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Abstract
Agricultural residues could become feedstocks for biobased products as they are renewable, carbon neutral, and do not compete
with food. In India, > 130MT rice straw is available annually for alternate uses. Exploiting this abundant biomass for biochemical
production will pave way for bio-based economy. Rice straw is highly recalcitrant due to lignin-carbohydrate complex and high
ash. For production of value added products, the cellulose fraction is very important and also lignin can be used. However, for
overall economic efficiency, it is imperative to separate and recover these fractions maximally from biomass and convert them
into high value products at high titers and efficiency. Biomass has to be deconstructed to access these fractions. An improvised
pretreatment with sodium hydroxide (NaOH) coupled with acidified water wash enabled high retrieval of cellulose and lignin.
More than 80% of cellulose present in raw rice straw was recovered in pretreated solids and lignin (> 65%) recovered from
acidification of alkali prehydrolysates/wash waters. Enzymatic hydrolysis of solids with commercial cellulases resulted in 80–
100% glucan conversion at 6% and 3% loading respectively yielding ~ 5.5% and 3.3% sugar syrups which can be fermented to
value added chemicals. Saccharomyces cerevisiaeLN fermented hydrolysates with 77–97% efficiency producing 0.508 gg−1 and
0.403 gg−1ethanol within 24 h consuming all glucose while xylose was unutilized. Material calculations showed that this process
converted 63% of cellulose present in rice straw to ethanol potentially yielding 135 L ethanol and ~ 100 Kg lignin per ton of rice
straw with limited water use.
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1 Introduction

Use of biomass-derived energy/biochemicals can mitigate cli-
mate change by lowering CO2 emission, reduce petroleum
dependence, and offer socio-economic benefits. Rice straw
is a major agricultural waste biomass generated in South and
Southeast Asia where rice is a staple food and is widely
grown. In 2013–2014, rice productionwas around 741million
tons worldwide with China and India being the largest pro-
ducers. Based on the rice grain-to-straw ratio of 1–1.5, huge
amount of rice straw is produced [1, 2].

The rice straw is commonly burnt in-situ in the field to
facilitate quick planting of the next crop, resulting in the low
air quality and waste of a valuable resource which could be

used for energy or manure/fertilizer [3]. The development of
alternate strategies for utilization of straw would therefore
provide benefits to the growth of rural economy, employment
generation, and reduction of local air pollution from burning
crop residues.

It has been shown that rice straw can be effectively utilized
for bioenergy production in the form of solid biofuels as pel-
lets or briquettes, biogas through anaerobic digestion, and
bioethanol production which can yield energy equivalent of
8.0 GJ/ton and 5.6 GJ/ton, respectively. The life cycle analy-
ses (LCA) further revealed that such application of rice straw
as biomethanation of paddy straw reduces net global warming
potential by 2750 CO2 kg emissions/ton, while bioethanol
production showed net global warming potential reduction
of 2549 CO2 kg emissions/ton. The pelletization of paddy
straw for improved cookstove showed net global warming
potential reduction of 2459 CO2 kg emissions/ton [4]. The
results of LCA showed that per ton of dry rice straw, the
bioethanol pathway resulted in the highest environmental sus-
tainability with regard to reductions in global warming and
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resource depletion potentials [2]. Thus, it makes a lot of sense
to further study these approaches for alternate uses of rice
straw and improve the process efficiencies to facilitate their
deployment on commercial scale.

The most desirable traits of a successful, sustainable cellu-
losic bioenergy enterprise are greenhouse gas (GHG) mitiga-
tion, integration with agriculture system, and techno-
economic feasibility [5]. Therefore, bioethanol production
from rice straw is an attractive option as it helps in lowering
GHG emissions, is available in plenty as agri-residue, and also
provides opportunity for saving on use of petroleum as it can
be easily blended with petrol and used for transport fuel.

Rice straw, a lignocellulosic biomass, is composed of cel-
lulose, hemicellulose, lignin, and ash. Theoretically, like any
other lignocellulosic biomass, it could be used as a feedstock
material in bioethanol production. In lignocellulosic biomass,
cellulose and lignin fractions are most important for produc-
tion of bioenergy, biofuels, and biochemicals. However, its
application potential for bioethanol production depends on
its cellulose content, physical structure (e.g. crystallinity),
chemical composition, and availability. Percent content of
cellulose in biomass and its structural crystallinity are the most
important factors for bioethanol production from plant bio-
mass [6]. To access this cellulose for production of value
added products, the lignocellulosic biomass has to be first
pretreated and then enzymatically hydrolyzed to yield fer-
mentable sugars. A number of physical/chemical/biological
pretreatments and their combinations have been applied till
date [7, 8]. Each processing step has a profound effect on
structure of biomass components, release of fermentable and
other sugars, lignin, and degradation products [9]. However,
pretreatment of choice should be the one with less severity,
less use of harsh chemicals/conditions, and maximum preser-
vation of cellulose as it is the primary substrate that is con-
verted to bioethanol [10].

Therefore, tracking the flow of cellulose and its maximum
recovery in the process of ethanol production and applying
these calculations for the evaluation and optimization of lig-
nocellulosic biomass conversion processes providing infor-
mation on overall material recovery, recovery of individual
sugars, and solubilization of biomass components is funda-
mentally important. Based on material balance calculations,
overall ethanol yields for biochemical conversion of biomass
could be calculated [11]. The evaluation of biomass conver-
sion processes through material balance templates is crucial
for its commercialization as it gives an idea about the efficien-
cy of the total process, brings about comparison between dif-
ferent available processes, and thereby guides in policy mak-
ing [5, 9].

In this context, material flow of cellulose in rice straw
treated with improvised NaOH pretreatment method leading
to high cellulose conversion to ethanol was traced, and lignin
was recovered. The material flow calculations were performed

to depict cellulose recovery and ethanol productivity for eco-
nomic viability.

2 Materials and methods

2.1 Biomass feedstock

The biomass substrate, rice straw var. Pusa Basmati 1121, was
obtained from farms of the Indian Agricultural Research
Institute, New Delhi. The straw was air-dried, chopped and
milled using mini Mill (Zexter, India), and sieved through
40-μm mesh. The sieved samples were stored at room tem-
perature until used further.

2.2 Microorganism

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−1;
glucose, 10 g L−1; yeast extract, 3 g L−1; peptone, 5 g L−1) at
30 °C for 72 h. Culture was stored at 4 °C on MGYP slants
and periodically subcultured.

2.3 Enzymes

Commercially available cellulases, Accellerase®1500
(Genencor) and Cellulase from Trichoderma reesei ATCC
26921* (Sigma-C2730), were used for saccharification exper-
iments. The total reducing sugar was estimated by
dinitrosalicylic acid (DNSA) reagent method [12].

2.4 Pretreatment of rice straw with NaOH

The alkali pretreatment of raw rice straw was carried out using
1% NaOH (w/v). Initially, 10 g dried and sieved biomass
having moisture content 5% was taken in 5 different
Erlenmeyer flasks of 500-mL volume. About 100 mL of 1%
NaOH was added in each flask (1:10 loading), mixed well,
and autoclaved at 121 °C and 15 psi for 30 min. After
autoclaving, 100-mL distilled water was added in each flask
and mixed well. The contents of all 5 flasks were pooled and
filtered to separate the liquid fraction (liquor) from the solid
biomass. The volume of collected liquor was measured and
stored at 4 °C until further use for sugar estimation and lignin
recovery by acid precipitation.

The solid fraction of treated biomass was washed twice
with 500-mL distilled water to remove the residual NaOH
from treated biomass and finally washed with 500-mL acidi-
fied water to neutralize the pH and reduce water consumption
in neutralizing the pH [13]. After washing and filtration, wet
pretreated biomass was collected. The composition of the
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pretreated biomass was analyzed for moisture content using
RADWAGMA 50.R (Bracka, Poland) moisture analyzer and
cellulose and lignin content. The biomass was stored at 4 °C in
a zip lock bag until used further for enzymatic saccharification
to prevent the moisture loss. Volume of all the washing frac-
tions was also measured, and lignin content was estimated by
reading absorbance at 205 nm, and sugar content was estimat-
ed byDNSAmethod [12]. The fractions were pooled and used
for recovering the acid precipitable lignin by acidification
using H2SO4.

2.5 Lignin recovery from wash waters

Acid insoluble lignin (AIL) was recovered from all the wash-
ing fractions by acidification, and the pH of washing fractions
was measured. Initial 3 washing/liquid fractions were strongly
alkaline, so their pH was reduced to 1–2 using concentrated
H2SO4 and left overnight for the precipitation of AIL present
in washing/liquid fractions. The AIL precipitates were recov-
ered by centrifugation at 10,000 rpm for 15 min. The AIL
pellet was washed twice using 50-mL distilled water. The
washed pellet was oven dried at 60 °C and weighed.

2.6 Compositional analysis of treated and untreated
rice straw

The cell wall components, mainly cellulose and lignin, and
moisture were quantified in the treated and untreated paddy
straw. The moisture content of the biomass was estimated
using moisture analyzer RADWAG MA 50.R (Bracka,
Poland). The Updegraff method was used for estimating cel-
lulose content [14]. The cellulose enrichment was calculated
as

Cellulose enrichment %ð Þ

¼ Cellulose in treated rice straw−Cellulose in raw rice straw X 100

Cellulose in raw rice straw

The lignin was estimated following the National
Renewable Energy Laboratory (NREL), Laboratory
Analysis Protocol-003 standard protocol [15]. The
delignification percentage was calculated with respect to total
lignin present in raw rice straw.

2.7 Enzymatic saccharification of pretreated rice straw

Rice straw hydrolysates were prepared by subjecting
pre t rea ted so l ids to enzymat i c hydro lys i s wi th
Accellerase®1500 and Cellulase (Sigma) with slight modifi-
cations as done in [3]. The alkali pretreated rice straw biomass
having cellulose 52.75% ± 0.78 and 70% moisture was used
for enzymatic hydrolysis. Saccharification was carried out

using 1.923 g and 3.846 g (equivalent to 3.0 and 6.0% glucan
loading respectively) mixed with 150 μL and 300 μL enzyme
respectively in the 0.05 M sodium citrate buffer pH 4.8. Total
volume of reaction mixture was 10 mL in 30-mL bottles. The
reaction mixture was incubated at 50 °C and 150 rpm in shak-
er water bath for 96 h. The 0.5-mL samples were withdrawn at
24 h intervals; reaction stopped by heating the mixture at
boiling temperature for 5 min. The liquid fraction was collect-
ed and the total reducing sugars were estimated by DNS assay
[12] and glucose and xylose by HPLC. The saccharification
efficiency was calculated as described by Saritha et al. [16]:

%Saccharification efficiency

¼ Amountof reducingsugarreleasedx100x 0:9ð Þ=Amountof glucanloading½ �

Liquid fraction was collected as sugar rich hydrolysate and
its volume was measured. It was used for fermentation by
Saccharomyces cerevisiae LN ITCC 8246 for ethanol
production.

2.8 Fermentation of Hydrolysate using
Saccharomyces cerevisiae LN ITCC 8246

The sugar rich hydrolysates (10 mL) in 15-mL screw capped
flat bottom vials, supplemented with mineral salts and 0.1%
YE [17], were used to check the growth, sugar utilization, and
ethanol production by S. cerevisiae LN. Controls consisted of
3.5 and 5.0% glucose in minimal medium. S. cerevisiae LN,
grown overnight inMGYP broth, with optical density of 0.8 at
660 nm was used as inoculum at 10% rate and incubated at
30 °C for 120 h under static conditions. Aliquots were with-
drawn at 24 h intervals, and optical density was checked at
660 nm to measure growth. Samples were then centrifuged at
5000 rpm for 5 min, and the supernatant was used for estima-
tion of sugar consumption and ethanol production by HPLC.
The fermentation efficiency was calculated as referred in
Sharma et al. [18]:

%Fermentation efficiency

¼ actual ethanol produced gð Þ=Theoretical ethanol yield gð Þ X100
ð1Þ

Theoretical ethanol yield gð Þ
¼ Sugar consumed gð Þ X 0:511 ð2Þ

2.9 Material flow calculation

Mass/material flow analysis was done after each step of ex-
periment including alkali pretreatment, enzymatic hydrolysis,
and fermentation.

A total of 50 g of raw rice straw biomass having 5% mois-
ture, constituting total 47.50 g of dry weight, was used for
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alkali pretreatment. After pretreatment and washing, four dif-
ferent liquor fractions obtained in this process were collected,
measured, and analyzed for sugar concentration and lignin
content in them. The volumes of four liquor fractions having
pH 10.0, 9.7, 9.4, and 1.8 were measured and total volume
recovered was determined. The total reducing sugars were
estimated by DNS method in washing fractions, and acid in-
soluble lignin (AIL) was extracted by acidification using con-
centrated H2SO4 and weighed after drying.

The weight of total solid pretreated biomass recovered after
alkali treatment (wt. of wet biomass), moisture content, and
total dry weight was measured.

2.10 Analytical methods

2.10.1 High performance liquid chromatography for sugars
and ethanol quantification

The culture samples were centrifuged at 8000 rpm for 10 min
and filtered through 0.2-μm Nylon-66 Syringe Filters.
Samples were run on Aminex HPX-87H column (Bio-Rad,
Hercules, CA, USA) at 65 °C using 5-mMH2SO4 as a mobile
phase at 0.5 mL−1 and measured with a Shodex RI-101
Refractive Index detector (Shoko Scientific Co. Ltd.,
Yokohama, Japan) as described by Sharma et al. [19].

2.11 Statistical analysis

All the experimental data was statistically analyzed using
SPSS (Version 21.0. Armonk, NY: IBM Corp).

3 Results and discussion

The key to stopping in-situ straw burning and motivate
farmers to reap environmental benefits of rice straw utilization
can come only by suggesting a feasible alternative and profit-
able strategy. Rice straw utilization for fuels and fertilizer for
enhancing environmental sustainability is recommended. The
LCA studies have shown that conversion of rice straw to
bioethanol is the most environmentally sustainable pathway
with regard to global warming and resource depletion poten-
tials. For successful commercial deployment of a rice straw to
ethanol bioprocess, it is important to separate and maximally
recover the cellulose and lignin components, maximally

utilize cellulose, and convert it to desired product/ethanol with
highest efficiency. In this work, material flow of cellulose
present in rice straw to ethanol using an improvised cost-
effective NaOH treatment was analyzed and process efficien-
cy calculated.

3.1 Pretreatment and compositional analysis of rice
straw

The cellulose and lignin content present in the untreated rice
straw were 32.28 and 15.89%, respectively. In the present
study, after the pretreatment of the rice straw with 1%
NaOH cellulose content was enriched to 52.75% and lignin
content was reduced to 9.93%, pretreatment resulted in in-
creased cellulose content by 61.19% and lignin loss by
37.51% (Table 1). Lignin removal is higher in this improved
method than the previous work, where only 17.4% lignin was
removed during alkali pretreatment [3]. Total 87.17 g wet
pretreated solids were obtained. This alkali pretreatment was
associatedwith ~ 44% drymatter loss in side streams, which is
in accordance with the previous study (57.23%) [3] (Table 1).
The level of cellulose enrichment in rice straw variety used in
this improvised procedure was higher as compared from pre-
vious pretreatments [3, 16, 17, 20, 21]. Xue et al. [13] reported
20–28% wt. loss and 67–85% lignin loss and improvement in
cellulose content 17–36% in Jerusalem artichoke stalks by
treatment with different concentrations of NaOH and H2O2.
Loss of materials in every stage of operation is inevitable, and
this material loss should be accounted to draw a conclusive
economic analysis [9].

It is highly desirable that lignin is removed andmore sugars
be preserved in solids during pretreatment to enable higher
glucan loadings and solubilization during enzymatic hydroly-
sis leading to high ethanol titers [10, 22]. The solids were
extracted and washed twice with distilled water and final wash
with acidified water to neutralize pH. Also, washing removes
degradation products, which may adversely affect efficiency
of enzymatic hydrolysis of solids [23].

The alkali extracts showed absorbance ranging from 0.797
to 0.029 at 205 nm in the five washing fractions indicating
presence of solubilized lignins. The absorbance values of
wash waters decreased with subsequent washings (Table 2).
The total sugars released during pretreatment into washings
were 186.34 mg L−1 (423 mg in 2270 mL). Total 4.938 g AIL
was recovered from total liquor recovered (2270 mL) during

Table 1 Compositional analysis
of raw and alkali pretreated rice
straw

Initial weight (g) Moisture % Dry weight (g) Cellulose % Lignin %

Raw 50.00 5 47.50 32.28±1.56 15.89±1.23

Pretreated 87.23 70 26.17 52.75±0.78 9.93±1.03

Change +61.19% −37.51%
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alkali pretreatment. Thus, minimal amounts of sugars and
high amount of lignins were removed from solids by rinsing
them with deionized water and acidified water. Alkaline pre-
treatment and washing with acidified water is an effective
strategy for improving enzymatic hydrolysis and sugar yields.
Xue et al. [13] were able to limit waste water generation from
solid washing by using water washing/HCL neutralization.
Washings removed any soluble sugars, degradation products,
and acid/alkali/solvents from solids, presence of which can
potentially inhibit sugar release from solids by enzymes
[24]. High levels of lignins present in these fractions prevent
their fermentation to ethanol without prior detoxification and
pH adjustment. These lignins can be easily recovered by acid-
ification of extracts as they precipitate at low pH [3, 25].

The extent of lignin and xylan removal varies in pretreated
solids as a result of type of pretreatment applied. Dilute acid
pretreatment leads to xylan removal, while dilute alkali pre-
treatments are advantageous causing effective delignification
at relatively low temperature conditions and showed enhanced
sugar release and delignification as in Co-solvent Enhanced
Lignocellulosic Fractionation (CELF). Lignin removal had a
more positive effect on biomass digestion than xylan removal
by other hydrothermal and acid pretreatment [24]. The most
commonly used alkali reagents are sodium hydroxide, potas-
sium hydroxide, calcium hydroxides, and ammonium salts.
Among these, sodium hydroxide is the most extensively used
[26]. Treating lignocellulose with alkali reagents degrade the
side chains of esters and glycosides causing structural

modification of lignin, cellulose swelling, cellulose
decrystallization, and hemicellulose solvation [27, 28].

3.2 Saccharification of pretreated rice straw by
commercial cellulases and production of sugar rich
hydrolysates

The pretreated rice straw was further subjected to hydrolysis
by commercially available cellulase (Accellerase®1500 and
Sigma cellulase) enzymes. With enriched cellulose in
pretreated solids, higher glucan loadings of 3% and 6% could
be made corresponding to ~ 20% and ~ 40% wet solids. The
corresponding loading rate was ~ 6% and ~ 12% solids on dry
weight basis (Table 3).

The amount of sugars released and saccharification effi-
ciency achieved with both the enzymes are presented in
Table 4 and Fig. 1. One hundred percent of glucan solubili-
zation was achieved (sugar released 33 g L−1) in case of 3%
g l u c a n w i t h b o t h t h e e n z ym e s w i t h i n 4 8 h .
Accellerase®1500 released 47.34 sugars, while Sigma cel-
lulase released 53.50 g L−1 at 72 and 48 h, respectively, with
6% glucan loading. The highest saccharification efficiency
achieved in case of 6% glucan loading was 71.01% and
80.25%with Accellerase and cellulase (Sigma) respectively
(Table 4). With improvisation, better glucan loadings and
solubilization could be achieved than reported earlier [3].
Solids loading at higher rate (more than 15% dry matter)
may not be beneficial as cellulose conversion efficiency

Table 3 Substrate loading and
enzyme loading in hydrolysate
with corresponding
concentrations of glucose and
xylose released by
saccharification (estimated by
HPLC) for fermentation

Substrate loading
(wet weight basis)
(%)

Substrate loading
(dry weight basis)
(%)

Glucan
loading
(%)

Enzyme loading (μL)
@0.5 mL g−1 Glucan

Monomeric
fermentable sugars
obtained in
hydrolysates
(g L−1)

Glucose Xylose

20 6 3 150 20.3 6.25

40 12 6 300 37.6 10.6

Table 2 Total sugar and lignin
present in washing fractions of
alkali pretreatment

Washing
fractions

pH Volume
extracted (mL)

Sugar
(mg mL−1)

Total sugar
(mg)

Lignin
(absorbance@205 nm)

Lignin
(g)

1 9.8 550 0.383 233.83±32.81 0.797 2.750

2 9.7 720 0.185 127.98±7.28 0.432 0.720

3 9.6 500 0.081 34.53±8.59 0.060 *

4 1.7 500 0.048 26.67±3.53 0.029 **

Total 2270 423.01

*Absorbance value was outside the range of standard curve plotted

**Lignin got precipitated in acid wash fraction 4
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gets reduced due to factors like high viscosity and mass
transfer [29]. The glucan loading, solids loading, and glucan
conversion achieved in this study were at par with that re-
ported by Zhong et al. [30] who achieved increased sugar
conversion (80.6% glucan and 89.6% xylan) upon hydroly-
sis by mixture of enzymes which included cellulase
Spezyme®, Multifect® xylanase, and Multifect® pectinase
with 6% glucan loading in case of AFEX treated rice straw
corresponding to 17.8% solids loading.

The results were statistically analyzed using Univariate
Analysis of Variance by SPSS 16.0 software. Significant dif-
ference was obtained due to treatments, i.e., 3% and 6% glu-
can loading at 1% significance level on the amount of sugar
released. However, effect due to the enzymes was at par.

3.3 Fermentation of sugars by S. cerevisiae LN and
ethanol production

The fermentation of sugar rich hydrolysates obtained from
hydrolysis of treated rice straw and control containing
glucose was carried out using S. cerevisiae LN. The max-
imum fermentation efficiency of 97% and 76% (Fig. 2)
was observed in hydrolysates obtained from 3.0 and 6.0%

glucan respectively with complete utilization of glucose
within 24 h, and the highest ethanol produced was 10.34
and 15.13 g L−1 respectively (Fig. 3). S. cerevisiae LN
produced 0.508 gg−1 and 0.403 gg−1 ethanol from glucose
present in hydrolysates obtained from 3% and 6% glucan
loading respectively. It showed ethanol productivity of
0.63 g L−1 h−1. In synthetic controls containing 3.5 and
5% glucose, the highest ethanol yields were 19.53 and
26.7 g L−1 in 24 h and 48 h of fermentation (Fig. 4). In
hydrolysates obtained from 3% glucan loading and syn-
thetic medium controls with only glucose as C source, the
fermentation efficiency was 100%, while it was about
80% in case of hydrolysates from 6% glucan loading.
Thus, S. cerevisiae LN completely consumed glucose
present in NaOH treated rice straw hydrolysates and pro-
duced ethanol with high efficiency, while xylose was
largely unutilized. Xylose utilization/ fermentation is af-
fected by concentration of nutrients, cell density, and deg-
radation products from pretreatment [23].

The results were statistically analyzed using Univariate
Analysis of Variance by SPSS 16.0 software. Significant
difference was obtained due to treatments, i.e., 3% and
6% glucan loading, on both the amount of xylose utilized
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Table 4 Reducing sugars released (g L−1) and % saccharification efficiency (SE) during enzymatic saccharification of pretreated rice straw with 3%
and 6% glucan loading by Accellerase and Cellulase (Sigma) (estimated by DNSA)

Glucan loading Hours 24 48 72 96

Enzyme Sugar released % SE Sugar released % SE Sugar released % SE Sugar released % SE

3% Accellerase 27.10 ± 3.13 81.29 33.27 ± 2.63 99.81 31.63 ± 0.35 95.84 33.50 ± 0.71 100.51

Cellulase (Sigma) 27 ± 2.76 81.01 33.31 ± 1.37 99.91 32.81 ± 1.11 98.44 32.45 ± 0.86 97.36

6% Accellerase 39.40 ± 4.15 59.09 44.43 ± 6.26 66.64 47.34 ± 5.04 71.01 42.79 ± 8.36 68.37

Cellulase (Sigma) 43.52 ± 1.87 65.28 53.25 ± 6.85 79.88 53.50 ± 2.02 80.25 52.96 ± 0.71 79.44
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and ethanol produced. However, for glucose, statistical
analysis could not be performed due to majority of its
values corresponding to zero.

3.4 Material flow of cellulose/glucan and lignin
recovery

Flow of lignin and translation of glucan from raw rice straw to
ethanol is shown in Fig. 5.

This improvised cost effective NaOH pretreatment method
led to recovery of 80% of cellulose present in original raw rice
straw in pretreated solids. Following the scenario of 3% glu-
can loading, whole of glucan loaded was converted to soluble
sugars with 100% efficiency within 48 h using any of the
commercial cellulase used. In the subsequent fermentation

of hydrolysates with Saccharomyces cerevisiae LN ITCC
8246, whole of glucose present is fermented to ethanol with
100% efficiency. Thus, overall with this process 5.39 g etha-
nol could be produced from 50 g of rice straw. This method
can potentially produce 136 L ethanol/ton rice straw along
with ~ 98 kg lignin and 14.85 g yeast biomass. Sixty-three
percent of glucose present in rice straw was recovered as eth-
anol by this process.

During the pretreatment biomass loses with every step. For
economic efficient process, the loss should be accounted, min-
imized, and utilized less water. It was observed that out of the
47.50 g initial dry weight of biomass, 26.17 g biomass was
recovered after pretreatment with enriched cellulose content
of about 52.75% from 32.28% in raw rice straw. There was
dry matter loss in side stream (washings); 55.1% rice straw

Fig. 3 Sugar utilization, ethanol
production, and corresponding
fermentation efficiency during
fermentation by S. cerevisiae LN
on the hydrolysates (a,b 3%
glucan loading, c,d 6% Glucan
loading)
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(dry wt. basis) was recovered after the pretreatment process.
Loss of materials in every stage of operation is inevitable, and

this material loss should be accounted to draw a conclusive
economic analysis [9].

93.06 g ethanol (135.74 mL)

Wash waters volume: 45.4 L

TRS in wash waters: 8.46 g

Acid Insoluble Lignin recovered: 98.76 g

62.15% recovery of lignin

Saccharification With 3% 
Celluclast

3% glucan loading with 299.39 
g TRS recovered

Fermentation:
Using Yeast (S. cerevisiae)

Yeast biomass: 14.85 g

Unused Xylose: 5.43 g

Pretreatment

Rice straw solid loading 10% with 1% 

NaOH at 121°C & 15 psi for 30 min

Agri-residue: 1 Kg

Moisture: 5%, Cellulose: 322.8 

g, Lignin: 158.9 g

Pretreated Biomass recovered: 

550.6 g (dry weight)
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85.5% recovery of cellulose

Fig. 5 Material flow throughout
the process of pretreatment of rice
straw till ethanol production
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4 Conclusions

The evaluation of this improvised NaOH pretreatment of rice
straw coupled with acidic- water washing, tracking the flow of
cellulose to ethanol, and recovery of lignin, showed that this
process converted 63% cellulose present in raw rice straw to
ethanol. Using rice straw feedstock treated with this impro-
vised method and ferment ing hydrolysates with
Saccharomyces cerevisiae LN ITCC 8246 could yield ~
135 L of ethanol/ton of dry rice straw with minimal generation
of wash waters and about 100 kg of lignin recovery which
could be chemically/biologically converted to very high value
products. This study provides a scalable platform and hence
can be employed on industry standard. Further advancements
can be made by improving enzyme hydrolysis and using xy-
lose utilizing strain.
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