34  3.35 3.01
20 32.70 3759 3.78 3.77
30 30.95 37.64 4.01 4.41
102 120 10 37.23 35.01 2.32 255
20 36.58 3599 2.67 264
30 34.62 35.02 3.33 2.36
160 10 33.04 36.82 3.09 2.09
20 33.24 36.80 3.14 3.94
30 33.73 3795 3.27 3.26
200 10 34.88 35.64 3.07 2.41
20 34.21 36.03 3.89 254
30 33.02 36.28 3.54 2.93

The hemicellulose with light molecular
weight can be more decomposed while one with
heavy molecular weight still significantly quantitatively
remains when the time of applying an ultrasonic wave
is expanded to 25—-35 minutes. The ultrasonic wave
helps to elevate the effectiveness of hemicellulose
extraction via a mechanically decomposing process
of cell wall and a-benzyl ether bond between lignin
and polysaccharide.'® Lower frequency range
provides more effective decomposition than higher
frequency range in any circumstances because the
lower one emits higher cavitation energy that enables
to break down hemicellulose better.920

The proportion of acid insoluble ash or AIA
increased from 1.97% to approximate 2.09 — 4.41%
(Table 3). This may be due to rising of the molecular
weight and the distribution of lignocellulosic material
because the bonds in lignin are decomposed and the
distracts from cellulose into smaller particles affect
the structure of lignin to be more fragile.?!

Thermal stability

The measurement of thermal stability of
lignocellulosic material is observed by determining
the change of weight at a certain thermal interval
and time session. As previously mentioned, the
ultrasonic pretreatment can cause the compositions
of lignocellulose to alter, including a decomposition
of cell wall.?> Moreover, the ability to bind the bonds
of the compositions is more stable, compared to the
material without the pretreatment.??
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Figure 1 shows that the combustion process
of this material can create exothermic zones. The first
zone occurring at 250-380°C was caused by an
evaporation of the volatile organic compound with
light molecules, and the second zone at 380-525°C
could occur from combusting the carbon compound
consisting in the material.?* The initial temperatures
with the highest decomposition rate were at 249
and 255°C for the 37 and 102 kHz ultrasonic wave,
respectively. These values are higher than 243°C of
the controller set. The ultrasonic pretreatment causes
the light-molecule hemicellulose to decompose
out first and makes the rice straw have only the
heavy-molecule compositions that are resistible to
decomposing with heat.?® It is also found that the
cause of increasing the decomposing temperature
is from the higher proportion of ash.*

100 =
a
— 80 -1 =
E\_ —
2 60 3E
E=] &
2 40 5%
20 249 °C 1L
0 -9 2.
100 200 300 400 500 600 -

Temperature (°C)

(a)

10 09
2
— 80 -1 >
= =
Z 60 35
= 2
2 40 =53
= E
20 255 °C 7S
o 9E

100 200 300 400 500 600
Temperature (°C)
(b)
Fig. 1. Thermal stability possession (A) The pretreatment
with the ultrasonic frequency at 37 kHz. (B) ultrasonic
frequency at 102 kHz

Physical structure

The physical morphology structure of
untreated and pretreated rice straws obtained
from the FE-SEM analysis is presented in
Fig. 2. The untreated rice straw exhibits a relatively
smooth and compact surface, indicating a rigid cell
wall most probably due to its intricate structure
(Fig.2a). The toughness of cell wall is from the binding of
lignocellulose polymers and depends on the proportion
of its constituents, such as hemicellulose, cellulose,
and lignin.2® Noticeably, such a kind of structure makes
it difficult for the biological decomposition, resulting in
a low productivity. After the ultrasonic pretreatment,
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the surface structure has changed to have a relatively
roughness with voids and cracks (Fig. 2b and 2c). The
ultrasonic application could provide the amplitude of
shock waves that can cause the particle size reduction
as well as a degradation of large molecules in the
medium.® Plus, the cavitation effect may also be
responsible for the physical structure change of the
pretreated rice straw.?”

Fig. 2. Physical structure seen through FE-SEM (A) Rice
straw (Untreated) (B) The pretreatment with the ultrasonic
frequency at 37 kHz (C) ultrasonic frequency at 102 kHz

The ultrasonic pretreatment can also
decompose the cell wall, as well as the hemicellulose.
This could cause the lignocellulose material to have
more exposed surface areas and pore volume.?®
Moreover, some of the covering materials on the
surface of the untreated rice straw are fallen out,
which creates a high possibility for decomposing
by an enzyme activity and consequently increases
the biological decomposition rate. The present of
disrupted and microfibrils are clearly visible for the
102 kHz frequency (Fig. 2c). It is suggested that
decomposing the hemicellulose from microfibrils
can be easily done.?® These results showed that the
ultrasonic pretreatment could change the physical
structure of rice straw to be more appropriate for
easily accessing the cellulose, which is expected to
improve the produce.

The potential production of methane gas

Table 4 and 5 present the methane yield
(H) and maximum specific methane production
rate (R,) from the BMP test at the 37 kHz and 102
kHz, respectively. In case of the application with 37
kHz, with a variation of the applied power levels, the
cumulative methane gas production has improved
from 225.23 to 250.36 mL CH, g VS ... The
cumulative methane gas for the 120, 160, and 200 W
with the 30 min treatment were found to be 231.05,
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244.41, and 250.36 mL CH, g VS'_, ., respectively.
Moreover, the R | was in the range of 21.08 — 27.67
mL CH, g VS§'_, .. In case of the pretreatment with
102 kHz, the lowest cumulative methane gas (209.28
mL CH, gVS"_,.,) was obtained at the shortest time
(10 min) of 120 W whereas the highest one (243.79
mL CH, g V§'_,.,) was found at the longest time
(80 min) of 200 W. The values of R were varied from
21.95t0 29.25 mL CH, g V§'_, .. For all cases, the
yielded methane gas has accumulated rapidly for the
first 10 days and then gradually continuously increased
till stabilizing on the day of 45 (Fig. 3). Kaparaju
and Felby (2010)?" suggested that the primary
decomposition enables an enzyme of microorganism
to decompose the substrate more easily. Plus, it allows
the carboxyl group of the hemicellulose decomposed
more, resulting in higher exposed surface area.?® The
remaining cellulose and lignin are the compounds that
are not able to decompose easily, resulting in having
either low or none productivity.

Table 4: Methane yield (H) and maximum specific
methane production rate (Rm) from biochemical
methane potential (BMP) method of ultrasonic
pretreated rice straw at 37 kHz

Power Time H Rm A(h) Cum. Methane yeild
(W) (min) (mLCH, g (mLCH, g (mLCH, g
VS, o) VSTadded) VS8 ed)
120 10 211.95 20.62 0.01 225.23
20 214.87 20.89  0.36 230.63
30 213.61 21.08 0.38 231.05
160 10 214.50 22.07 0.20 231.51
20" 229.97 2410 0.13 241.40
30 227.98 24.68 047 244.41
200 10  228.40 2259 0.10 240.36
20 228.28 2496 0.04 247.68
30 232.82 27.67  0.37 250.36
Note: 1) Means of treatment (n=3) by RSM

2) Every treatment deducted from controller (The gas
caused by seed)
3) The amount of methane at STP

Table 5: Methane yield (H) and maximum specific
methane production rate (Rm) from biochemical
methane potential (BMP) method of ultrasonic
pretreated rice straw at 102 kHz

Power Time H Rm A (h) Cum. Methane yeild
(W) (min) (mLCH,g (mLCH, g (mLCH, g
Vsr'added) Vsr'added) VS"added)
120 10 202.02 21.95 0.15 209.28
20 202.42 22.83 0.16 213.04
30 203.09 22.91 0.17 213.58
160 10 199.81 23.09 0.26 214.24
20" 225.66 25.18 0.17 238.04
30 219.46 271 0.18 239.2
200 10 215.27 23.39 0.39 224.86
20 226.21 27.69 0.12 243.56
30 233.53 29.25 0.08 243.79

Note: 1) Means of treatment (n=3) by RSM
2) Every treatment deducted from controller (The gas
caused by seed)
3) The amount of methane at STP
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Apparently, the performance of the
pretreatment with 37 kHz is better than that of the
pretreatment with 102 kHz in terms of methane
yield (Fig. 4). For the pretreatment with 102 kHz,
the methane gas production diminishes between
1.15 to 7.63 percent compared to the results of the
37 kHz frequency. It is consistent with the results
obtained from the composition changes after the
pretreatment. As early mentioned, the more effective
improvement on the amount of hemicellulose, which
is an easily decomposed compound in AD process,
was found with the ultrasonic pretreatment with
37 kHz. In comparison to other methods, ultrasonic
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pretreatment gave methane yield a little lower than
chemical treatments but slightly better than some
other physical treatments.!

A proper model of response surface method

In this study, the second-order polynomial
model was applied for correlating two main ultrasonic
variables (power level and exposition time) with
two responses (methane yield, H and maximum
specific methane production rate, R ), and its good
fit was evaluated by the values of coefficient of
determination (R?). The obtained values of R? for all
cases in the study were found to be in the range of
0.95-0.98 and 0.91-0.94 for H and R, respectively
(Table 6). It was suggested that a model with a
goodness-of fit should have R? at least greater than
80%.3°The R? are higher than 90% and close enough
to the adjusted coefficient of determination (Adj. R?),
indicating that the fitting model could satisfactorily
explain the experimental data.®' Furthermore, the
p-values of the linear regression of the actual and
predicted data were all less than 0.05, implying
a statistical significance and indicating a good
agreement between the experimental and predicted
values of the response (Fig. 5). Thus, it further
confirms the suitability of the models fitted.
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Fig. 5. Graph plotted between the amount of accumulating methane gas and the result of the model (H) (A) US 37 (B) US
102 and the maximum specific methane production rate (R,) (C) US37 (D) US102
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Table 6: Coefficient of response surface model of
Methane yield (H) and maximum specific methane-
producing rate (R)

Constant variable (H) (R,)
Us37 US102  US37 uUs102
Intercept 24123 237.05 23.97 25.32
Power (120,200) 8.58 12.72 2.1 2.1
Time (10,30) 4.79 8.03 1.36 1.81
Power*Power -1.73 -6.79 -0.78 -0.32
Power*Time 1.05 3.66 1.16 1.23
Time*Time -2.92 -8.37 -0.33 -0.49
Statistics R?/Adj. R? 0.98/0.96 0.95/0.90 0.94/0.88 0.91/0.88
RMSE 1.44 414 0.72 0.93

The calculated model coefficients for linear,
square and interaction effects are presented in Table
6. Positive coefficients indicate that such variables
have a positive effect while the factors with a negative
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coefficient negatively influence on the studied
responses.® Apparently, the square terms of both
power level and exposition time provided a negative
effect on both H and R_, whereas either individual
or interactive increase of power level and exposition
time provided a positive result for H and R_. The
relationship between the variables and responses
can be visualized in the 3D-response surface plots
(Fig. 6). For both 37 kHz and 102 kHz cases, the
lowest values of Hand R were observed to be at the
intersection of lower constraints set for the studied
variables. An increase of the interaction between
the power level and exposition time provided more
favorable results for both H and R . Nevertheless,
the H values were optimal at approximately 200 W
and 30 min for both 37 kHz and 102 kHz.

Power (120.200)

Time (10.30)
25

Power (120.200)
120 140 _1c0 180 200,

32—+

Fig. 6. Surface rresponse graph of the amount of accumulating methane gas(H) (A) US37 (B) US102 and the maximum
specific methane production rate (R ) (C) US37 (D) US102

CONCLUSION

Rice straw, a residue from an agricultural
product, can be used as a raw material in the
ultrasonic pretreatment for biogas production.
The physical and composition of rice straw has
changed after the pretreatment. At the different
values of applied frequencies, two main parameters,
namely the power level and exposition time, mainly
influenced on the pretreatment. Higher power level
and longer exposition time have helped to improve
the reduction of hemicellulose content while higher

frequency provided an opposite effect on the
hemicellulose reduction. The pretreated rice straw
provided a better biogas product yield compared
to the unpretreated one. Higher methane yield was
obtained from the application of 37 kHz. In terms
of methane yield and maximum specific methane
production rate, around 90% of the experimental
data could be explained by the mathematical model
of the applied RSM with CCD, and those data well
agreed to the predicted data. Interaction effect
between the power level and exposition time was
the most influent factor for H and R_. The ultrasonic
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pretreatment toward rice straw could be considered
as a safe, environmentally friendly and less energy
intensive approach compared to other pretreatment
methods. Plus, it could help to overcome the limitation
of the pristine rice straw to be used for improving
biogas production.
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