Waste and Biomass Valorization (2019) 10:3427-3434
https://doi.org/10.1007/512649-018-0360-4

ORIGINAL PAPER

@ CrossMark

Ethanol Production from NaOH Pretreated Rice Straw: a Cost Effective
Option to Manage Rice Crop Residue

Shalley Sharma’ - Preeti Nandal' - Anju Arora'3

Received: 7 February 2018 / Accepted: 4 June 2018 / Published online: 11 June 2018
© Springer Nature B.V. 2018

Abstract

Rice straw, an abundant agro-residue, is available for energy production. In many parts of Asian countries, it is burnt on fields
causing harm to the environment. Rice straw contains lignin, cellulose, hemicelluloses, and silicates making it recalcitrant.
Pretreatment processes disintegrate lignin-carbohydrate matrix for efficient bioconversion of polysaccharides to fermentable
sugars. A good number of physical, biological and chemical processes have been tried but degradation of polysaccharides
and subsequent fermentation is still a challenge. Alkaline pretreatment causes effective delignification and swelling of bio-
mass. The present study was performed on alkaline pretreatment of rice straw with 1% NaOH by autoclaving for 30 min at
121 °C at 10% solid loading. It was extracted with water to remove lignins, solids separated by filtrations and washed again
to neutralize the pH. Water washing also led to removal of phenolic inhibitors. High (63%) glucan enrichment was obtained
with concomitant lignin loss. Dry matter loss was around 50%. Enzymatic saccharification of the pretreated solids at 5 and
10% with Accellerase® 1500 for 24 h at 50 °C gave saccharification efficiency 76 and ~50% respectively. Hydrolysates
containing 18 and 23 gL ™! sugars, supplemented with minimal salts, yeast extract, fermented by S. cerevisiae LN for 24 h
yielded ~2 and 4 gL.™! ethanol with fermentation efficiency 55-66%. Thus, NaOH pretreatment is a cost effective option for
ethanol production from rice straw. Lignin removed in prehydrolysates can be recovered by acidification.
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Statement of Novelty effective process and selecting an appropriate pretreatment

process. Alkaline pretreatments with NaOH are effective in
Rice straw is an abundant feedstock available for alternate  delignification. This study aimed at achieving a more basic
uses and energy production, but difficult to process. Its con-  understanding of pretreatment and enzymatic hydrolysis at
version to ethanol presents challenges like developing cost  solids and glucan loadings, identify points for improving
the efficiency and effectiveness of the lignocellulose conver-
sion. NaOH pretreatment is a relatively simple, cost effective
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biofuels, including bioethanol and biodiesel, can be blended
with petrol and diesel and cater to transport sector which
consumes more than 50% of petro based energy. Bioethanol
can be blended with petrol at (5-85%) thus can potentially
enable global society to supplement/trim demand for petro-
leum. Most of the countries worldwide are working towards
overcoming the dependence and usage of petroleum and
have delineated timeline targets in this direction. In conso-
nance with rest of the world, India also launched its National
Biofuel Mission in 2003 with a view to switch to cleaner
energy and established blending targets making 5% ethanol
blending mandatory by 2011, then gradually increase to 10%
by 2016-2017 and to 20% thereafter [1]. As is evident from
current scenario, it is far from its targets. For meeting 10%
blending target, about 29 billion L ethanol is required which
will increase to 44 billion L by 2022. The main source of
bioethanol in India is molasses and is not clearly sustainable
because of sugarcane being highly water intensive crop, high
sugar demand by population and diversion of ethanol to bev-
erage and chemical industry where they get higher price [2].
Currently, only 6.7 billion L of molasses based bioethanol is
available and there is a deficit of 22.3 billion L [3]. There-
fore, there is urgent need to explore alternative feedstock for
bioethanol including cereal grains, sugar and lignocellulosic
biomass. On the other hand, diverse wastes from agriculture,
forestry and food processing wastes have been used for pro-
duction of biobased value added products [4].

Second generation bioethanol from lignocellulosic bio-
mass is more desirable as biomass is the most abundant,
avoids food and fuel controversy, and is C neutral. Globally,
1.4 billion t agricultural wastes are produced annually [5].
This abundantly present biomass, is a tremendous source of
energy and can be utilized in modern industry for large-scale
production of ethanol and other value added products, which
in turn enhance the bio-based economy of the world as well
as resolve the issue of its disposal.

Among the aforementioned agro-residue, rice straw is
plentiful agro-residue available for alternate use in India,
many Asian and other countries. Rice straw is an ideal feed-
stock as it is available at very low price and can be converted
to sugar rich slurries which can be fermented to ethanol or
any other very high value added chemical. Due to cropping
system pattern practiced in North India, it has to be removed
from the fields at the earliest and farmers resort to burning it
on fields despite deleterious effects on environment and soil
ecology. This low value fiber is generally consumed by brick
kilns, paper and packaging industry. Rice straw, as most lig-
nocelluloses, consists of linear chains of highly crystalline
and non-porus cellulose, a homopolymer of § (1-4) linked
glucose whereas, hemicelluloses are relatively loose, less
crystalline and branched heteropolysaccharides of mannan,
xylan, glucan, galactan and arabinan [6]. Lignin is highly
heterogenous, amorphous three dimensional network of
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phenylpropane units and aromatic alcohols. It is inherently
resistant to microbial attack because of phenolic monomers
such as coniferyl alcohol, sinapyl alcohol, p-coumaryl alco-
hol [7]. In addition, rice straw contains silicates which make
it indigestible. Intrinsic structural and compositional prop-
erties of biomass substrate and the pretreatment conditions
employed have profound effect on efficacy of enzymatic
hydrolysis and subsequent fermentation of sugars released
[8]. Apparently lignin more drastically affects hydrolysis
by cellulase enzymes by unproductive binding to enzymes
whereas effect of hemicelluloses is less obvious [9].

Pretreatment technologies have been developed to dis-
integrate lignin carbohydrate matrix and enhance acces-
sible surface area of carbohydrate, so that low dosage of
hydrolytic enzymes is utilized with minimum bioconver-
sion time and minimum generation of inhibitory products.
Various factors considered for pretreatment to be efficient,
include rapid decrystallization of cellulose, depolymeriza-
tion of hemicelluloses, low energy input, recovery of value
added products (such as lignins) and limited formation of
inhibitors. Choicest methodologies should involve minimal
degradation of polymeric sugars like hemicelluloses and
cellulose while maximizing the hydrolysis [10]. Therefore,
diverse combinations of physical, biological and chemical
processes, compromises and tradeoffs, have been tried for
biomass deconstruction. The most widely used methods are
grinding/milling, steam explosion [11], autohydrolysis [12],
acid treatment [13], alkali treatment [14] and many other
methods. Amongst the pretreatment methods, alkaline pre-
treatment is more advantageous as it utilizes non-polluting
and less corrosive chemicals. Alkaline treatment directly
affects the cell wall, thus resulting in more effective delig-
nification as well as swelling of the biomass. Overall process
for ethanol production from NaOH pretreated paddy straw
was laid [15]. Alkaline pretreatment using sodium hydrox-
ide causes the lignocellulose to swell, thereby increasing
the surface area while reducing the degree of polymeriza-
tion (DP) and crystallinity of the material and it is not as
energy-intensive as some of the other pretreatment options
because it can be performed at ambient temperatures and
pressures, although longer reaction times may be needed to
obtain the same level of digestibility offered by other forms
of pretreatments. During alkaline pretreatment, very little of
the saccharide fractions are solubilized, meaning that nearly
maximum saccharides can be recovered during subsequent
processing steps, which is desirable to obtain higher produc-
tivity. Many reports, describing NaOH pretreatment under
different conditions, including soaking in alkaline solution
at low temperature to retain the hemicellulose in the solids,
for ethanol production from rice straw and other biomass
sources have been summarized in Table 1.

Enzymatic hydrolysis of pretreated biomass involves
cleaving of cellulose and hemicellulose by cellulases and
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Table 1 Alkaline pretreatment of different lignocellulosics using sodium hydroxide
Substrate NaOH conc. w v Substrate Loading Pretreatment conditions Sugar yields/ References
saccharification
efficiency
Parthenium sp. 1% 10% w v! 25 °C, 1 h, Static 513mg g [16]
Wheat straw 2% 10% w v! 121°C,1.5h 567 mg g~! [17]
Paddy straw 2% 1:4 85°C,1h 685 mg g~!, 88% [18]
Lantana camara 5% - 2 h &121 °C, 30 min 508 mg g~', 51-55% [19]
Rice straw 4% 20% w v 55 °C, 180 min 140 mg g~ [20]
Eucalyptus and pinus 4% 1:10 Soaking at 60 °C, 24 h, Static ~9% [21]
Bermuda grass 1% 1:10 121 °C, 30 min 77% [22]
Saccharum sponta-  0.5% 5% 120 °C, 120 min 63% [23]
neum Kans grass
Miscanthus 1% 1:20 50 °C, 2 h, 150 rpm 55-64% [24]
Wheat straw 0.18 g NaOH +0.006 g Lime - 80 °C, 39 min 80.3% [25]
Prosopis juliflora 0.4-2.0% NaOH + acid hydrolysis 1:10 30°C, 18 h 15-18.7% [26]
Corn stover 2% 1:20 80°C,1h 89-98% [27]
Rice straw 05M 1:10 121°C, 1h 64.7-80.8% [15]
xylanases resulting in production of glucose from cellu-  Microorganism

lose and hexoses and pentoses released from hemicellulose
[28]. For efficient hydrolysis generally indigenous/com-
mercially available enzymes with high activities are used
e.g. Accellerase from Genencor [29-31], a combination of
two enzymes—Speczyme CP (Genencor, Denmark) and
Novozyme 188 (Novozymes A/S, Denmark) [32], Accel-
lerase®1500 supplemented with xylanase [33].

Saccharomyces cerevisiae, the brewer’s yeast is the
established cell factory for commercial ethanol produc-
tion. S. cerevisiae ferments hexose sugars with high effi-
ciency due to its high ethanol tolerance and fermentation
rates thus yielding ethanol close to the theoretical maxi-
mum (0.51 g g~! hexose sugar consumed). It has also been
employed to ferment biomass hydrolysates to ethanol [29,
34, 35].

In depth study was carried out into NaOH pretreatment
as an effective method for deconstruction and enzymatic
saccharification of rice straw of locally grown variety
into sugars and fermentation of hydrolysate for ethanol
production.

Materials and Methods
Raw Material

The substrate, rice straw var. Pusa Basmati 1121 was
obtained from farms of the IARI, New Delhi. The straw
was air dried to lower moisture content, chopped and milled
using Mini Mill (Zexter, India) and sieved through mesh size
10 to get particle size 2 mm.

The fermentation of hydrolysate was carried out using yeast
Saccharomyces cerevisiae LN ITCC 8246, obtained from
Division of Microbiology, IARI, New Delhi. The culture
was maintained and grown on MGYP (malt extract: 3 g L™},
glucose: 10 g L7!, yeast extract: 3 g L™}, peptone: 5 g L™") at
30 °C for 72 h. Culture was stored at 4 °C on MGYP slants
and subcultured periodically.

Enzymes

Commercially available cellulase, Accellerase®1500
(Genencor, Denmark) was used for saccharification experi-
ments. The cellulolytic activity of enzyme was assayed to be
29 FPU (Filter Paper Unit) and endoglucanase activity 1746
CMCase U g_1 (Carboxy methyl cellulase) [36, 37]. The
reducing sugars released were assayed by DNS method [38].

Alkaline Pretreatment of Rice Straw

For pretreatment, 10 g ground rice straw was taken in a
500 mL Erlenmeyer flask and moistened with 100 mL of
1% NaOH in 1:10 loading. The treatment was carried out
in autoclave at 121 °C, 15 psi pressure, for 30 min. After
cooking, 100 mL distilled water was added to the flask and
stirred for 30 min on magnetic stirrer and filtered through
muslin cloth and filtrate was collected. The treated biomass
was further washed with distilled water to remove residual
NaOH and neutralize pH. The absorbance of alkaline extract
was read at 205 nm to determine presence of lignin. Sugars
in extracts were assayed using DNS. The solids were ana-
lyzed for moisture content, cellulose and lignin content. The
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biomass was air-dried overnight to lower moisture content to
< 10% and stored at 4 °C for further use in saccharification.

Compositional Analysis of Treated and Untreated
Rice Straw

The cell wall components mainly, cellulose, lignin and mois-
ture were studied in the treated and untreated rice straw.
The moisture content of the biomass was estimated using
moisture analyzer RADWAG MA 50.R (Bracka, Poland).
Updegraff method was used for estimating cellulose content
[39]. The cellulose enrichment was calculated as:

Cellulose enrichment(%)

_ Cellulose in treated rice straw — Cellulose in raw rice straw
Cellulose in raw rice straw

X 100

The lignin was estimated following NREL LAP-003
standard protocol [40]. The delignification percentage was
calculated with respect to total lignin present in raw rice
straw.

Saccharification of Pretreated Rice Straw

Pretreated solids containing 47.27% cellulose and ~9%
moisture were subjected to enzymatic hydrolysis. Sacchar-
ification was carried out using 5 and 10% solids loading
(0.5 and 1.0 g of pretreated rice straw in 10 mL reaction
mixture corresponding to 2.1 and 4.2% glucan/cellulose
loading respectively). The rice straw was hydrolyzed with
commercially available Accellerase®1500 (Enzyme loading
rate was 0.5 mL enzyme per g of glucan as prescribed by
manufacturer), at 150 rpm, 50 °C for 24 h. The final volume
was kept at 10 mL using citrate buffer (50 mM) pH 4.8 in
both the cases. The samples (0.5 mL) were withdrawn after
24 h of incubation, reaction stopped and the total reducing
sugars were estimated by DNS assay. The saccharification
efficiency was calculated as described by Saritha et al. [41].
Saccharification efficiency was calculated as follows:

%Saccharification efficiency
= (Amount of reducing sugar released x 100 x 0.9)/

(Amount of glucan)

Fermentation Using S. cerevisiae LN

The sugar rich hydrolysates (10 mL) in 15 mL screw capped
flat bottom vials, supplemented with mineral salts and 0.1%
YE [29] were used to check the growth, sugar utilization and
ethanol production by S. cerevisiae LN. Controls consisted
of 2% glucose in defined medium. A 10% inoculum of S.
cerevisiae LN, grown on MGYP broth, with optical density
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of 0.8 at 660 nm, was used and incubated at 30 °C for 24 h
under static conditions. Aliquots were withdrawn periodi-
cally and optical density was measured at 660 nm to meas-
ure growth. Samples were then centrifuged at 8000Xg rpm
for 10 min and the supernatant was used for estimation of
sugar consumption and ethanol production. Fermentation
efficiency (%) was calculated by using following equation:

% Fermentation efficiency
= [Actual ethanol yield in grams/
theoretical ethanol yield in grams] x 100 1)

Theoretical ethanol yield = [Sugar consumed in grams x 0.511]

2
Gas Chromatographic Quantification of Alcohol
Produced after Fermentation

The culture samples were centrifuged at 8000xg rpm for
10 min and the supernatants were diluted appropriately, fil-
tered through 0.2 pm Nylon-66 syringe filters. 1 pL sample
was injected and analyzed by a dual column gas chroma-
tography, Shimadzu GC-2014 (Kyoto, Japan) fitted with
a flame ionization detector (220 °C). Porapak N Column
(Chromatopak Analytical Instrumentation, Mumbai, India)
of 2 m length and 3 mm inner diameter was used at 170 °C,
isothermally. Flow rate was 30 mL min~' with a pressure of
340 KPa [42].

Statistical Analysis

All the experiments were carried out in triplicates using
Completely Randomised Design and statistically analyzed
using one way ANOVA (SPSS Version 21.0. Armonk, NY:
IBM Corp). Student’s T test was done to determine the effect
of glucan loading on cellulose saccharification.

Results and Discussion

Rice straw var. Pusa Basmati 1121 used in this study had
29% cellulose. One of the main goals of pretreatment step
is to enrich cellulose content in substrate so that more con-
centrated sugar syrups are obtained after hydrolysis. The
pretreatment is applied to remove the lignin and to decrease
the DP and crystallinity of cellulose, which are the major
hurdles for hydrolysis of cellulose. Alkaline pretreatment
have been reported to be much effective for delignification
of grass species and softwoods as they have higher con-
tent of syringyl units in lignin. Syringyl lignins are more
easily delignified at higher pH. Pretreatment with NaOH
alone is technically appropriate as it selectively delignifies
the biomass and conserves more holocellulose than acidic
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or neutral pretreatments [10, 43]. NaOH pretreatment was
selected in this study as alkali efficiently dissolves lignin
and thus enriches cellulose content in pretreated biomass.
It has emerged as a frontrunner amongst chemical pretreat-
ments because of obvious advantages such as low cost, less
corrosive and energy.

Pretreatment and Compositional Analysis of Rice
Straw

In the present study, the pretreated rice straw contained
47.3% cellulose on dry wt. basis as compared to 29% in raw
rice straw. The pretreatment of the rice straw with 1% NaOH
resulted in 63% cellulose enrichment and about 17.4% lignin
loss. Although alkaline pretreatments involving Ammonia
give very high delignification, Kim et al. stated that a high
percentage of lignin removal was not essential for effective
conversion of lignocellulosic biomass to fermentable sugars
[10]. The level of cellulose enrichment in rice straw variety
used in this procedure was fairly high as compared from
other pretreatments [29, 33, 41, 44]. This alkali pretreatment
was associated with 57.23% dry matter loss. Various pre-
treatment methods have been adopted across the world under
diverse conditions and varying degree of saccharification
efficiency have been achieved (Table 1). Improved tensile
strength and elasticity of wheat straw treated with NaOH
was achieved compared to other oxalic acid and hydrother-
mal treatments [45]. Alkaline hydrolysis, degrades the lignin
and decreases the polymerization and crystallinity of the cel-
lulose making it more susceptible to hydrolysis by enzymes,
has been found as the most viable and advantageous process
[10]. The pretreatment of Parthenium sp. with 1% NaOH
increased the cellulose content by 30.5% with decrease
in lignin content by 16.6% [16]. Dai et al. [46] observed
reduction in lignin content to 5.1-11.8% from 12.7% and
increased cellulose content to 56.8-69.2% from 51.7% in
NaOH/Urea treated rice straw.

The alkali extracts showed absorbance 0.433 at 205 nm
indicating presence of the degraded soluble lignin. The

Table 2 Sugars and lignins present in liquid prehydrolysates

absorbance values of wash waters decreased for subsequent
washings (Table 2) showing that lignins have been removed
from solids after alkaline pretreatment and washing. The
liquid fractions of wash wasters also had sugars. Thus wash-
ings were important in facilitating the subsequent enzymatic
hydrolysis by making pH favorable and removing inhibi-
tion of enzymes by phenolic byproducts from lignins. High
levels of lignins present in the hydrolysate fractions prevent
their fermentation to ethanol without prior detoxification and
pH adjustment. The lignins can be easily recovered from
alkaline prehydrolysates and wash waters by acidification of
extracts as they precipitate at low pH [44, 47]. The alkaline
pretreatment yielded pretreated biomass with low lignin and
S free lignins. The lignins can find high value applications in
chemical industry as adhesives, extenders and antioxidants
[48, 49].

Saccharification of Pretreated Rice Straw
by Cellulase (Accellerase®1500)

The pretreated rice straw was further subjected to enzymatic
hydrolysis by commercially available cellulase (Accell-
erase®1500) enzyme. Higher sugar release (23 gL.™!) was
obtained in case of 10% solid loading corresponding to 4.2%
glucan loading while 18 gL~! sugars were present in treat-
ment with 5% solids loading corresponding to 2.1% glucan
loading (Supplementary table 1). The cellulose conversion
(saccharification efficiency) was 50 and 76% respectively
(Fig. 1). The levels of sugars obtained in enzymatic hydro-
lysates obtained from different glucan loadings were signifi-
cantly different as shown by t-test. Thus, at higher solids and
glucan loadings, higher concentrations of sugars in hydro-
lysates were obtained but cellulose conversion efficiency was
lower. The higher substrate loadings result in higher sugar
concentrations in hydrolysate but cellulose conversion to
sugars is lesser. Higher solids loadings and sugar concentra-
tions are desirable for getting higher ethanol titres and thus
efficient and cost effective production of ethanol from lig-
nocellulosics. However, operations at higher solids presents
challenges like higher viscosity resulting in lower efficiency

Prehydrolysate/extraction with Initial vol. Sugar (mg/mL) Extracted vol. Total sugars Levels of lignins

water (washing no.) (mL) (mL) extracted (mg) extracted (absorbance at
205 nm)

1 100 1.15 73.0 84.17 0.433

2 100 0.30 97.0 29.58 0.176

3 100 0.16 91.0 14.65 0.138

4 100 0.09 88.5 8.41 0.114

5 100 0.09 94.0 8.93 0.079

Total (pooled hydrolysates) 0.36 443.5 145.7 -
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Fig. 1 Saccharification of alkali

pretreated rice straw by Accel-

lerase®1500 enzyme and sugar 30)
concentration in hydrolysates. -
The data was significant at

p<0.05,n=3 25

20
15

10

Sugar released (mg/ml)

in mass and heat transfer and higher energy consumption for
mixing. Also, high substrate content gives higher concentra-
tions of inhibitors causing the enzyme inhibition [42]. In the
pretreated rice straw, 0.567 g g~! biomass sugar recovered as
compared to untreated rice straw 0.270 g g~' biomass in 48 h
of hydrolysis by cellulase and xylanase enzymes [50]. At 2%
solids loading of acid pretreated rice straw, 71.8% conver-
sion of sugar polymers was obtained while at higher solid
loadings yields decreased [51]. Saccharification efficiency
76% was obtained in this study from 2.1% glucan loading
of alkali pretreated rice straw while it decreased to 50% for
4.2% glucan loading.

Fermentation of Sugars by S. cerevisiae LN
and Ethanol Production

The fermentation process of sugar rich hydrolysate obtained
from hydrolysis of treated rice straw and control contain-
ing synthetic sugars was carried out using S. cerevisiae LN.

& Sugar released

B Saccharification efficiency
80
70

- 60

- 50
40
30
20
10

Saccharification efficiency (%)

Glucan Loading (%)

The highest fermentation efficiency of 80.98% was found
in control containing synthetic sugars (Table 3). The maxi-
mum fermentation efficiency of 66.38% was observed in
hydrolysate containing 4.2% sugars. The ethanol produced
was 0.34 g g”' (ethanol 4 mg mL~" with sugar consumption
of 11.89 mg mL™"). While, hydrolysate obtained from 2.1%
sugar produced ethanol 1.94 mg mL~! with 6.93 mg mL™!
sugar consumption. The fermentation efficiency 54.73% was
obtained. Table 4 summarizes some reports on ethanol pro-
duction using NaOH pretreatment and fermentation efficiency
obtained in this study were comparable. Thus, NaOH treat-
ment is a suitable, simple and cost effective method for rice
straw pretreatment. The main consideration is copious amount
of water required for washing and pH neutralization, this also
results in dry matter loss. However, a strategy like using acidi-
fied water for washing can help in limiting water usage.

Xu et al. also stated that alkali treatment could give higher
sugar yields than other pretreatments but large amount of water
required for NaOH removal and neutralization is a drawback

Table 3 Ethanol production and sugar consumed in alkali pretreated rice straw hydrolysates in 24 h

Substrate Initial sugar concentra-  Ethanol produced Sugar consumed Fermentation
tion (mg mL ™! efficiency (%

(mg ) mg mL™! % mg mL™! % y (%)
Control (glucose) 21 6.99 0.699 16.91 91.20 80.98
Hydrolysates from 5% solid loading 18 1.94 0.194 6.93 53.54 54.73
Hydrolysates from 10% solid loading 23 4.03 0.403 11.89 63.02 66.38
SEp(£)* 0.93 0.09 1.82 7.19 4.66
CD@5%** 2.57 5.03

*SE, denotes Standard error mean
**CD@5% denotes Critical difference at 5% significance level
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Table 4 Ethanol production from rice straw using S. cerevisiae
Pretreatment method Fermentation Ethanol production Fermentation effi-  References
time (h) (gL™h ciency (%)
Popping method, moisture 75%, heating in reactor to 220 °C, 24 25.8 80.9 [50]
1.96 MPa and rapidly opening
Acid pretreatment + ultrasound pretreatment 168 11.0 - [52]
5% Maleic acid at 190 °C for 20 min 144 11.2 62.80 [30]
Combined ultrasonication surfactant and enzyme hydrolysis 72 14.8 61.25 [34]
Alkali+acid (HCL) 72 6.13 - [35]
Steam pretreatment by autoclaving at 121 °C for 30 min 48 1.13 28.0 [29]
1% NaOH at 121 °C for 30 min 24 4.03 66.38 Present study

[53]. In North India, rice crop is grown over a vast acreage
and about 16.8 million tonnes of low value rice straw is avail-
able in Punjab and Haryana alone according to estimates in
2012-2013 [54]. Alkali pretreatment using low cost NaOH can
be a promising strategy to utilize rice straw to produce ethanol
thus offering alternative use and cleaner option for energy.

Conclusions

The pretreatment of the rice straw with 1% NaOH is suitable
to release lignin and leads to better cellulose enrichment,
obtaining sugar rich hydrolysate. The ethanol production by
S. cerevisiae LN was better with fermentation efficiency of
66.38%. The constraints of excess water usage for wash-
ing and neutralizing pH can be overcome by further experi-
mentation by washing with mildly acidified water and also
manipulating pretreatment parameters to get higher delig-
nification and higher cellulose enrichment. This process is
cost effective and can be adapted on larger scale for ethanol
production from rice straw.
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