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Introduction
Anaerobic digestion is extensively used technology for the waste 

utilization and production of biogas. Anaerobic digestion has recently 
come to light as a potentially significant process for the generation 
of methane due to its economic and environmental benefits [1]. In 
fact, numerous studies have been focused for making this technology 
feasible [2,3]. Rice straw is one of the cheap, renewable and abundantly 
available lignocellulosic biomass [4]. Lignocellulosic biomass is rich 
in cellulose, hemicellulose and lignin [5]. Cellulosic components of 
the rice straw can be hydrolyzed to produce fermentable sugars [6]. 
However, agricultural waste like rice straw cannot be digested on 
its own and therefore, require extra methane producing bacteria for 
the production of methane [7]. Co-digestion of the rice straw with 
pig manure can assist to get rid of this problem. Co-digestion with 
the animal manure improves the C/N balance, buffering capacity, 
decreases the risk of ammonia inhibition and further increase the 
biogas yield and volumetric biogas production rate [8-10]. Moreover, 
such method of waste management may improve methane yield and 
enhance the efficiency of the equipment system with the processing 
of different wastes in a single system [11]. Co-digestion is considered 
as a more practical approach for large-scale systems as it can be 
easily implemented by simply adding the inoculum to the existing 
leachate recirculation system and without the need of any additional 
infrastructure, chemicals or energy inputs required. It is also reported 
that the anaerobic co-digestion of rice straw with animal manure and 

other waste has been recently found efficient in both lab and pilot scale 
experiments [12]. However, recalcitrant nature of lignin content in the 
rice straw has been creating obstacles for the desired saccharification 
of the rice straw by the microorganisms [13]. At the same time, rapid 
accumulation of volatile fatty acids leads to pH drop and causes the 
inhibition of the methanogens [4].

Different methods of pretreatment viz., physical, chemical, 
biological, physicochemical pretreatment methods is seen in practice 
to overcome the problems caused by lignin complex. The main aim of 
these pretreatment methods is to break the lignin seal and reduce the 
crystallinity of cellulosic component for improved biodegradation [14-
17]. Alkaline pretreatment by NaOH causes the swelling of biomass 
thereby increasing the surface area, reducing the crystallinity and 
disrupting the linkages between lignin and the cellulosic components 
[18,19]. The concentration of alkali during pretreatment significantly 
affects the overall methane production. Higher concentration of 
alkali causes rapid accumulation of volatile fatty acids which inhibits 
the cellulosic activity of the methanogens while lower concentration 
may prolong the time of degradation [7,20-22]. Extensive literature 
studies showed 1.5M NaOH is optimum for the alkaline pretreatment 
of rice straw and agrees with our experimental data [23]. Biological 
pretreatment by Aspergillus niger on the other hand involves different 
enzymes produced by the fungi that cause the degradation of 
lignocellulosic material producing digestible reducing sugars. Due to 
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slow rate of degradation, biological pretreatment has been suggested to 
be used in combination with another pretreatment method for biomass 
with low lignin content materials like rice straw [5].

In this research, for the first time, we have suggested the combination 
of alkaline and biological pretreatment of the rice straw. It involves the 
pretreatment of the rice straw first by 1.5M NaOH followed by the 
pretreatment with Aspergillus niger BCRC 31130. Combination of both 
these pretreatment methods is assumed to improve the biodegradation 
of the lignocellulosic biomass. The pretreated rice straw is then allowed 
to undergo anaerobic co-digestion with pig manure for production of 
methane gas. Also production of methane gas has been compared for 
pretreated and untreated rice straw undergoing anaerobic co-digestion. 

Operating conditions including temperature, pH, Solids 
Retention Time (SRT) remarkably influence anaerobic digestion 
process parameters such as stability and product formation [24]. 
Methanogenesis, the terminal step of methane formation is temperature 
dependent [25]. Anaerobic digestion is usually operated at mesophilic 
temperature (30-40°C). However, anaerobic digestion offers numerous 
advantages in thermophilic operation (50-60°C) such as an increase 
of reaction rates, an increase of efficiency (fraction of organic solids 
destroyed), an improvement of solid-liquid separation and an increase 
of the elimination of pathogenic organisms [26-28]. Therefore, in 
this study, we have operated anaerobic co-digestion at thermophilic 
temperature strictly considering the imbalance between higher 
accumulation of VFA accumulation and inhibition of methanogens.

Materials and Methods
Management of substrates and inoculum

The rice straw used in the study was acquired from Taoyuan 
County, Taiwan. The rice straw was cut into small pieces and chopped 
by Grinding mill (DM-6, Yu Chi Machinery Co., Taiwan). The particles 
having size about 2.0 mm were air dried to remove the moisture content. 
Then the rice straw was stored in plastic bags at room temperature to 
prevent any possible hydrolysis.

Fresh pig manure was obtained from a pig farm in Taiwan 
(Pingzhen, Taoyuan) and was stored at 4°C. The pig manure and rice 
straw contained 29.38% w/w; 91.3% w/w total solids (TS), 23.24% w/w; 
79.15% w/w Volatile Solids (VS), respectively. The activated sludge 
used as the inoculum for anaerobic digestion was obtained from a lab-
scale anaerobic digester.

Aspergillus niger BCRC 31130 used in the present study was 
purchased from Bioresource Collection and Research Center (BCRC, 
Taiwan).

Alkaline pretreatment of rice straw with NaOH

The rice straw was treated by distilled water and 1.5M NaOH in a 
flask. The ratio of solid to liquid was at 1:10 based on available literature 
[29,30]. The prepared flask was maintained at temperature (30 ± 1°C) 
for five days. The pretreated rice straw was rinsed with distilled water 
and then dried in the oven (Ten-72, Tender) at 60°C for 24 h.

Biological pretreatment and combined pretreatment (alkaline 
followed by biological) of rice straw

First, 10 g untreated rice straw was put into a 250 ml shaking flask. 
100 mL of liquid medium was then added into the flask. The liquid 
medium contained Sodium Carboxymethyl Cellulose 2 g/L, Peptone 
2 g/L, KH2PO4 2 g/L, MgSO4.7 H2O 0.3 g/L, and (NH4)2SO4 1.4 g/L, 

respectively. The flask was then autoclaved for 20 min at 121°C and 
allowed for cooling to room temperature. It was then inoculated with 
A. niger BCRC 31130 strain aseptically. The prepared flask was placed 
in the shakers at temperature 30°C and a shaking speed of 120 rpm. 
Biological pretreatment was done for 5-15 days depending on the 
required conditions.

Searching an optimum biological pretreatment to combined 
pretreatments was done by subjecting alkali treated rice straw to 
undergo biological pretreatment for 5, 10 and 15 days as mentioned 
above.

Anaerobic co-digestion experiment

The digester used in this study was 1 L serum glass bottle to which 
5 g pretreated rice straw for 5 days and 60 g of pig manure was added. 
It was then seeded with 100 mL of anaerobic sludge and tap water 
added to make a working volume of 600 mL. The same procedure was 
repeated for digesters with pretreated rice straw for 10 and 15 days as 
well as for untreated rice straw and alkaline pretreated rice straw. The 
initial pH of the mixed liquor in each digester was adjusted to 7.5 ± 0.1 
by using 1 M HCl or 1 M NaOH. Finally, the digesters were flushed 
with nitrogen to create anaerobic condition and the digesters were 
placed in an orbital shaker at 55°C for 25 days. The methane content 
and the methane volume produced from each digester were measured 
once daily. 

Analytical methods

Total Solids (TS) and total Volatile Solids (VS) for the rice straw 
and pig manure were determined using standard techniques [31]. 
The daily methane production for each anaerobic digester was 
recorded using the water displacement method and the corresponding 
cumulative methane volume was calculated. Methane was analyzed 
using a gas chromatograph equipped with a Thermal Conductivity 
Detector (TCD). The temperatures of the oven, injector port, and TCD 
were 70, 200, and 200°C, respectively. Nitrogen was used as carrier 
gas. The content of cellulose, hemicellulose, and lignin was analyzed 
according to the standard method of Van Soest [32]. Liquid analyses 
of rice straw, including pH and the Volatile Fatty Acids (VFAs) were 
conducted after the NaOH pretreatment and biological pretreatment. 
The concentrations of VFAs, including acetate, propionate and butyrate 
in the substrate liquid were determined with a gas chromatograph 
equipped with a Flame Ionization Detector (FID) and capillary 
column (VF-1ms, 30 m × 0.25 µm × 0.25 mm). The liquid samples 
were first centrifuged at 6,000 rpm for 5 min and filtered through a 
0.22 µm membrane, and finally measured for free acids. The operating 
temperatures of the injector, detector and oven were 200, 220 and 
130°C respectively. Nitrogen was again the carrier gas. The enzymatic 
system was analyzed according to the method of Ghose [33] and Sohail 
et al. [34].

Results and Discussion
Comparison of methane production from different source of 
pretreated rice straw

 Untreated and pretreated rice straw was subjected to thermophilic 
co-digestion for methane production in different fermenters. Figure 
1a and 1b clearly demonstrate the daily methane production and 
cumulative methane production respectively of the untreated, alkaline 
and combined pretreated rice straw [A+B10]. The cumulative methane 
production was 577.81 mL and 862.46 mL for [U] and [A] respectively. 
The cumulative methane production of combined pretreated rice 
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straw [A+B10] was 1360.44 mL after anaerobic co-digestion. From 
the above results, methane production rate for [U], [A] and [A+B10] 
was calculated as 41.27, 61.9 and 85.02 mg/L/day. As shown in Figure 
1a, there were two peaks of the maximum daily methane production 
observed in combined pretreated rice straw [A+B10] at 5th day and 9th 
day, but only one peak of maximum daily methane production was 
untreated [U] and alkaline [A] pretreated rice straw, which are in 7th 
day and 9th day, respectively. However, the maximum daily methane 
production peak of alkaline [A] pretreated rice straw was observed at 
9th day, which was even longer than that of untreated [U] rice straw. 

Results have shown that combined pretreated rice straw samples 
yielded higher daily methane production over shorter period of time as 
compared with the untreated rice straw and alkali pretreated rice straw. 
The biomethanation process mainly constitutes four different phases 
including hydrolysis, acidogenesis, acetogenesis and methanogenesis 
[1]. Enhanced enzymatic activity, efficient hydrolysis and increased 
fermentable sugars during hydrolysis should be responsible for 
the occurrence of two peaks of daily methane accumulation for 
the combined pretreated rice straw while only one late peak for the 
untreated and only alkaline pretreated rice straw. The erratic behavior 
of the peaks is attributed by the slow growth of methanogens and 
inhibitory effect of pH drop on methanogens during acidogenesis. 

However, conversion of volatile fatty acids to methane caused the peak 
recovery by the 9th day during anaerobic co-digestion of combined 
pretreated rice straw. Also, the higher methane production rate for the 
combined pretreatment is responsible for higher methane production 
for [A+B10] than [U] and [A]. Moreover, higher accumulation of 
methane shows the competency of thermophilic temperature for the 
anaerobic co-digestion.

Optimization of combined pretreatment with different 
biological pretreatment period on methane production 

Furthermore, the optimization of the pretreatment time for the 
combined pretreatment was targeted. Interestingly, it was found that 
[A+B5] produced higher quantity of methane than those of [A+B10] 
and [A+B15] as shown in Figure 2a and 2b with the highest production 
of methane on 5th day of co-digestion. The cumulative methane 
production was 1834.20 mL, 1360.44 mL, and 1301.84 mL for [A+B5], 
[A+B10] and [A+B15] respectively after anaerobic co-digestion. These 
results were 317%, 235%, and 225% respectively higher than [U]. The 
methane production rate for [A+B5], [A+B10] and [A+B15] were 
found to be 83.07, 85.02 and 92.98 mg/L/day respectively.
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Figure 1: (a) Daily methane production of untreated [U], alkaline [A] and 
combined pretreated [A+B10] rice straw (b), Cumulative methane production 
of untreated [U], alkaline [A] and combined pretreated [A+B10] rice straw; [U] 
is untreated rice straw; [A] is rice straw pretreated with 1.5M NaOH; [A+B10] 
is rice straw pretreated with 1.5M NaOH followed by biological pretreatment 
for 10 days. 
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Figure 2: Optimization of combined pretreatment on rice straw with different 
biological periods. (a), Daily methane production of combined pretreated 
rice straw for three different periods [A+B5], [A+B10], and [A+B15] (b), 
Cumulative methane production of combined pretreated rice straw for three 
different pretreatment period [A+B5], [A+B10], and [A+B15];  [A+B5] is rice 
straw pretreated with 1.5M NaOH followed by biological pretreatment for 5 
days; [A+B10] is rice straw pretreated with 1.5M NaOH followed by biological 
pretreatment for 10 days; [A+B15] is rice straw pretreated with 1.5M NaOH 
followed by biological pretreatment for 15 days.
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Two peaks of maximum daily methane production of each 
combined pretreatment were observed as shown in Figure 2a and are 
consistent with the observation in Figure 1a. This might be explained 
by a higher temperature (55°C) adopted in this research leads the 
anaerobic co-digestion to provide optimum growth temperature for 
methanogens and to facilitate enzymatic hydrolysis on rice straws 
during co-digestion. The first peak of maximum daily methane 
production of [A+B5] and [A+B10] occurred at 5th day of co-digestion, 
and the second peak occurred at 9th day of co-digestion. However, the 
first peak of maximum daily methane production of [A+B15] occurred 
at 6th day of co-digestion, and its second peak occurred at 8th day of 
co-digestion. 

From the above mentioned results, it was found that the combined 
pretreatment [A+B5] of rice straw i.e., alkaline pretreatment (1.5M 
NaOH) followed by 5 days of biological pretreatment is best suited 
for higher methane production. Higher enzyme activity for [A+B5] 
should have caused enhanced production of reducing sugar. Due to 
availability of abundant reducing sugars, there is higher methanogenic 
activity causing higher yield of methanogens for [A+B5]. Although 
higher methane production rate was observed for [A+B15], methane 
formation could only continue for 14 days thereby decreasing the 
total volumetric methane production. However, for [A+B5], methane 
formation takes place for 22 days much higher than the other two 
conditions and responsible for overall highest cumulative methane 
production. It suggests that the duration of exposure of the alkali 
pretreated rice straw for the biological pretreatment longer than 5 days 
doesn’t enhance the methane production by anaerobic co-digestion. 
Also, it draws our attention for shorter time interval of biological 
pretreatment for alkali pretreated rice straw resulting higher methane 
production which sounds economically beneficial. 

During methanogenesis, there is rapid accumulation of volatile 
fatty acids in the acidogenic phase, which may cause drop in pH and 
inhibition of methanogens for the synthesis of methane. Therefore, 
initially, the pH of digester is adjusted to 7.5 ± 0.1 to check the drastic 
fall in pH. According to Chandra et al. [1], the methane forming 
bacteria commences the consumption of volatile fatty acids and 
alkalinity is produced due to production of methane and carbon 
dioxide thereby rising and stabilizing the pH of the system favorable 
for the microorganisms. Higher production of methane from the rice 
straw undergoing combined pretreatments than those from untreated 
or only alkaline pretreated rice straw further justifies the improvement 
of the biodegradation resulted by the combined pretreatment.

Volatile fatty acids and pH profile of biological and combined 
pretreatment of rice straw

The extent of biodegradation of rice straw during different 
pretreatments could be indirectly observed from the quantity of 
volatile fatty acids produced during anaerobic co-digestion. The profile 
of volatile fatty acids during different pretreatments ([B] and [A+B]) 
is presented in Figure 3a. The key intermediate products are the short 
chain fatty acids also known as volatile fatty acids. These fatty acids 
are indicators of process stability, overload or inhibition. During the 
initial days; also known as the adaptation period, there was minimal 
accumulation of volatile fatty acids for both the pretreatment methods. 
However, the accumulation of VFAs for [A+B] was higher than [B]. The 
accumulation of fatty acids for [A+B] was significantly influenced by 
the duration of biological pretreatment. Also, the highest accumulation 
of volatile fatty acids was about 1796.26 mg/L for the combined 
pretreatment while 1025.05 mg/L for only biologically treated sample 
on 9th day of pretreatment. Acetic acid production was obtained as the 

major component of the total VFAs compared to propionic acid and 
butyric acid. Higher acetic acid content indicates that the process is 
more stable as acetate is more likely converted to H2/CO2 and finally 
to methane. The contents of acetic, propionic and butyric acids for the 
combined pretreatment sample on 9th day were 1567.27 mg/L, 192.17 
mg/L and 36.79 mg/L respectively. The accumulation of volatile fatty 
acids was also characterized by fall in pH. While [B] showed a steady 
fall in pH, [A+B] had gradual decrease in pH as shown in Figure 2b. 
The fall in pH for biological pretreatment tended to gain stability from 
the 5th day around pH 6.5. However, combined pretreatment sample 
continued pH drop constantly reaching acidic pH 3.3 on 15th day of 
pretreatment. Sharp drop in pH for [A+B] was also resulted by the 
presence of higher quantity of VFAs.

Rapid accumulation of VFAs is inhibitory to the methanogens 
[32]. The results shown in Figure 3a and 3b supports our technique 
of adjusting pH 7.5 ± 0.1 by using 1M HCl or 1M NaOH during the 
commencement of anaerobic digestion to provide optimum pH for the 
methanogens.

Cellulase activity and production of reducing sugars from 
different sources of pretreated rice straw

The cellulase system in A. niger BCRC 31130 is a synergistic 
association of three enzymes viz., exocellulase, endoglucosidase and 
β-glucosidase. Figure 4a and 4b depicts the comparison of cellulose 
activity for the rice straw samples undergoing biological pretreatment 
[B] and alkaline followed by biological pretreatment [A+B]. 

As shown in Figure 4a, A. niger during the biological pretreatment 
produced very low amount of exocellulase and endoglucosidase but 
produced significant amount of β-glucosidase. β-glucosidase amount 
is found to constantly increase with increasing number of pretreatment 
days reaching 1.15 IU/ml on the 15th day of biological pretreatment. 
Unfortunately, the degradation of cellulose in rice straw relied on the 
synergistic association of three different enzymes; thus, high quantity 
of β-glucosidase alone as observed in [B] without the assistance of 
endoglucosidase could not degrade rice straw efficiently.

While [B] shows the increased amount of β-glucosidase 
production only, [A+B] shows significant production of all the three 
enzymes responsible for biomass degradation as shown in Figure 
4b. β-glucosidase amount is higher on 5th day of [A+B] pretreatment 
reaching 0.32 IU/mL, shows a decrease pattern from 5th day to 7th day 
and again regains the increasing tendency.

β-glucosidase along with exocellulase and endoglucosidase are 
responsible for formation of reducing sugars. Supplementation 
of β-glucosidase also removes cellobiose, a strong inhibitor of 
carboxymethylcellulases. Figure 4c illustrates the comparison of 
the accumulation of reducing sugars produced during different 
pretreatments. [A+B] had higher accumulation of reducing sugar than 
[B]. The highest amount of reducing sugar was recorded for 5th day 
of [A+B] pretreatment i.e., [A+B5] yielded 2.23 g/L of reducing sugar 
which was much higher than other days of both the pretreatment. 

β-glucosidase is chiefly responsible for conversion of the 
carbohydrate components to reducing sugar. However, the presence 
of other two enzymes, exocellulase and endoglucosidase also play 
a vital role in biomass degradation to reducing sugars [35]. The 
alkaline pretreatment followed by biological pretreatment ensured 
better enzymatic activity than only biological pretreatment. As a 
result, higher quantity of reducing sugars was produced by [A+B] 
pretreatment. Highest amount of reducing sugars was also produced 
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on 5th day of [A+B] pretreatment as seen in Figure 4c because [A+B5] 
had the best proportion of all the three enzymes acting synergistically 
for breakdown of the biomass. For [A+B5] pretreatment, the breakage 
of the lignin seal during alkaline pretreatment allowed the exposure of 
the carbohydrate materials to the enzyme produced by A. niger during 
biological pretreatment. As a result, higher enzyme activity followed by 
enhanced sugar production was observed for [A+B5]. Untreated rice 
straw is reluctant to cellulose activity due to the resistance offered by 
the persistent lignin complex. 

Effect of combined pretreatment on compositions of rice 
straw 

Lignocellulosic biomass can be subjected to bioconversion into 
fermentable sugars, which can be further utilized for methane and 
other biofuel production [36]. The main purpose of the pretreatment 
is the disruption of lignin seal of the biomass for the availability of the 
digestible sugars. It has been observed that the composition of the rice 
straw is significantly affected by the combined pretreatment compared 
to other pretreatment methods. Table 1 illustrates the changes in the 
main composition of rice straw after NaOH and biological pretreatment. 
Pretreatment [A] contained 81.12% cellulose, 8.23% hemicellulose, 
5.80% lignin and 0.56% ashes. Lignin reduction was found to be 45.5% 
after subjecting untreated rice straw [U] to alkaline pretreatment. 
Pretreatments [A+B5], and [A+B10] exhibited significant differences 
in the composition as shown in Table 1. Contrary to this, pretreatments 

[B5] and [B10] exhibited marginal changes in the composition. The 
compositional contents of hemicelluloses, cellulose, and lignin were 
degraded from 30.85%, 38.2%, and10.64% in rice straw to 30.6%, 
37.29%, and 10.43% respectively on 5 days of pretreatment [B5], and to 
30.24%, 37.53%, and 10.73% on the 10 days [B10]. During NaOH and 
A. niger BCRC 31130 combined pretreatment [A+B], the composition 
of rice straw was changed significantly over time. The compositional 
contents of hemicelluloses, cellulose, and lignin were degraded from 
8.23%, 81.12%, and 5.8% in rice straw to 7.42%, 72.86%, and 5.76% 
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Figure 3: Volatile fatty acids profile (a) and pH profile (b) during biological 
pretreatment and combined pretreatment [A+B]. [B] is biological pretreatment; 
[A+B] is alkaline followed by biological pretreatment. 
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Figure 4: Cellulase activity of biologically pretreated rice straw (a), Cellulase 
activity of combined pretreated rice straw (b) and Reducing sugar production 
during biological pretreatment and combined pretreatment [A+B] (c). [B] is 
biological pretreatment; [A+B] is alkaline followed by biological pretreatment.
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Conditions Lignin Cellulose Hemicellulose Ash
[U] 10.64 38.20 30.85 1.02

[A] 5.80 81.12 8.23 0.56
[A+B5] 5.76 72.86 7.42 0.56
[A+B10] 5.74 60.97 6.84 0.58

[B5] 10.43 37.29 30.60 1.16
[B10] 10.73 37.53 30.24 1.02

Table 1: Changes of main compositions of rice straw after NaOH and biological 
pretreatment %. [U] is untreated rice straw; [A] is rice straw pretreated with 1.5M 
NaOH; [A+B5] is rice straw pretreated with 1.5M NaOH followed by biological 
pretreatment for 5 days; [A+B10] is rice straw pretreated with 1.5M NaOH followed 
by biological pretreatment for 10 days; [B5] is biological pretreatment for 5 days; 
[B10] is biological pretreatment for 10 days.

respectively on 5 days of pretreatment [A+B5], and to 6.84%, 60.97%, 
and 5.74% on 10 days [A+B10].

From the above observation, it is evident that the combination of 
the alkaline and biological pretreatment ensured better biodegradation 
of the lignocellulosic biomass. Alkaline pretreatment caused the 
swelling of the lignocellulosic biomass thereby increasing the internal 
surface area. As a result, there is reduction in the polymerization 
and crystallization leading to increased susceptibility of the complex 
to undergo disruption and separation of the lignin component from 
cellulose and hemicellulose [18]. At the same time use of 1.5M NaOH is 
also cost effective and produced overwhelming results. Once the lignin 
seal is broken, the different cellulase enzymes produced by A. niger act 
on the biomass for improved biodegradation. As a result, [A+B5] and 
[A+B10] showed better degradation of rice straw with higher lignin 
reduction and increased cellulose and hemicellulose content. However, 
there is no much significant difference in compositional changes for 
[A+B5] and [A+B10] considering the number of days for biological 
treatment. Therefore, [A+B5] is chosen as the best condition for the 
pretreatment of rice straw. During uncoupled biological pretreatment 
with A. niger, [B5] and [B10], reduced compositional changes were 
observed because the lignin seal might have still persisted blocking the 
exposure of the cellulosic components to the cellulolytic enzymes from 
the fungi.

Conclusion
The results of this study suggested that combination of alkali 

pretreatment and biological pretreatment for rice straw followed by 
anaerobic co-digestion with pig manure is a promising approach for 
production of methane. The combination of the pretreatment allows 
the lignocellulosic material to accomplish efficient biodegradation 
thereby enhancing the methane production during anaerobic 
co-digestion. At the same time, it also shortens the pretreatment 
time which is an added advantage for the feasibility of the process. 
Adjusting pH 7.5 ± 0.1 by using 1M HCl or 1M NaOH is necessary 
for providing optimal range of pH for methanogens. Similarly, 
operation of anaerobic co-digestion at thermophilic temperature 
(55°C) showed higher conversion of volatile fatty acids to methane 
gas. Monitoring the rapid accumulation of volatile fatty acids is 
mandatory for stabilization of the co-digestion process. Future 
work should be focused on establishing optimized ratio of rice straw 
and pig manure for co-digestion that can establish a more robust 
and stable process thermophilic co-digestion is highly dependent 
upon the composition of influents.
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