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a b s t r a c t

In this study, microwave-assisted alkali and acid pretreated rice straw were used to improve fermentable
sugar yield by enzymatic saccharification (ES) employing cellulolytic fungal strains and subsequent
bioethanol production by using fermenting yeast. The cellulolytic fungal strains Trichoderma reesei NCIM
1052, 1186, 992, T. reesei ITCC 4025, 6413, Aspergillus niger ITCC 302, A. acculeatus ITCC 5078, A. fumigates
ITCC 4768 and Fusarium Solani ITCC 6397 were used for enzymatic saccharification (ES) of acid/alkali
pretreated rice straw to optimize the sugar recovery. T. reesei NCIM 1052 was found superior as compared
to the other fungal strains in terms of FPase, CMCase activities, and reducing sugars yield from pretreated
rice straw. The strains of Saccharomyces cerevisiae NCIM 3186, and Pichia stipitis NCIM 3499 were used for
subsequent fermentation to produce bioethanol. The saccharification of alkali pretreated rice straw (2% v/
w NaOH) by T. reesei NCIM 1052 resulted in the highest fermentable sugar yield (55.6 g/l) and ultimately,
the higher ethanol concentration after 72 h of fermentation with P. stipitis NCIM 3499 (25.3 g/L) as
compared to other yeast strains. This study also exhibits the high potential for economic generation of
ethanol from rice straw.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Energy is most crucial for the socio-economic development of a
nation. Fluctuation in the prices of crude oil severely affects the
economics of the country, especially of developing countries like
India. Since energy is mainly conventional fossil fuel-driven, which
are limited, non-renewable resources. Therefore, researchers have
to explore renewable sources of energy to meet demand world-
wide. Previously, the maximum study has pointed to concentrate
on producing an economical and eco-friendly bioethanol produc-
tion means [1]. Currently, in vehicles, blended ethanol is used as an
alternative fuel to raise the octane number and enhance fuel
Development, Duy Tan Uni-
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efficiency [2,3], also reducing CO2 emission [4]. Though, bioethanol
generation from agricultural and food crops such as maize, potato,
and sugarcane (1st generation biofuels) has resulted in an un-
wanted direct conflict with the food supply and distribution [5]. A
switch to a more plentiful non-edible crop matter should help to
lessen the burden on the food crops. Therefore, with a remarkable
production estimated at 1� 1010 MT per annum worldwide [6],
lignocellulosic biomass is considered as the only foreseeable, sus-
tainable, feasible and renewable source of energy and value-added
chemicals [7].

Consequently, the major emphasis is being given on lignocel-
lulosic biomass, a viable feedstock for ethanol generation by the
microbial fermentation [8]. In the past, farmers burned rice straw as
the most common economical method of management. Presently,
the burning of crop residues in the open field is a significant
concern as it is creating several health issues [1,9]. Residue burning
also contributes to global warming and have a negative impact on
soil health. Now, agro-residues based energy generation is
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attracting the focus. Therefore, rice straw can be a potential source
for our future energy requirements [3,10,11].

Rice is the most important cereal crop after wheat and corn, as
per Food and Agriculture Organization (FAO) statistics, global
consumption of milled rice in 2016e17 was about 477.77MT [12].
Near about 1e1.5 kg of the straw is generated from each kilogram
(kg) of paddy harvested. Globally, almost 478e716MT of rice res-
idue generated each year and used for several purposes. Moreover,
the cellulosic part plant biomass still an untapped reservoir of
sugars for an ethanol generation [8,13]. It has high cellulose and
hemicelluloses content that can be quickly hydrolyzed into sugars
for ethanol production. The chemical composition of rice straw
contains almost 30e56% cellulose, 10e27% hemicellulose, 3e30%
lignin, 3.6e7.2% protein, and 9% silica [14]. In hemicellulose, pen-
toses are dominant sugars, in which xylose (14.8e20.2%) is the
essential sugar [15].

As compared to first-generation ethanol production, bioethanol
from biomass requires a more complicated upstream process
[13,16]. The components of biomass, such as cellulose and hemi-
cellulose, are tightly bound by layers of lignin, which prevents the
enzymatic hydrolysis [17,18]. Bioethanol production from rice straw
mainly involves four steps: 1) Pretreatment to remove lignin 2)
Enzymatic hydrolysis of pretreated biomass to produce sugar
monomers 3) Fermentation of sugar monomers to ethanol by fer-
menting yeast 4) distillation. Pretreatment of rice straw has already
been reported for help to break the lignin bonds to expose the
cellulose and hemicellulose for the enzymatic reaction. The pre-
treatment methods are categorized as physical, chemical, and
biological methods. Pretreatment is one of the costliest steps
involved in the conversion of biomass to sugars [8,16] while present
research on bioethanol is driven by the need to reduce the overall
cost to make the process economically feasible and competitive.
Therefore, an effective method of pretreatment is required to
release the cellulose and hemicellulose. Several methods have been
developed by the researchers to remove the lignin from lignocel-
lulosic biomass. Most of the methods are having limitations like
low sugar recovery, substantial capital investment, extreme reac-
tion conditions, high processing cost, time-consuming, etc.

In acid pretreatment, the formation of inhibitors like furfural, 5-
hydroxy methyl furfural, and high capital cost due to corrosion of
equipment are the main limitations [19]. Oxidative pretreatment
results typically in losses of carbohydrate polymers due to the non-
selective nature of oxidative reagents [20]. Pretreatment with
organic solvents is very costlier to be employed for biomass though
pure lignin could be obtained as a byproduct through this pro-
cessing technology [21]. Biological pretreatment is cost-effective
and environment-friendly but unappealing for industries due to
slow conversion rate [22,23]. Extensive reviews on pre-treatment
process methods and the use of these technologies for pretreat-
ment of various lignocellulosic biomass are given by
Refs. [16,23e26].

Pretreatment with dilute acid includes the use of H2SO4, HNO3,
or HCl to break down the hemicellulose components and open
cellulose for enzymatic digestion [16,27]. Microwave irradiation has
been extensively applied due to its high heating efficiency and
smooth operation. This method offers several advantages such as
low energy requirements, uniform, and selective processing, ability
to start and stop the process instantaneously and improved
saccharification efficiency. Microwave irradiation could alter the
ultrastructure of lignocellulosic materials and increase the sus-
ceptibility of the substrate by increasing the activity surface for
enzymes [28]. Earlier studies Previous observed that microwave
radiation could alter the supermolecular structure of lignocellulosic
material to improve suitability and reactivity [29,30]. However, the
traditional heating methods are slow in structural changes of
biomass because of the low heating rate and the heating mode [31].
Pretreatment with alkali is more proper and economically feasible
as it requires lower pressure and temperature conditions, and re-
duces the sugar degradation to a much greater extent as compared
with acid pretreatment [32,33]. Alkali pretreatment involves sal-
vation and saponification, leading into a swollen state of biomass
with increased internal surface area and decreased the degree of
polymerization [34,35] therefore, in this study; alkali pretreatment
has been applied for delignification of straw. Pretreatment with
alkali does not produce inhibitors like acid pretreatment, and sugar
losses are also comparatively low. Therefore, a combination of
microwave heating with acid/alkali can be a suitable alternative for
pretreatment of lignocellulosics. Zhu et al. [30] have reported that
microwave-assisted alkali pretreatment of wheat straw, lower
sugars losses, and higher hydrolysis rates than conventional alkali
pretreatment methods.

The microwave-assisted H2SO4 catalytic hydrolysis of rice straw
was improved by Gong et al. [10] and 26.45% sugar yield achieved.
Microwave pretreatment of crop biomass was examined by several
researchers [30,36]. The improvement in enzymatic activity with
the microwave-assisted acid treatment of switchgrass was con-
ducted by Hu and Wen [31], who conferred a total sugar yield
equivalent to 58.5% of the maximum potential sugar released. The
quantity of inhibitors (furfural and 5-hydroxymethylfurfural)
generated by alkali pretreatment is also almost negligible.

The enzymatic hydrolysis is economically cheaper as compared
to acid or alkaline hydrolysis due to mild operating conditions [37].
During the enzymatic hydrolysis, cellulases degrade the cellulose to
reducing sugars. Several microbial strains, especially Trichoderma,
Aspergillus, and Fusarium solani, can produce cellulase and convert
the lignocellulosic biomass to fermentable sugars for ethanol [38].
The enormous amounts of enzymes required for converting cellu-
lose and hemicellulose to fermentable sugars impact severely on
the cost-effectiveness of this technology [39e41]. Microwave-
assisted acid or alkali pretreatment is regarded as beneficial in
improving the efficiency of enzymatic hydrolysis. Therefore; the
study has been undertaken with objectives to screen and evaluate
the efficient cellulytic fungal strains for saccharification and bio-
ethanol production from microwave-assisted acid and alkali pre-
treatment rice residue.

2. Material and methods

2.1. Chemical composition of rice straw

The samples of rice straw were collected from the research field
after harvesting from the Indian Agricultural Research Institute
(IARI) field, New Delhi. The rice straw was chopped into small
pieces and oven-dried at 65 �C. The oven-dried biomass was
ground by FOSS TECATOR CYCLOTEC 1093 sample mill and
screened through a 20-mesh sieve. The ground residue samples
were collected in a sealed plastic bag at normal room temperature
for further analysis.

The cellulose, hemicellulose, and lignin fractions of rice straw
was determined by using 2022 FOSS TECATOR Fibertec Analyzer
(Foss Tecator Application note, AN 380). The Analysis of total sol-
uble sugar (TSS) in rice straw was done by using the anthrone
method [42].

2.2. Microbial cultivation and screening of cellulolytic strain for
enzyme activity

For carrying out enzymatic hydrolysis, nine fungal strains, i.e., T.
reesei ITCC 4025, Trichoderma viride ITCC 6413, Aspergillus niger
ITCC 302, Aspergillus acculeatus ITCC 5078, Aspergillus fumigatus
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ITCC 4768, Fusarium solani ITCC 6397 were procured from ITCC
(Indian Type Culture Collection), Division of Plant Pathology, IARI,
New Delhi and T. reesei strains NCIM 992, NCIM 1186 and NCIM
1052 fromNational Chemical Laboratory, NCIM (National Collection
of Industrial Microorganisms), Pune were selected based on liter-
ature survey. All the stock cultures were sub-cultured on potato
dextrose agar (PDA) (Hi-Media, India) slants, at 30 �C and sub-
cultured after 7 days. Completely sporulated cultures received af-
ter 7 days were sub-cultured onto fresh PDA slants.

Screening of nine fungal strains was carried out to select effec-
tive strain for enzymatic hydrolysis of rice straw. To produce
enzyme extract, 1.0ml (approximately 2� 106 spores/ml) spore
suspension of respective fungal strains was added in 250ml
Erlenmeyer flask containing 100ml potato dextrose broth and
incubated at 30 �C for 5 days. Suspension of fungal spores was
prepared by adding 5ml distilled water to the slants, and the spores
were dislodged with the help of inoculation needle under aseptic
conditions. The suspensionwas appropriately diluted and was used
as the inoculum. Spore count of the fungal suspensions was set to
approximately 2� 106 spores/ml using haemocytometer. The ac-
tivity of Filter paper (exo-b-glucanase) and CMCase (endo-b-1, 4-
glucanase) observed at pH 4.8 in sodium citrate buffer [43].

Reducing sugars were estimated by DNSA method [44]. One
International Unit of FPase/CMCase was expressed as 1 mmole of
glucose produced per minute during the hydrolysis process. The
fungal strains were also screened for FPase activity on acid and
alkali pretreated rice straw. For that, a loopful of fungal spore
suspension was added into 10ml PDB broth in 50ml conical flasks.
After attaining the growth, the cultures were transferred into
250ml Erlenmeyer flasks containing pretreated substrate. Out of all
pretreated sample, two were selected for comparing the best-
reducing sugar-producing the enzyme, one from NaOH and one
from H2SO4 treated samples which shown best fermentable sugar
percentage recovery after scarification. The hydrolysis was run for
72 h, and the hydrolysate was taken out in a fixed time interval (1,
24, 48 and 72 h), and centrifuged at 8000 rpm for 10min. The su-
pernatant was stored at �20 �C for analysis of reducing sugars. All
the trials were performed in triplicates, and average values are
listed. The best activity cultures were selected by qualitative
screening of hydrolytic enzymes.

2.3. Pre-treatment of rice straw

The microwave (LG WD700 MG-5062T microwave convection
oven) assisted acid/alkali pretreatment done as follows: rice straw
(1 g) containing glass beakers were immersed in dilute H2SO4 (v/v)
and dilute NaOH (w/v) at concentration of 1, 2 and 3% and a solid
loading was kept in 1:10 (solid: liquid) ratio. The mixtures were
poured in 250ml glass beaker, and the beaker placed at the center
of a rotating circular glass plate in the microwave oven pretreat-
ment as mentioned above. Pretreatments were carried at residence
times of 1 and 2min, respectively, with 100 �C and 140 �C tem-
perature. After pretreatment, the material was neutralized by using
sodium carbonate, and hydrochloric acid for H2SO4 and NaOH
treated samples, respectively. The pretreated content was filtered
through a Whatman filter paper no. 1. The residues were collected
and appropriately washed 3e4 times by distilled water. The filtered
residue was dried and kept at 4 �C for further enzymatic hydrolysis.
Collected liquid fractions were centrifuged 4 �C at 4000 rpm for
4min, and the supernatant liquid was used to determine the sugar
content [45].

2.4. Enzymatic hydrolysis of pretreated straw

The enzymatic hydrolysis of pretreated rice straw with 2.0%
alkali at 140 �C for 2min was used to produce fermentable sugars.
The alkali pretreated 5% w/v rice straw was supplied with 20FPU/g
of the biomass of crude mixture of the enzyme (derived from
T. reesei NCIM- 1052 and A. niger 302) in citrate buffer (50mM, pH
4.8). Sodium azide of 0.3% w/v is also added to the sample to pre-
vent the infection. Enzymatic hydrolysis of pretreated samples was
carried out in 250ml Erlenmeyer flasks in an incubator cum shaker
fixed at 55 �C and rotation speed 150 rpm. The hydrolysis was run
for 64 h, and the hydrolysate was taken out in a fixed time interval
(16, 32, 48 and 64 h), and centrifuged at 8000 rpm for 10min. The
supernatant was stored at �20 �C for analysis of liberated reducing
sugars. All the trials were performed in triplicates.

2.5. Fermentation of rice straw hydrolysate

Total soluble sugars were estimated using the colourimetric
method (anthrone method) as described by Thimmaiah [42]. For
carrying out fermentation of sugar-rich hydrolysate to ethanol,
yeast strains S. cerevisiae 3186 and P. stipitis 3499 were decided
based on a literature survey and was obtained from the National
Chemical Laboratory (NCL), Pune, Maharashtra. A loopful of culture
from 24 h old cultures prepared onMGYP slant (10 g/l glucose; 3 g/l
malt extract; 5 g/l yeast extract; 5 g/l peptone and 24 g/l agar) was
inoculated in 100ml MGYP broth (3 g/l malt extract; 10 g/l glucose;
5 g/l yeast extract and 5 g/l peptone) contained in 250ml flask and
incubated at 30 �C on the gyratory shaker for the time period of
12 h. Further, 50ml medium in a 250ml flask used to inoculate at
the rate of 10% (v/v) til O.D. touched about 0.6. For fermentation of
sugar-rich hydrolysate of rice straw, 10ml of this culture was uti-
lized to make 100ml inoculum. The sugar-rich hydrolysate of rice
straw containing flasks was inoculated with S. cerevisiae and
P. stiptis @10% inoculum, pH was maintained 4.5, all the flasks were
incubated at 30 �C, and the culture was left to develop for 72 h.
Generated ethanol and residual sugars were estimated in the
sample obtained at an interval of 5 h. The fermented material was
examined for sugars.

2.6. Estimation of bioethanol production

The bioethanol concentration was analyzed by gas chromatog-
raphy (Shimadzu GC-14B, Japan) with the specification as Solid
phase: polyethylene glycol PEG-20M, nitrogen as a carrier gas,
isothermal packed column (90 �C), injection temperature 160 �C,
flame ionization detector (FID) temperature 230 �C; and iso-
propanol as an internal standard). The conversion efficiency (CE)/
yield efficiency (Ey) was measured as Ey¼ Yps� 100/0.51, where,
Yps is ethanol yield (g ethanol per g sugar utilized), and 0.51 is the
maximum theoretical ethanol yield of glucose consumption [46].
Experimental data were analyzed as per standard statistical ap-
proaches. The results of three replicates were combined and shown
as mean value (n¼ 3), and ± standard deviations (SD). SPSS pack-
age v.10 was used to interpret the data at P¼ 0.05.

3. Results and discussion

3.1. Composition of rice straw

In the collected rice straw samples, cellulose, hemicellulose,
lignin, and ashes content were obtained as 36.2%, 24.2%, 16.1%, and
20.8% respectively. The cellulose and hemicellulose constitute near
about 60.4% in rice straw.

3.2. Pretreatment of rice residue

The activity of enzymes on cellulosic fibres have been improved



Table 2
FPase activities by different fungal strains from alkali pretreated rice straw.

Fungal strain FPase (IU/ml)

Acid pretreatment Alkali pretreatment

0 h 24 h 48 h 72 h 0 h 24 h 48 h 72 h

T. reesei ITCC- 4025 0.77 3.76 5.22 4.81 0.34 3.92 4.54 2.13
T. reesei NCIM- 1186 0.05 5.15 4.88 5.37 0.33 3.59 4.23 2.28
T. reesei NCIM- 1052 0.43 5.33 5.45 4.89 0.36 3.88 5.06 2.71
T. reesei NCIM- 992 0.73 3.91 4.27 3.76 0.34 3.60 4.34 1.97
T. viride ITCC- 6413 0.30 3.93 5.07 2.86 0.34 3.98 4.87 2.16
A. acculatus ITCC- 5078 0.42 3.95 4.39 2.66 0.32 3.19 3.48 1.75
A. niger ITCC- 302 0.85 4.82 3.64 4.06 0.34 3.98 4.83 2.16
F. solani ITCC- 6397 0.99 4.98 3.98 3.48 0.31 3.36 4.58 1.83
A. fumigatus ITCC- 4768 0.58 4.41 3.98 3.26 0.33 3.73 4.12 2.03

Table 3
CMCase activities by different fungal strains from alkali pretreated rice straw.

Fungal strain CMCase (IU/ml)

Acid pretreatment Alkali pretreatment

0 h 24 h 48 h 72 h 0 h 24 h 48 h 72 h

T. reesei ITCC- 4025 0.58 3.08 3.67 4.21 0.13 4.91 5.82 3.39
T. reesei NCIM- 1186 0.42 3.55 3.71 2.99 0.55 4.10 6.71 3.53
T. reesei NCIM- 1052 0.99 3.55 5.20 3.42 0.43 4.55 5.81 6.40
T. reesei NCIM- 992 0.43 3.49 3.82 2.67 0.16 3.48 5.95 4.14
T. viride ITCC- 6413 0.42 5.04 2.43 2.16 0.67 3.18 3.13 4.74
A. acculatus ITCC- 5078 0.66 3.71 4.21 3.55 0.99 3.49 5.22 5.94
A. niger ITCC- 302 0.34 5.54 6.29 5.20 0.42 3.63 4.39 3.09
F. solani ITCC- 6397 0.51 2.67 6.09 4.21 0.58 3.63 4.25 3.66
A. fumigatus ITCC- 4768 0.17 2.16 3.03 2.43 0.08 4.29 6.22 3.44
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by several physical, chemical, physico-chemical, and biological
pretreatment techniques [16]. Dilute acids (H2SO4, HNO3, or HCl)
pretreatment applied to remove hemicellulose segments and open
cellulose for enzymatic activity [27]. The ultrastructure of cellulosic
fibers could be changed by microwave irradiation [47] to degrade
lignin and hemicelluloses in residue and improve the enzymatic
suitability [28].

3.2.1. Microwave-assisted acid and alkali pretreatment and sugar
recovery

In this study, rice straw was immersed in dilute sulfuric acid
(H2SO4) (v/v) at the concentration of 1, 2 and 3% at 10% solid loading
in a flask with microwave treatment. These samples should keep
for a period of 1 and 2min at 100 �C and 140 �C temperature and
600W of radiation. After treatment, collected solids were used for
enzymatic hydrolysis. The microwave treatment could provide an
enhancement in sugar recovery than the control. The results of the
study are shown in Table 1. Results indicate that the among the
varying concentration of acids, times and temperatures, pretreat-
ment of rice straw by 2% of acid for 1min at 140 �C showed
maximum sugar yield 44.8 ppm followed by (27.4 ppm) 3% of acid
for 1min at 100 �C, and it was minimum (19.4 ppm) with 1% of acid
for 2min at 140 �C in the filtrate. Similarly, when rice straws were
immersed in a dilute sodium hydroxide (NaOH) at the same con-
ditions as mentioned in Table 1. Results indicate that the among the
varying concentration of alkali, times and temperatures, pretreat-
ment of rice straw by 2% of acid for 2min at 140 �C showed
maximum sugar yield (79.37 ppm) in the filtrate. Compared with
acid, alkali pre-treatment seems to be the most effective approach
in breaking the bonds between hemicellulose, cellulose, and lignin,
avoiding fragmentation of the hemicellulose polymers [48]. Several
researchers had also told that the NaOH yielded higher sugars of
rice straw than H2SO4 pretreatment.

3.3. Screening of cellulase producing microorganisms

Cellulase production by different fungal strains was estimated
by using enzyme assays. Full enzymatic hydrolysis of cellulose re-
quires the synergistic performance of different kinds of enzymes,
namely, b 1e4 exoglucanase, endoglucanase (CMCase), cellobio-
hydrolases (b glucosidase) [49,50]. Releases of cellulolytic enzymes
are found to drive to the beginning of the attack on cellulosic
fragments of lignocelluloses and increase the sugar yield infiltrates.
The result of FPase activities by cellulolytic fungal strains from acid
and alkali pretreated rice straw are presented in Table 2. The
maximum and minimum FPase activities were shown by T. reesei,
Table 1
Effect of microwave-assisted acid pretreatment on sugar yield.

Acid/alkali (%) Time
(minute)

Temperature
(�C)

1 1 100
2 1 100
3 1 100
1 2 100
2 2 100
3 2 100
1 1 140
2 1 140
3 1 140
1 2 140
2 2 140
3 2 140
LSD (P¼ 0.05) e e

Values with different superscripts within column are significantly different at 0.05 level
NCIM 1052 (5.45 IU/ml) and A. niger ITCC 302 (3.64 IU/ml)
respectively at 48 h. The strain T. reesei NCIM 1186 showed higher
FPase enzyme activity 5.37, IU/ml at 72 h of incubation. The result of
FPase activities by cellulolytic fungal strains from alkali pretreated
rice straw are presented in Table 2. The highest FPase activity was
recorded by T. reesei, NCIM 1052, 5.06 IU/ml, followed by T. viride
ITCC6413 (4.87 IU/ml) and A. niger ITCC-302 (4.832 IU/ml) and it
was minimum by A. acculatus ITCC 5078 (3.475IU/ml) at 48 h of
incubation. The result showed that the FPase activities by all
cellulolytic fungal strains increased up to 48 h after that it was
observed decreased at 72 h.

The result of CMCase activities by cellulolytic fungal strains from
acid pretreated rice straw are presented in Table 3. The highest
CMCase activity was shown by A. niger ITCC 302 (6.29 IU/ml), fol-
lowed by F. solani ITCC 6397 (6.09 IU/ml) and it was recorded
Total sugar (ppm)

Acid pretreatment Alkali pretreatment

24.73f 50.23g

31.47e 57.23f

28.74ef 55.81f

32.93e 69.37cd

51.53b 77.37a

48.51bc 73.63b

39.81d 55.13f

31.47e 67.17d

33.07e 60.23e

45.80c 73.56b

55.27a 79.37a

39.82d 71.63bc

3.45 2.67

.
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minimum by T. viride ITCC- 6413 (2.43 IU/ml) at 48 h of incubation.
The maximum CMCase activities by all cellulolytic fungal strains
were observed at 48 h after that activity decreased at 72 h. The
effect of acid and alkali pretreatment of rice straw on CMCase ac-
tivities by cellulolytic fungal strains is presented in Table 3. The
highest CMCase activity shown by T. reesei, NCIM 1186 (6.71 IU/ml),
followed by A. fumigatus ITCC 4768 (6.28 IU/ml) with alkali pre-
treated rice straw at 48 h of incubation. The higher cellulolytic ac-
tivity was shown by all the fungal strains with alkali pretreated rice
straw as compared to acid pretreated. FPase, CMCase activities from
and T. reesei and A. niger were in agreement with the reported by
other works [50,51].

The result of FPase, CMCase activities, and reducing sugars
yields by cellulolytic fungal strains from acid pretreated rice straw
are presented in Fig.1. Though the highest CMCase activity (6.28 IU/
ml was showed by A. niger ITCC 302 but T. reesei NCIM 1052
responded better in terms of FPase, CMCase activities and reducing
sugars yields after 48 h incubation (Fig. 1). This may be because of
better suitability of T. reeseiNCIM 1052with the acidic condition for
those activities. The result of FPase, CMCase activities, and reducing
sugars yields by cellulolytic fungal strains from alkali pretreated
rice straw are presented in Fig. 2. Trichoderma reesei, NCIM 1186
responded better in terms of FPase, CMCase, and reducing sugars
yield followed by F solani at 48 h incubation (Fig. 2). This may be
because of better suitability of T. reesei with the acidic and alkali
condition for those activities. On the basis of recorded observation
of enzyme assays i.e., FPase, CMCase activities and reducing sugars
yields (Figs. 1 and 2) by cellulolytic fungal strains from acid and
alkali pretreated rice straw, out of nine, two efficient fungal strain
Trichoderma reesesi 1052 and Aspergillus niger 302 were taken for
further experiments of Saccharification and fermentation study
along with control.
3.4. Saccharification and sugar yield from alkali pretreated rice
straw

The total reducing sugars liberated fromhydrolysis of pretreated
rice straw (by 2.0% alkali at 140 �C for 2min) by the enzymes pro-
duced by both fungal strains are presented in Table 4. The highest
amount of total reducing sugars was obtained in the hydrolysate of
Fig. 1. FPase, and reducing sugars fr
rice strawwas 57.7 g/l (Trichoderma reesesi 1052) followed by 51.3 g/
l (Aspergillus niger 302) after 64 h saccharification. Total reducing
sugars liberated from hydrolysis of pretreated rice straw from
T. reesei and A. niger were in agreement with the reported by other
works [50,51].

Observations on saccharification and sugar yields by fungal
strain Trichoderma reesesi 1052 and Aspergillus niger 302 along with
control are presented in Fig. 3. Saccharification of rice straw by
T. reesei NCIM 1052 recorded higher reducing sugar for ethanol
production. The concentration of reducing sugar touched 55.6 g/l
by saccharification from 100 g rice straw after 48 h, and extended
time beyond 48 h helped little in improving the reducing sugars,
this may be because of decrease in FPase and CMCase activities
(Tables 4 and 5).
3.5. Fermentation of saccharified hydrolysate and ethanol yield

The saccharified reducing sugar-rich hydrolysate was utilized
for ethanol generation as the fermentation medium. The results
indicated that the P. stipitis NCIM 3499 (25.3 g/l) has higher ethanol
production potential than the S. cerevisiae NCIM 3186 (22.6 g/l) from
the sugar-rich hydrolysate of rice straw (100 g). Results of ethanol
yields by yeast strains P. stipitis NCIM 3499 and S. cerevisiae NCIM
3186 are presented in Fig. 3. It is found that after completion of
fermentation (72 h); from 57.7 g/l reducing sugar from 100 g rice
straw (filtrate) was fermented by P. stipitis NCIM 3499, and found
able to produced 25.3 g/l ethanol, equivalent to 86.9% of the theo-
retical yield, while S. cerevisiae NCIM 3186 was found competent to
produced 22.6 g/L ethanol, equal to 86.9% of the theoretical yield.
The kinetic parameters were in agreement with the reported by
other works [11,33,38,46]. The ethanol yield (EY), fermentation
efficiency (FE) and residual sugar (RS) or sugar consumption, yeast
strain P. stipitis showed higher values than the S. cerevisiae, and this
may be because of mixed sugars utilization from rice straw by
P. stipitis than the S. cerevisiae. The high value of ethanol yield
conversion and fermentation efficiency also proves the efficiency of
the yeast P. stipitis NCIM 3499 to ferment biomass, which contains
pentose sugars also. The higher possible ethanol conversion and
fermentation efficiency have also been reported by Huang et al. [52]
using a different P. stipitis strain with NaOH-pretreated rice straw
om acid pretreated rice straw.



Fig. 2. CMCase and reducing sugars from alkali pretreated rice straw.

Table 4
Saccharification and sugar yield from alkali pretreated rice straw.

Fungal Strains Total soluble sugars (g/l)

16 h. 32 h. 48 h. 64 h.

T. reesei ITCC- 4025 6.36± 0.53 42.32± 1.39 47.28± 1.24 48.63± 0.96cd

T. reesei NCIM- 1186 6.90± 0.40 41.65± 1.53 46.35± 1.53 47.35± 1.08d

T. reesei NCIM- 1052 9.70± 0.79 48.10± 1.21 55.62± 1.64 57.66± 1.28a

T. reesei NCIM- 992 6.94± 0.49 41.86± 1.10 48.42± 0.89 49.73± 1.41bc

T. viride ITCC- 6413 7.33± 0.57 42.73± 1.42 48.44± 1.53 50.16± 1.43bc

A. acculatus ITCC- 5078 6.06± 0.74 42.23± 1.03 45.83± 1.37 49.58± 1.39bc

A. niger ITCC- 302 7.97± 0.56 43.73± 1.07 49.43± 1.51 51.26± 1.43b

F. solani ITCC- 6397 6.93± 0.59 40.25± 1.29 46.35± 1.24 50.03± 1.25bc

A. fumigatus ITCC- 4768 6.57± 0.29 39.66± 1.14 47.52± 1.51 48.32± 1.13cd

Control 1.07± 0.27 2.17± 0.18 2.55± 0.39 2.81± 0.42e

LSD (P¼ 0.05) 0.924 1.913 2.269 1.947

Results are expressed as themean (n¼ 3) and ± standard deviations are given in parentheses and in the last column at the end of process, values with different superscripts are
significantly different at 0.05 level.

Fig. 3. Fermentation efficiency and ethanol yield by P. stipitis NCIM 3499 and S. cerevisiae NCIM 3186.
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Table 5
Fermentation efficiency and ethanol yield yields by yeast strains.

Time (hrs.) Ethanol yield (g/g) Fermentation efficiency (%) Residual Sugar (g/l)

P. stipitis NCIM 3499 S. cerevisiae NCIM 3186 P. stipitis NCIM 3499 S. cerevisiae NCIM 3186 P. stipitis NCIM 3499 S. cerevisiae NCIM 3186

0 0.01 0.01 1.02 1.02 57.7 57.7
5 0.04 0.02 7.48 4.08 48.5 50.0
10 0.20 0.12 38.74 23.45 45.7 46.2
15 0.28 0.25 55.05 48.26 27.7 34.2
20 0.38 0.34 75.44 65.93 3.7 12.2
25 0.41 0.39 80.20 76.80 1.3 10.8
30 0.42 0.39 81.56 76.46 1.3 10.5
40 0.44 0.39 86.99 76.12 0.3 10.3
50 0.44 0.39 86.66 76.12 0.3 10.0
60 0.44 0.39 86.66 76.12 0.3 9.8
72 0.44 0.39 86.66 76.12 0.3 9.8
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hydrolysate. The observations indicated that the P. stipitis has
excellent potential for ethanol generation from the sugar-rich hy-
drolysate of agri-residue.
4. Conclusion

The present investigation revealed that the utilization of mi-
crowave aided alkali pretreatment of rice straw for fermentable
sugars and its potential for ethanol production would help in the
use of ethanol as an alternative fuel. Pretreatment of rice straw
significantly affected the saccharification by T. reesei NCIM 1052,
which had recorded higher FPase and CMCase activities and shown
maximum potential for generation of sugar from rice straw. The
reducing sugar concentration reached 55.6 g/l by saccharification
from 100 g rice straw after 48 h, and extended time beyond 48 h
improved little the reducing sugars content. The yeast strain
P. stipites NCIM 3499 (25.3 g/l) has higher ethanol production po-
tential than the S. cerevisiae (22.6 g/l) and could be used for ethanol
production from the sugar-rich hydrolysate of rice straw. Overall,
rice straw is a viable feedstock for bioethanol generation from both
the economic as well as environmental point of view.
4.1. Research gap and future recommendation

During the process of sugar recovery to ethanol production,
several bottlenecks appear. Biomass to bioethanol conversion will
only be a technical and economically viable option to first-
generation bioethanol if suitable solutions are developed. There is
a vast assessment required to see the current production difficulties
and determine immediate and future research preferences. The
optimization of the pretreatment and enzymatic processes could
lead to further developments on the yields and efficiencies of the
entire process. For improvement of cellulase efficiency and yield
under adverse conditions can be maximized by using cellulolytic
fungal strains for recovery of ethanol. The ethanol production from
lignocellulosic biomass very costly because of the involvement of
high enzymatic cost because biological enzymes production is not
much efficient. This understanding will furnish a new approach to
identify suitable pretreatment and hydrolysis process, viable strain
identification to meet the global demand. In the present prospect,
there is a need to develop a more efficient and effective cellulolytic
strain from nature to reduce the cost as well as more sugar recovery
with higher ethanol yield.
Declaration of competing interest

Authors have no conflicts of interest.
Acknowledgement

Authors are grateful to the Director and Dean, Indian Agricul-
tural Research Institute, New Delhi, for providing all support. We
are also thankful to the Centre for Environment Science and Climate
Resilient Agriculture (CESCRA), IARI, New Delhi, for providing
essential facilities for undertaking this study.

Abbreviations

ADF Acid Detergent Fiber
ADL Acid Detergent Lignin
DNSA 2-Hydroxy-3,5-Dinitrobenzoic Acid
EY Ethanol Yield
FAO Food and Agriculture Organization
FE Fermentation Efficiency
IARI Indian Agricultural Research Institute
ITCC Indian Type Culture Collection
NCIM National Collection of Industrial Microorganisms
NDF Neutral Detergent Fiber
PDA Potato Dextrose Agar
PDB Protein Data Bank
RS Residual Sugar

References

[1] Kumar SA, Pushpa A. Saccharification by fungi and ethanol production by
bacteria using lignocellulosic materials. Int Res J Pharm 2012;3(5). 411-144.

[2] Kalghatgi G. Development of fuel/engine systems-The way forward to sus-
tainable transport. Eng Times 2019;5(3):510e8.

[3] Prasad S, Amit K, Muralikrishna KS. Biofuels production: a sustainable solution
to combat climate change. Indian J Agric Sci 2014;84(12):1443e52.

[4] Hasunuma T, Kondo A. Development of yeast cell factories for consolidated
bioprocessing of lignocellulose to bioethanol through cell surface engineering.
Biotechnol Adv 2012;30(6):1207e18.

[5] Kumar S. Hydrogen production potential of wheat straw. New Delhi: Centre
for Environment Science and Climate Resilient Agriculture, Indian Agricultural
Research Institute; 2013.

[6] Sanchej OJ, Cardona CA. Trends in biotechnological production of fuel ethanol
from different feedstocks. Bioresour Technol 2008;99(13):5270e95.

[7] Mohanram S, Amat D, Choudhary J, Arora A, Nain L. Novel perspectives for
evolving enzyme cocktails for lignocellulose hydrolysis in biorefineries. Sus-
tainable Chem Rev 2013;1:15.

[8] Prasad S, Singh A, Joshi HC. Ethanol as an alternative fuel from agricultural,
industrial, and urban residues. Resour Conserv Recycl 2007;50(1):1e39.

[9] Mussatto SI, Roberto IC. Optimal experimental condition for hemicellulosic
hydrolyzate treatment with activated charcoal for xylitol production. Bio-
technol Prog 2004;20:134e9.

[10] Gong G, Liu D, Huang Y. Microwave-assisted organic acid pretreatment for
enzymatic hydrolysis of rice straw. Biosyst Eng 2010;107:67e73.

[11] Sheetal KR, Prasad S, Gupta N. Evaluation of different pretreatment processes
for sugar recovery from rice straw for ethanol production. Biochem Cell Arch
2013;13(1):89e91.

[12] Statista. Rice-statistics and facts. Agriculture. The statistics portal. https://
www.statista.com/topics/1443/rice/; 2019.

[13] Patel SJ, Onkarappa R, Shobha KS. Comparative study of ethanol production

http://refhub.elsevier.com/S0360-5442(19)32117-6/sref1
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref1
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref2
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref2
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref2
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref3
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref3
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref3
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref4
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref4
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref4
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref4
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref5
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref5
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref5
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref6
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref6
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref6
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref7
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref7
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref7
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref8
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref8
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref8
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref9
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref9
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref9
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref9
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref10
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref10
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref10
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref11
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref11
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref11
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref11
https://www.statista.com/topics/1443/rice/
https://www.statista.com/topics/1443/rice/
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref13


S. Prasad et al. / Energy 190 (2020) 1164228
from microbial pretreated agricultural residues. J Appl Sci Environ Manag
2007;11(4):137e41.

[14] Sherief AA, El-Tanash BA, Atia N. Cellulase production by Aspergillus fumigatus
grown on a mixed substrate of rice straw and wheat bran. Res J Microbiol
2010;5(3):199e211.

[15] Roberto IC, Mussatto SI, Rodrigues RCLB. Dilute-acid hydrolysis for optimi-
zation of xylose recovery from rice straw in a semi-pilot reactor. Ind Crops
Prod 2003;7:171e6.

[16] Mosier N, Wyman C, Dale B, Elander R, Lee YY, Holtzapple M, Ladisch M.
Features of promising technologies for pretreatment of lignocellulosic
biomass. Bioresour Technol 2005;96(6):673e86.

[17] Kamyab H, Chelliapan S, Lee CT, Khademi T, Kumar A, Yadav KK, Rezania S,
Kumar S, Ebrahimi SS. Improved production of lipid contents by cultivating
Chlorella pyrenoidosa in heterogeneous organic substrates. Clean Technol
Environ Policy 2019:1e10.

[18] Kumar S, Prasad S, Malav MK, Gupta N. Characterization and pretreatment of
wheat straw using microwave-assisted dilute acid to produce fermentable
sugars for hydrogen production. Green Farming 2016;7(1):95e8.

[19] Wyman CE. Handbook on Bio Ethanol: production and utilization in applied
energy technology. Washington DC: Series Taylor and Francis; 1996.

[20] Hendriks AT, Zeeman G. Pretreatments to enhance the digestibility of ligno-
cellulosic biomass. Bioresour Technol 2009;100(1):10e8.

[21] Zhao X, Cheng K, Liu D. Organosolv pretreatment of lignocellulosic biomass
for enzymatic hydrolysis. Appl Microbiol Biotechnol 2009;82(5):815e27.

[22] Hahn-Hagerdal B, Galbe M, Gorwa-Grauslund MF, Liden G, Zacchi G. Bio-
ethanol-the fuel of tomorrow from the residues of today. Trends Biotechnol
2006;24(12):549e56.

[23] Aita GM, Kim M. Pretreatment technologies for the conversion of lignocellu-
losic materials to bioethanol. In: Eggleston G, editor. Sustainability of the
sugar and sugar�ethanol industries. American Chemical Society; 2010.
p. 117e45.

[24] Alvira P, Tom�as-Pej�o E, Ballesteros M, Negro MJ. Pretreatment technologies for
an efficient bioethanol production process based on enzymatic hydrolysis: a
review. Bioresour Technol 2010;101(13):4851e61.

[25] Kumar P, Barrett DM, Delwiche MJ, Stroeve P. Methods for pretreatment of
lignocellulosic biomass for efficient hydrolysis and biofuel production. Ind Eng
Chem Res 2009;48(8):3713e29.

[26] Taherzadeh MJ, Karimi K. Acid-based hydrolysis process for ethanol from
lignocellulosic materials: a Review. Bioresour Technol 2007;2(3):472e99.

[27] Schell DJ, Farmer J, Newman M, McMillan JD. Dilute sulfuric acid pretreatment
of corn stover in the pilot-scale reactor e investigation of yields, kinetics, and
enzymatic digestibilities of solids. Appl Biochem Biotechnol 2003;105:69e85.

[28] Binod P, Sindhu R, Singhania RR, Vikram S, Devi L, Nagalakshmi S, Kurien N,
Sukumaran RK, Pandey A. Bioethanol production from rice straw: an over-
view. Bioresour Technol 2010;101(13):4767e74.

[29] Zhu S, Wu Y, Yu Z, Wang C, Yu F, Jin S, Ding Y, Chi RA, Liao J, Zhang Y.
Comparison of three microwave/chemical pretreatment processes for enzy-
matic hydrolysis of rice straw. Biosyst Eng 2005;93(3):279e83.

[30] Zhu S, Wu Y, Yu Z, Zhang X, Li H, Gao M. The effect of microwave irradiation
on enzymatic hydrolysis of rice straw. Bioresour Technol 2006;97:1964e8.

[31] Hu Z, Wen Z. Enhancing enzymatic digestibility of switchgrass by microwave-
assisted alkali pretreatment. Biochem Eng J 2008;38(3):369e78.

[32] Merino ST, Cherry J. Progress and challenges in enzyme development for
biomass utilization. Biofuels: Springer; 2007. p. 95e120.
[33] Prasad S, Malav MK, Kumar S, Singh A, Pant D, Radhakrishnan S. Enhancement
of bio-ethanol production potential of wheat straw by reducing furfural and
5-hydroxymethylfurfural (HMF). Bioresour Technol Rep 2018;4:50e6.

[34] Zhao XB, Wang L, Liu DH. Peracetic acid pretreatment of sugarcane bagasse for
enzymatic hydrolysis: a continued work. J Chem Technol Biotechnol 2008;83:
950e6.

[35] Choudhary J, Singh S, Sharma A, Tiwari R, Nain L. Complementary effect of
thermotolerant yeast and cold active cellulase on simultaneous saccharifica-
tion and fermentation for bioethanol production from rice straw. J Renew
Sustain Energy 2018;30(4):043102. 10.

[36] Shengdong Z, Ziniu Y, Yuanxin W, Xia Z, Hui L, Ming G. Enhancing enzymatic
hydrolysis of rice straw by microwave pretreatment. Chem Eng Commun
2005;192:1559e66.

[37] Sun Y, Cheng J. Hydrolysis of lignocellulosic materials for ethanol production:
a review. Bioresour Technol 2002;83:1e11.

[38] Sheetal KR, Prasad S, Renjith PS. Effect of cultivar variation and Pichia stipitis
NCIM 3498 on cellulosic ethanol production from rice straw. Biomass Bio-
energy 2019;127:105253.

[39] Malav MK, Prasad S, Kharia SK, Kumar S, Sheetal KR, Kannojiya S. Furfural and
5-HMF: potent fermentation inhibitors and their removal techniques. Int J
Current Microbiol App Sci 2017;6(3):2060e6.

[40] Xiros C, Christakopoulos P. Enhanced ethanol production from brewer’s spent
grain by a Fusarium oxysporum consolidated system. Biotechnol Biofuels 2009:
2e4.

[41] Fatma H, Abd El Zaher, Fadel M. Production of bioethanol via enzymatic
saccharification of rice straw by cellulase produced by Trichoderma Reesei
under Solid-State Fermentation. New York Sci J 2010.

[42] Thimmaiah SK. Standard method of biochemical analysis. Kalyan publishers;
1999.

[43] Ghose TK. International union of pure and applied chemistry. Pure Appl Chem
1987;59(2):257e68.

[44] Miller GL. Use of dinitrosalicylic acid reagent for determination of reducing
sugar. Anal Chem 1959;31:426e9.

[45] Keshwani DR, Cheng JJ, Burns JC, Li C, Joseph C. Microwave pretreatment of
switchgrass to enhance enzymatic hydrolysis. Conf Present white paper: Biol
Syst Eng 2007.

[46] Prasad S, Lata, Joshi HC. Selection of efficient S. cerevisiae strain for ethanol
production from Sorghum stalk juice. Current Adv Agri Sci 2009;1(2):70e3.

[47] Xiong J, Ye J, Liang WZ, Fan PM. Influence of microwave on the ultrastructure
of cellulose I. J South China Univ Technol 2000;28(1):84e9.

[48] Gaspar M, Kalman G, Reczey K. Corn fiber as a raw material for hemicellulose
and ethanol production. Process Biochem 2007;42:1135e9.

[49] Bhat MK. Cellulases and related enzymes in biotechnology. Biotechnol Adv
2000;18(5):355e83.

[50] Jiang Y, Duarte AV, van den Brink J, Wiebenga A, Zou G, Wang C, de Vries RP,
Zhou Z, Benoit I. Enhancing saccharification of wheat straw by mixing en-
zymes from genetically-modified Trichoderma reesei and Aspergillus niger.
Biotechnol Lett 2016;38(1):65e70.

[51] Kataria R, Ghosh S. NaOH pretreatment and enzymatic hydrolysis of Saccha-
rum spontaneum for reducing sugars production. Energy Sources, Part A Re-
covery, Util Environ Eff 2014;36(9):1028e35.

[52] Huang CF, Lin TH, Guo GL, Hwang WS. Enhanced ethanol production by
fermentation of rice straw hydrolysate without detoxification using a newly
adapted strain of Pichia stipitis. Bioresour Technol 2009;100:3914e20.

http://refhub.elsevier.com/S0360-5442(19)32117-6/sref13
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref13
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref13
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref14
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref14
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref14
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref14
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref15
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref15
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref15
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref15
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref16
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref16
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref16
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref16
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref17
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref17
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref17
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref17
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref17
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref18
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref18
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref18
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref18
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref19
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref19
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref20
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref20
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref20
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref21
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref21
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref21
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref22
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref22
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref22
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref22
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref23
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref23
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref23
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref23
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref23
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref23
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref24
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref24
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref24
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref24
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref24
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref24
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref25
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref25
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref25
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref25
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref26
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref26
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref26
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref27
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref27
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref27
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref27
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref27
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref28
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref28
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref28
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref28
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref29
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref29
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref29
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref29
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref30
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref30
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref30
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref31
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref31
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref31
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref32
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref32
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref32
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref33
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref33
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref33
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref33
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref34
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref34
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref34
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref34
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref35
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref35
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref35
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref35
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref36
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref36
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref36
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref36
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref37
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref37
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref37
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref38
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref38
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref38
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref39
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref39
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref39
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref39
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref40
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref40
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref40
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref40
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref41
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref41
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref41
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref42
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref42
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref43
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref43
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref43
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref44
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref44
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref44
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref45
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref45
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref45
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref46
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref46
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref46
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref47
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref47
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref47
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref48
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref48
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref48
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref49
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref49
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref49
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref50
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref50
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref50
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref50
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref50
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref51
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref51
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref51
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref51
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref52
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref52
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref52
http://refhub.elsevier.com/S0360-5442(19)32117-6/sref52

	Screening and evaluation of cellulytic fungal strains for saccharification and bioethanol production from rice residue
	1. Introduction
	2. Material and methods
	2.1. Chemical composition of rice straw
	2.2. Microbial cultivation and screening of cellulolytic strain for enzyme activity
	2.3. Pre-treatment of rice straw
	2.4. Enzymatic hydrolysis of pretreated straw
	2.5. Fermentation of rice straw hydrolysate
	2.6. Estimation of bioethanol production

	3. Results and discussion
	3.1. Composition of rice straw
	3.2. Pretreatment of rice residue
	3.2.1. Microwave-assisted acid and alkali pretreatment and sugar recovery

	3.3. Screening of cellulase producing microorganisms
	3.4. Saccharification and sugar yield from alkali pretreated rice straw
	3.5. Fermentation of saccharified hydrolysate and ethanol yield

	4. Conclusion
	4.1. Research gap and future recommendation

	Declaration of competing interest
	Acknowledgement
	Abbreviations
	References


