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ABSTRACT

Paddy straw is a lignocellulosic waste rich in holocellulose (cellulose+hemicellulose)
content. It can be used as a good substrate for biogas, bioethanol and biodiesel pro-
duction. However, the recalcitrant cell wall components i.e. lignin and silica are the
main deterrent to efficient utilization of paddy straw. This stringent sheath of lignin
and silica does not allow fermenting microbes to access holocellulose. Pretreatment
of paddy straw is, therefore, crucial to get rid of lignin and silica. In this context,
paddy straw was pretreated with various alkalis viz. NH,, Na,SO,, Na,CO, and NaOH
in the current study. All the alkali pretreatments were supplemented with microwave
irradiations (720 W, 18°C) for 30 minutes. Paddy straw was also pretreated micro-
bially with Pleurotus florida for 15 days via spawning. Morphological and structural
changes in the pretreated paddy straw were visualized via Scanning Electron Micros-
copy (SEM). The straw turned remarkably fragile with enhanced bulk density and
surface wettability after 4% NaOH-30 min microwave pretreatment. The pretreated
straw was also found to lack silicified cuticle layer and lignin sheath which exposes

1. INTRODUCTION

Cereal straws are abundant, cheap and potential feed-
stock for biofuel production (Sun, 2010). Rice crop gener-
ates straw as much as 23% of its total weight, which is usu-
ally burnt to clear the fields for the next crop. In India, open
field straw burning contributes up to 0.05% of the total
green-house gases emission (Gadde et al., 2009). On that
account, utilization of paddy straw for biofuel production
will help slow down climate change resulting from straw
burning besides providing renewable fuel.

However, the main deterrent to paddy straw utilization
is the structure of paddy straw which is composed of cel-
lulose, hemicellulose, lignin and silica. Accessing holo-cel-
lulose (cellulose+ hemicellulose) for biofuel production is
difficult due to the presence of recalcitrant compounds
like lignin and silica (Phutela et al., 2012; Kaur and Phutela,
2016). Hence, pretreatment of paddy straw is essential to
access the holocellulose component.

Pretreatment methods are broadly classified as phys-
ical, chemical, physico-chemical and biological. In physi-
cal pretreatment, biomass is chopped, ground or milled to
reduce particle size, exposed to irradiations or subjected
to high temperatures or pressure (Fan et al., 1982) to alter

straw sugars (cellulose and hemicellulose) to fermenting microbes.

the physical and/ or chemical properties. Milling increases
methane yield (Delgenes et al., 2002) and hydrolysis rate
at the same time. Since there are no inhibitors like furfural
and hydroxyl methyl furfural (HMF) formed during milling,
it is a good pretreatment method for methane and ethanol
production (Hendriks and Zeeman, 2009). However, due to
high energy requirements (Ramos, 2003) and continuous
rise of energy prices, physical pretreatment methods are
not cost effective on their own (Fan et al., 1982) but should
be used in combination with other pretreatment methods.

Chemical pretreatment primarily includes chemicals
like dilute acid/ alkali, urea etc. Acid pretreatment solubi-
lizes, condensates and precipitates lignin (Liu and Wyman,
2003; Shevchenko et al., 1999). It also causes hemi-cellu-
lose hydrolysis and solubilized hemi-cellulose is then sub-
jected to hydrolytic reactions producing monomers, furfu-
ral, HMF and other (volatile) products (Fengel and Wegener,
1984). Due to the formation of these inhibitors, acid pre-
treatment is more attractive for methane production than
ethanol production because methanogens are not affected
by compounds like furfural and HMF to a certain concen-
tration and within an acclimatization period. During alkali
pretreatment, solubilization, redistribution and condensa-
tion of lignin occurs. It also modifies the crystalline state
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of cellulose (Gregg and Saddler, 1996). Change of cellulose
structure to a denser and thermodynamically more stable
form as compared to the native cellulose is an important
aspect of alkaline pretreatment (Pettersen, 1984). Again,
loss of fermentable sugars and production of inhibitory
compounds make the alkaline pretreatment less attractive
for ethanol production but the effect is less severe to meth-
anogens as compared to yeasts (Pavlostathis and Gossett,
1985; Hendriks and Zeeman, 2009). Chemical pretreat-
ments are less energy intensive than the physical methods.
However, chemical residues left after pretreatment pose a
threat to the environment if not disposed of cautiously.

Physico-chemical methods are a combination of phys-
ical and chemical techniques e.g. Ammonia fibre/ freeze
explosion (AFEX). In AFEX, an amalgamation of physical
and chemical effects induce the cleavage of lignin-carbo-
hydrate complex (Chundawat et al., 2007), hemi-cellulose
hydrolysis and cellulose de-crystallization which increases
the surface area. These modifications enable complete
enzymatic conversion of cellulose and hemi-cellulose to
fermentable sugars at low to moderate enzyme loadings
(Teymouri et al., 2005). Alizadeh et al. (2005) reported 2.5
fold increase in ethanol yield after AFEX pretreatment of
switchgrass. In physico-chemical methods, physical pre-
treatment primes the substrate for better penetration of
chemical. These methods, therefore, have merits over the
independent physical and chemical methods (Liu and Wy-
man, 2005; Kaur and Phutela, 2014).

Biological pretreatment involves the use of lignocellu-
lolytic micro-organisms or enzymes. White-rot, brown-rot
and soft-rot fungi are chiefly used for this purpose. Brown
rots mainly attack cellulose, whereas white and soft rots
attack both cellulose and lignin (Ward et al., 2004). Kirk
(1984) stated that if lignin is even partially removed by the
chemical or biological means or even if its relationship with
the polysaccharides is modified well, the polysaccharide
become much more susceptible to the enzymatic degra-
dation. Biological pretreatment is favored over the other
pretreatment methods because it is more eco-friendly and
does not generate any kind of toxic waste. The slow rate of
hydrolysis, substrate and temperature specificity of fungi
and enzymes, however, reduce the overall fascination of
this method.

In this context, paddy straw was pretreated with differ-
ent alkalis (viz. NH,, Na,SO,, Na,CO, and NaOH) in combi-
nation with microwaves and a lignocelluloytic fungus viz.
Pleurotus florida. In order to enhance the effect of various
alkalis, the alkali suspended paddy straw was irradiated
with microwaves (720 W, 18°C) for 30 minutes. Alkaline
pretreatment (NH,, Na,SO,, Na,CO, and NaOH) causes
swelling of biomass via solvation and swelling, rendering
it more accessible to fermenting microbes and enzymes.
Microwave irradiations degrade lignin with their high heat-
ing efficiency. Microwaves heat the target object directly
by applying an electromagnetic field to the dielectric mol-
ecules as compared to conduction/convection heating
which is based on intramolecular heat transfer (Newnham
et al., 1991). Then, the alkali + microwave pretreatment is
compared with biological pretreatment (Pleurotus florida)
method, the least residue generating method, to assess

their efficiencies.

2. MATERIALS AND METHODS

2.1 Alkali pretreatment of paddy straw

Paddy straw was suspended in various alkalis viz. 4%
NH, (v/ v), 4% Na S0, (w/ v), 4% Na,CO, (w/v) and 4% NaOH
(w/v) and irradiated with microwaves (720 W, 18°C) for 30
minutes in a 1000ml glass beaker placed inside a micro-
wave oven (MC-2681DS LG Electronics). The solid to sol-
vent ratio was kept constant at 1:10. The pretreated paddy
straw was washed with tap water till the washings were
clean, colorless and neutral to the pH paper. The straw was
then air-dried and analyzed for change in bulk density, prox-
imate and chemical composition, and surface characteris-
tics.

2.2 Microbial pretreatment of paddy straw

Paddy straw was pretreated with lignocellulolytic fun-
gus viz. Pleurotus florida via spawning. To develop the
spawn of Pleurotus florida, wheat grains were boiled till
tender and excess water was drained off. The boiled grains
were allowed to cool and then mixed with 2% CaSO, and
4% CaCO, powder (per cent w.r.t mass of grains) to avoid
clumping of grains. The grains were dispensed into glass
bottles (250g/ bottle). The bottles were then cotton plugged
and autoclaved for 90 minutes at 15psi. After cooling, the
bottles were inoculated with 107 spores of Pleurotus florida
and incubated at 27+2°C. To pretreat paddy straw, moist
paddy straw (65-70% moisture) was inoculated with 10%
(w/w) mycelium impregnated grains (per cent w.r.t mass
of paddy straw). The inoculated paddy straw was pretreat-
ed at 2742°C for 15 days. After 15 days, pretreated paddy
straw was dried and analyzed for change in bulk density,
proximate and chemical composition, and surface charac-
teristics.

2.3 Determination of bulk density of paddy straw

The density of paddy straw is defined as the mass of
paddy straw that can be accommodated in a known vol-
ume of a container. The bulk density of dried paddy straw
was determined as follow:

M
D=+ (M
where D = density of dried paddy straw
M = mass of dried paddy straw
V = volume of the empty beaker

The mass of dried paddy straw was determined by the
formula:

M=M, -M, 2)

where M = Mass of dried paddy straw

M, = Mass of dried paddy straw occupying beaker + Mass
of beaker

M, = Mass of the empty beaker

2.4 Determination of proximate composition of pad-
dy straw

Proximate composition provides information on the
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combustion characteristics of biomass. It is a measure of
total solids (TS), volatile solids (VS), total organic carbon
(TOC) and ash. Proximate analysis was done by the stan-
dard methods of AOAC (Thiex, 2000). The total solids in
the sample (paddy straw) were determined by drying the
sample overnight in hot air oven at 70°C. The dried sample
was ignited in a tarred silica crucible in a muffle furnace at
650°C for 2h to determine ash which is the mineral content
in the biomass that remain in oxidized form after combus-
tion. While volatile solids comprise that fraction of bio-
mass that is driven off by heating the sample at a specific
temperature for a specific time leaving behind ash. Thus,
VS was determined by the formula:

VS (%) = 100 — Ash% (3)

Total Organic Carbon (TOC) was calculated from vola-
tile solids by the formula:

Volatile Solids @)

TOC =
1.8

2.5 Determination of chemical composition of pad-
dy straw

Chemical composition gives information about the
chemical components like cellulose, hemicellulose, lignin,
silica and alcohol/ benzene extractives of biomass. Chem-
ical analysis was done by the standard methods of AOAC
(Thiex, 2000) using Fibretech Analyser (FibraPlus-FES08
AS, Pelican). The sequential determination of these com-
ponents involves the determination of Neutral Detergent
Fibre (NDF) and Acid Detergent Fibre (ADF) of biomass.

The concept behind the detergent fibre analysis is that
plant cells can be divided into less digestible cell walls
(containing hemicellulose, cellulose and lignin) and highly
digestible cell contents (containing soluble sugars) (Figure
1). Van Soest (1963) separated these two components
by the use of two detergents: a neutral detergent [Sodium
Lauryl Sulfate (SLS) + Ethylene Diamine Tetra Acetic acid
(EDTA) and an acid detergent - Cetyl Trimethyl Ammonium
Bromide (CTAB) in TM H,SO,.

Neutral detergent fibre (NDF) includes those compo-
nents of biomass which are extractable (not soluble) with
SLS+EDTA. Cellulose, hemicellulose, lignin and silica com-
pose the neutral detergent fibre content of paddy straw.

NDF (%) = Cellulose + Hemicellulose + Lignin + Silica (5)

While acid detergent fibre (ADF) consists of those
components which are extractable (not soluble) with
CTAB in 1M H,SO,. Because hemicellulose gets solubi-
lized in acid detergent fibre while extraction, so acid deter-
gent fibre is composed of cellulose, lignin and silica only.

ADF (%) = Cellulose+Lignin+Silica (6)

Thus, hemicellulose is calculated as the difference be-
tween neutral detergent fibre and acid detergent fibre.

Hemicellulose (%) = NDF (%) — ADF (%) 7)

2.6 Morphological characterization of paddy straw
through Scanning Electron Microscope (SEM)

The morphological and structural changes in pretreat-

ed paddy straw were recorded with scanning electron mi-
croscope (Hitachi S-3400N) at Electron Microscopy and
Nanoscience Laboratory (EMNL) in PAU, Ludhiana, India.
Paddy straw was conditioned and processed to view under
SEM. The straw (untreated and pretreated) was dried over-
night in a hot air-oven at 70°C. Then, the oven dried paddy
straw was processed for SEM imaging.

The processing involves fixation of the sample (untreat-
ed and pretreated paddy straw) with glutaraldehyde, dehy-
dration with increasing alcohol series followed by mount-
ing of the sample on a stainless steel round stub using
carbon-tape. Subsequently, the sample is sputter coated
with gold (Au) nanoparticles in an ion-sputter coater before
being viewed under the Scanning Electron Microscope. The
samples were viewed at an accelerating voltage: 15000
Volts, emission current: 123000 nA, vacuum: 15 kV, magni-
fication: X 1.50 K, working distance: 12.7 mm.

3. RESULTS AND DISCUSSION

Chemical and microbial pretreatment efficacies were
evaluated in terms of the changes in bulk density of pad-
dy straw; cellulose, hemicellulose, lignin and silica con-
tent; and change in surface structural properties of paddy
straw.

3.1 Change in bulk density of pretreated paddy straw

The bulk density of paddy straw increased after various
pretreatments. Paddy straw became remarkably fragile and
lighter in color in the case of 4% NaOH-30 min microwave
pretreatment which has also been reported in one of our
previous studies (Kaur and Phutela, 2016a). The increased
fragility enhanced the surface wettability of paddy straw.
There was ~60% decrease in the mass of 4% NaOH-30
min microwave pretreated paddy straw. The bulk density
of paddy straw after various pretreatments was found to
fallin the range of 85.0 kg/m?* (NH, pretreated paddy straw)
t0 210.0 kg/m?3 (NaOH pretreated paddy straw). Pretreated
paddy straw with enhanced bulk density can be accommo-
dated in a lesser space, if and when needed, which can help
storage of huge amount of paddy straw in a limited space
(Table 1).

3.2 Changes in proximate composition of pretreated
paddy straw

The proximate composition of paddy straw remained
unaffected after various pretreatments. As shown in Table
2, total solids varied non-significantly, if at all, after various
pretreatments. While a little increase in volatile solids was
observed in Na,CO, and NaOH pretreated paddy straw, ash
content decreased on the contrary. In point of fact, high vol-
atile solids are good for methanogenesis as more volatile
fatty acids are then generated which further enhance the
biogas production.

3.3 Change in chemical composition of pretreated
paddy straw

As shown in Table 3, least NDF (55.9%) and ADF
(44.2%) were recorded in NaOH pretreated paddy straw
which indicates that NaOH dissolved the insoluble fibres
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FIGURE 1: Detergent partitioning of fibre fraction according to Van Soest (adapted from Analytical Techniques in Aquaculture Research by

Laboratory of Aquaculture and Artemia Reference Center).

and fibre-bound compounds in the cell wall of paddy straw.
This then led to the decrease in hemi-cellulose, lignin and
silica in the pretreated straw. Interestingly, cellulose con-
tent increased to 65.0% from 45.5% (control) in NaOH pre-
treated paddy straw which is attributed to the removal of
recalcitrant components (Kaur and Phutela, 2016a) that
makes it freely available and more accessible to ferment-
ing microbes. In NaOH pretreated paddy straw, hemicellu-
lose, lignin and silica content, respectively, decreased to
11.7,2.9 and 1.0% from 23.0, 8.2 and 9.2% in control. Zhu
et al. (2015) reported 92% decrease in lignin after 10%

TABLE 1: Change in bulk density of paddy straw after pretreat-
ment.

Bulk density of dried paddy

Pretreatment straw (kg/m°)
Control 81.5+1.18
30 min microwave 81.2+1.57
4% NH,-30 min microwave 85.0£1.29
4% Na,S0,-30 min microwave 98.0+1.43
4% Na,CO,-30 min microwave 175.5£1.65
4% NaOH-30 min microwave 210.0+1.78
Pleurotus florida (15d) 88.0+1.51

Control: Untreated paddy straw; Values depicted are mean + standard
error for n=3.

sulphuric acid pretreatment of rice straw for 2h with no
significant loss of cellulose. Pleurotus florida pretreated
paddy straw could not surpass the enhanced digestibility
that was achieved with NaOH pretreatment. However, the
hydrolyzed straw was still significantly more digestible
than the control. Seven fold increase in hydrolysis was
observed in fungal consortium pretreated wheat, rice,
sugarcane and pea straw (Taha et al.,, 2015). Cianchetta
et al. (2014) noticed minimal cellulose loss in Ceriporiop-
sis subvermispora pretreated wheat straw. Amongst all
the pretreatments, maximum decrease in recalcitrance
was recorded in case of NaOH pretreated paddy straw.
The significant and appreciable decrease in silica content
makes the pretreated paddy straw a more favored sub-
strate for pyrolysis because slag formation due to melt-
ing and crackling of silica will no longer occur in gasifier
filled with pretreated paddy straw. At the same time, the
NaOH pretreated highly digestible paddy straw is a great
substrate for biogas too as reported in our previous study
(Kaur and Phutela, 2016a). The current method worked
equally well when upscaled to 100 kg paddy straw and
Tmsbiogas digester.

3.4 Morphological and structural changes in pre-
treated paddy straw

Several changes were recorded in the morphological
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TABLE 2: Change in proximate composition of paddy straw after pretreatment.

Pretreatment Proximate composition of paddy straw (%)
Total Solids Volatile Solids Ash Total Organic Carbon
Control 85.411.23 75.6£1.16 24.4£1.05 42.0+0.98
30 min microwave 85.411.15 75.5£1.22 24.5+1.34 41.9140.93
4% NH,-30 min microwave 85.411.54 76.0£1.27 24.0£1.13 42.2+1.06
4% Na,S0,-30 min microwave 84.9+1.42 75.9+1.31 24.14#1.20 42.241.11
4% Na,C0,-30 min microwave 85.4+1.33 79.1£1.19 20.9£1.16 43.940.93
4% NaOH-30 min microwave 85.7+1.27 79.9+1.05 20.1£1.27 44.411.20
Pleurotus florida (15d) 86.1+1.38 75.911.24 24.1£1.35 42.2+1.03
Control: Untreated paddy straw; Values depicted are mean + standard error for n=3.
TABLE 3: Change in chemical composition of paddy straw after pretreatment.
Pretreatment Chemical composition of paddy straw (%)
NDF ADF Cellulose Hemi-cellulose Lignin Silica

Control 74.5¢1.35 51.5+1.12 45.5+1.02 23.0£0.87 8.2+0.45 9.2+0.62
30 min microwave 74.1£1.40 50.9+1.09 45.5+1.31 23.2+1.02 7.7+0.64 9.0+0.41
4% NH_-30 min microwave 73.9+1.42 50.1+1.34 45.841.26 23.811.04 6.310.76 10.0+0.43
4% Na,S0,-30 min microwave 72.241.27 48.7+1.48 47.6£1.17 23.541.21 4.8+0.57 8.3+0.58
4% Na,CO,-30 min microwave 65.8+1.33 45.5+1.24 61.8+1.35 20.3+1.16 7.2+0.63 1.9+0.39
4% NaOH-30 min microwave 55.9+1.57 44.241.31 65.0+£1.42 11.7+0.94 2.9+0.32 1.0¢0.18
Pleurotus florida (15d) 69.1+1.61 50.6+1.53 49.5+1.47 19.5+1.09 5.610.49 8.1+0.51

Control: Untreated paddy straw; NDF: Neutral Detergent Fibre; ADF: Acid Detergent Fibre.

Values depicted are mean + standard error for n=3.

and surface structural properties of paddy straw. Different
pretreatments alter the surface properties of paddy straw
in different ways (Figure 2).

In Figure 2-a, the surface of untreated paddy straw was
seen intact with phytoliths (P- shown by arrow) and wart-
like (W- shown by arrow) structures occupying the surface
in an ordered fashion. These well-arranged phytoliths make
the straw surface less wettable and add resistance against
microbial attack. This makes straw less digestible and
non-preferred substrate for feed and fuel. Sarkar and Aikat
(2012) have also noticed similar rigidity in the surface of
untreated rice straw.

In Figure 2-b, the effect of 4% NH,-30 min microwave
pretreatment is shown on the surface of paddy straw. The
waxy cuticular silica layer was found breached. Cracking
in the cuticular layer was observed due to the reduction in
number of cross-linkages involving ester bonds between
the wall polymers (Lam et al., 1992). Wang et al. (2007)
have also observed that NH,HCO, crack off the cuticular
waxy layer of rice stem epidermis resulting in degradation
by rumen micro-organisms. Bae et al. (1997) observed that
the increased digestibility of NH, pretreated paddy straw
was not due to the degradation of external epidermis of
leaf sheath, but was attributed to the weakening of the ad-
hesion between the cuticle and underlying tissues.

As shown in Figure 2-c, tearing of paddy straw surface
was recorded in case of 4% Na,S0_-30 min microwave pre-
treatment which results in the removal of lignin (via degra-
dation) from the torn epidermis. The surface degradation
in Na,SO, pretreatment was more than NH, pretreatment.
Oxygen-sodium sulphite pretreatment has been reported

for 95% delignification with retention of both cellulose and
hemi-cellulose (Park et al., 2000).

Partial separation of waxy cuticular layer of paddy straw
from the underlying tissues was noticed in 4% Na,C0.-30
min microwave pretreatment (Figure 2-d). This exposes
the holocellulose content of pretreated straw making it
more accessible to the fermenting microbes. Harbers et al.
(1982) have also recorded substantial rupture of cuticular
surface and its separation from adjacent ground parenchy-
ma in the pretreated wheat straw.

In case of 4% NaOH-30 min microwave pretreatment
(Figure 2-e), paddy straw surface was seen completely torn
and tattered due to the dissolution of waxy cuticular silica
layer, hence, exposing the inner more digestible compo-
nents (cellulose and hemicellulose) of paddy straw. NaOH
pretreatment was markedly effective in increasing paddy
straw digestibility. After pretreatment, paddy straw turned
lighter in color, smoother in texture with increased bulk
density and surface wettability. These structural changes
were in agreement with the changes in chemical compo-
sition of paddy straw whereby nearly 90% silica removal
was recorded. NaOH cleaves the esterified bonds within
the plant cell wall structure thereby reducing the physi-
cal enmeshment of cellulose (Chesson, 1981). Van Soest
(2006) reported that NaOH dissolves silicified cuticular lay-
er of paddy straw. Complete delignification of paddy straw
along with appreciable silica removal can be achieved us-
ing NaOH (Park et al., 1999) which precipitates silica as
sodalite in pulping (Jan and Alexandra, 2006). Papillae,
wart-like structures and micro-hairs on the cuticular layer
of epidermis were found crimped by NaOH pretreatment
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(Wang et al., 2007).

In Pleurotus florida pretreated paddy straw (Figure 2-f)
fungal hyphae (FH- shown by arrow) were found penetrat-
ing into various layers of cell wall of paddy straw which
resulted in the degradation of lignin and enhanced straw
digestibility. Degradation of cell wall by fungi depends
upon the cell wall composition. Some fungi can colonize
the entire tissue (like Cyathus stercoreus) whereas others

are localized in poor lignified areas like mesophyll (leaf pa-
renchyma) (Karunanandaa et al., 1995).

SEM studies of pretreated paddy straw were in accor-
dance with the chemical make-up of the treated straw
which showed enhanced cellulose content in pretreated
paddy straw as compared to untreated paddy straw. How-
ever, lignin, hemicellulose, and silica, were recorded to re-
duce significantly.

FIGURE 2: Morphological and structural changes in pretreated paddy straw after various pretreatments. a. Control; b. 4% Ammonia-30
min microwave; c. 4% Sodium Sulphite-30 min microwave; d. 4% Sodium Carbonate-30 min microwave; e. 4% Sodium Hydroxide-30 min
microwave; f. Pleurotus florida - P: Phytolith; W: Wart-like structures; FH: Fungal Hypha.
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4. CONCLUSIONS

Enhanced bulk density, decreased lignin and silica con-
tent, and tattered paddy straw structure indicates that mi-
crowave assisted NaOH pretreatment method is the best
amongst the various pretreatment methods investigated
in the current study. This pretreatment technique removes
more than 90% silica besides reducing lignin. It is lot quick-
er with shorter pretreatment period and is straightforward.
This method is equally effective when upscaled to 100 kg
paddy straw. However, the wash water generated while
washing the pretreated straw is a huge concern which
needs to be addressed in future.
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