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Abstract

Surplus availability of rice straw (RS) presents it as a potential feedstock for ethanol production. Steam explosion (SE) is
considered as a green approach to extract fermentable sugars at lower cost. The present study deals with the reaction con-
dition optimization for water and dilute acid assisted steam explosion of rice straw at different temperatures and explores
the effect of structural properties of solid residue on enzymatic hydrolysis along with mass balance. SE conditions were
optimized at pilot scale, raising the temperature from 170 to 200 °C in water assisted SE resulting in an increased glucan
conversion from 21.4 to 42.5% at 15% solid loading using 1.5 FPU of cellulases g~! biomass. Further, it was improved up to
58.7% by increasing the enzyme dosage to 5 FPU, although it might lead to enhanced enzyme cost by threefold. To reduce
costs, small amount of dilute acid (DA) was added during SE and lowering of enzyme consumption i.e. 1.5 FPU/g cellulose
has been used to achieve 65.5% glucan conversion. Varying temperature and incorporate dilute acid during pretreatment
induced structural alterations in biomass evident by compositional analysis, FT-IR and mass balance. Mass balance study
revealed that the overall sugar recovery i.e. 58.7 and 38.8% and theoretical yield of ethanol shall be 222 and 186 L ton™! RS
respectively, with and without DA addition.
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Introduction

Emergent world’s fuel demand with global warming tempted
to find an alternative to fossil material, which can be pro-
duced locally and biologically and thus can help to improve
socio-economic upliftment of the rural sector. Therefore, it
is imperative to develop and utilize renewable energy like
wind, solar, geothermal, hydropower and biomass as one of
the promising energy source for a more sustainable society
[1-3]. This has even more relevance for countries that are
heavily dependent on imported crude, such as India.

Biomass is the largest and surplus source of energy being
used to generate heat and power over the last few decades.
However, use of biomass in the form of transportation fuel
has not been explored much. Presently, there are several
countries for instance; the United States, the European
Union, Brazil, China, Canada and India etc. have promoted
the fuel ethanol production [4, 5]. Fuel ethanol in these
countries has been produced using food based material like
corn, sugarcane, sugar beet etc. leading to fuel vis-a-vis food
debate. Therefore, lignocelluloses biomass like rice straw,
cotton straw, wheat straw, sugarcane bagasse, corn stover,
Acacia magnesia, etc. contains holocellulose and it could
be an option to produce fuel ethanol for mitigating the fossil
fuel requirement to some extent [6—8].

Abundance availability across the globe comprising
more than 50-55% fermentable sugars present in rice straw
shows a vast potential feedstock for ethanol production [9,
10]. Globally, annual rice production is 700-800 million
tons. India is the second-largest producer after China, which,
produce ~112 and 140 million tons of milled rice and paddy
straw yearly [11]. In India, nearly 50% of rice straw is burnt
because farmers has a very limited time about 3—4 weeks
to prepare their land for next crop and therefore burning is
the fastest and the cheapest way of removing waste from
their land [12]. Increasing the world pollution and health
problem are observed due to increase in greenhouse gases
due to fuel burning activities [13]. Furthermore, rice straw
does not make a suitable to use it as an animal fodder as it
has large amount of silica and a very small amount of pro-
tein content. Thus, bio-processing of biomass for bio-ethanol
production not just give the resolution for it managing the
land as well as correspondingly lesser pollution by eluding
burning, encouraging a natural source of renewable energy
would result in enhancing social and economic level of rural
society. Although, biomass is very rich in fermentable sug-
ars, however, extracting of these sugars from the biomass
make difficult because of recalcitrant nature of biomass.
Hence, the pretreatment is prerequisite process to improve
sugar recovery in biomass processing leading rupture the
LCC (lignin-carbohydrate complex) structure. This poly-
saccharide thus escalates the cellulose accessibility towards
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cellulases in enzymatic saccharification. Several pretreat-
ment techniques such as, grinding, wet milling, dilute acid,
alkaline, ionic liquid, etc., are obtainable for manufacturing
lignocellulosic ethanol. All aforementioned methods are
expensive, energy intensive or involve the use of high bio-
catalyst concentration leading to higher effluent treatment
costs and thereby requiring exotic metallurgy for reactors
and vessels [14-17].

Steam explosion has been explored as one of the potent,
greener, and economical methods to extract and employ the
carbohydrate available in biomass for industrial purpose. SE
involves the compression and decompressions of biomass
at high steam pressure and temperature, where, water enter
inside to the biomass, moisten cellulose and dissolve hemi-
cellulose as well slightly detach/ or displacement of lignin
[8]. Dilute acid catalyzed steam explosion can effectively
solubilize the xylan and considering as a potential path for
lignocellulosic ethanol production. The proton (H*) ion of
dilute acid (H,SO,) during SE is proficient to penetrate the
rice straw cell wall resulting to cleavage the hemicelluloses
B-(1—4)-glycosidic bonds and stimulate the defibrillation
of RS. Moreover, the efficiency of glucan hydrolysis was
firmly dealt with the structural intricacy of pretreated resi-
due such as crystallinity, hemicellulose and lignin content
along with cellulase loading, pH, temperature and required
reaction conditions [18].

Present study deals with a systematic investigation on
pretreatment of rice straw at varying reaction temperature
performed in a continued steam explosion pilot plant of
240 kg day™! capacity with vertical steam digester reactor
(15 L capacity) at Indian Oil Corporation Limited (IOCL),
R&D Centre, Faridabad, India. The objective of this research
including: (a) optimization RS pretreatment condition (b)
evaluating the impact of water soaking followed by supple-
menting/mixing dilute sulfuric acid in enhancing enzymatic
hydrolysis, (c) understanding the trade-off between chemical
and bio-chemical usages for cost reduction (d) interrelation-
ship between the enzymatic hydrolysis with the physico-
chemical characteristics of pretreated residue to establish
their relationship with enzyme saccharification. Moreover,
the impact of inhibitors like acetic acid, furfural, and HMF
and oligomers including gluco- and xylo-oligomers formed
during SE has been evaluated on the enzymatic hydrolysis.

Materials and Methods

The collection of rice straw was conducted at the time of
harvesting in the fall of year 2020 from Mohna village
(28.22° N, 77.44° E), Faridabad, Haryana (North India) and
milled using a knife mill with a ~10 mm screen size and
stored in an airtight polybags. The chemical/materials were
an analytical grade and utilized as such with no purification.
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The Cellic Ctec3 enzyme (cellulases) was obtained from
Praj Industries, Pune, India as a gift sample.

Steam Explosion of Rice Straw

10 kg rice straw having moisture contain of 9.0 wt% was
primarily soaked/immersed in the water with a ratio of 1:20
biomass-water (w/w) for 1 h at ambient temperature. Fur-
ther, the soaked rice straw was dewatered using a hydraulic
press machine at 100 bar for 10 min and the resultant con-
tent having ~60-65% moisture. Beforehand, pretreatment
vertical reactor was preheated using a steam jacket for 0.5 h
to reach the desired set temperature. In SE, the hopper was
feed by RS at 10 kg h™! rate to maintain a static flow towards
the vertical reactor. The reaction mixture was warm up by
directly steam injected in vertical reactor at different reac-
tion temperatures ranging from 170 to 220 °C for a constant
retention time of 5 min. Experiments were also conducted
under acid addition in soaked rice straw. For instance, 1.1
wt% dilute sulfuric acid was sprayed on soaked and squeezed
biomass and mixed thoroughly by hopper agitator at 100 rpm
for 30 min followed by steam explosion pretreatment at 190
and 200 °C for 5 min. As the reaction was accomplished,
the instant explosive depressurization was occurred due to
unlock the ball valve and final treated slurry was obtained
and collected in the slurry tank through cyclone separator.
The moisture content, insoluble solid and composition of the
pretreated residue were determined under prescribed condi-
tion according to NREL protocol [14]. Whereas, monomeric
and oligomeric sugars and inhibitor concentrations present
in pretreated hydrolysate were analyzed by the method given
in Semwal et al. [15]. The SE treated rice-straw slurry was
kept in a closed container and stored at 4 °C, until further
use.

Enzymatic Saccharification

The pretreated slurry was separated into two parts i.e., (i)
washed (by water) and (ii) unwashed (pretreated slurry as
such). The unwashed SE treated RS was maintained to a
pH of 5.0-5.2 by the addition of the 1N sodium hydrox-
ide (aqueous). Enzymatic hydrolysis of pretreated samples
was executed in a rotary incubator using sodium citrate
buffer (0.05 M) at 50 °C using 15% WIS (water-insoluble
solid) loading. 15 g pretreated residue (dry basis) from each
experiment was transferred into a 500 mL Erlenmeyer flasks
and mixed with sodium citrate buffer (pH 5.0) to maintain
a final volume (100 ml) of reaction mixture. The slurry was
pre-incubated at 50 °C for 10 min followed by adding cel-
lulases, i.e., range from 1.5 to 5 FPU g‘1 WIS. The ~100 uL.
supernatant was withdrawn from the reaction mixture at dif-
ferent time interval for measuring the sugar concentration
through HPLC.

FT-IR

FT-IR spectrometer (FT-IR Prestige-21 Shimadzu) was uti-
lized to find out the structural alteration of the samples and
drawn the IR spectra in the range of 400-4000 cm™' with
resolution of 4 cm™' and 200 scan per sample in an absorb-
ance mode. The samples were prepared in drift mode with
KBr in the ratio of 1:1000, ww™' by crushing followed by
pressing into tablet. Avicel PH 101 (microcrystalline cel-
lulose) was taken as a standard sample. The zero baseline
correction was improved by 10 points smoothing using
KubelkaMunk model.

Process Material Balance

The process material balance was evaluated on biomass (dry
basis) received pre and post steam explosion pretreatment
(PT) and enzymatic hydrolysis (EH) for the targeted product
of ethanol. The overall sugar recoveries after PT and EH
was calculated based on the formula given in Sharma et al.
[19]. Whereas, calculation of expected ethanol yield after
fermentation and electricity generation (theoretical) through
residual lignin (byproduct) were given in Soam et al. [20].

Results and Discussion

Selection of Reaction Condition and Approach
towards Improving Sugar Conversion

Rice straw (water soaked) was performed in steam explosion
digester reactor at a wide range of operating temperature
from 170 to 220 °C with water/steam for 5 min residence
time. The pretreatment efficiency was measured by the
enzymatic hydrolysis (15% solid loading and 1.5 FPU of
cellulase g~! WIS) and it was found that the highest glu-
can conversion was in 200 °C (42.5%) and lowest in 170 °C
(21.4%) and the detailed descriptions of glucan conversion
are given in Sect. 3.4. To achieve a target of approx. 70%
glucose hydrolysis, the experiment was further conducted
at higher enzyme dosage from 1.5 to 5 FPU g~! WIS. The
maximum glucan conversion, i.e. 57.6% was obtained in 5
FPU of cellulase g~! WIS at 15% solid loading. Since, by
increasing the enzyme dosages improved the conversion of
glucan from 42.5 to 57.6% however; it did not provide the
desired result. Therefore, the addition of a small amount
sulfuric acid (1.1 wt%) were attempted to the improve effi-
ciency of steam explosion pretreatment and enhanced the
glucan conversion up to ~22-24%. The addition of a small
amount of sulfuric acid is a key strategy to enhance the sugar
conversion rate of lignocellulosic biomass by facilitating the
hydrolysis of complex carbohydrate structures. Sulfuric acid
functions as a potent acid catalyst, donating protons (H")
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that initiate the cleavage of glycosidic bonds within cellulose
and hemicellulose components. This protonation triggers the
depolymerisation of polysaccharides into soluble sugars,
primarily glucose and xylose. Additionally, the presence of
sulfuric acid establishes an acidic environment that promotes
the disruption of lignin-carbohydrate linkages, further aid-
ing in the liberation of sugars [21]. This dual mechanism of
acid-catalyzed hydrolysis and lignin modification synergis-
tically enhances the accessibility of sugars for subsequent
enzymatic or chemical conversion processes, leading to
improved sugar yields and overall conversion efficiency of
lignocellulosic biomass [22].

Components of Native and Pretreated Residue

Table 1 summarizes the compositional analysis of untreated
and treated RS along with water-insoluble solids (WIS) of
respective SE treated residues. W1-170, W2-180, W3-190,
W4-200, W5-210, W6-220, SA1-190, and SA2-200 refer to
rice straw pretreated with water (W) or sulfuric acid (SA)
from 170 to 220 °C for 5 min respectively. The increase in
pretreatment severity either by increasing the temperature
or by increasing the acidity of media results in lower WIS
suggesting removal of non-structural sugars, extractives and
solubilization of hemicelluloses. For instance, an increase
in temperature from 170 to 220 °C while using water/steam
as a reaction medium results in the reduction of WIS from
87.0 to 76.4%, whereas, addition of acid as a catalyst in
the SE, i.e., SA1-190 and SA2-200 resulted in WIS to 71.0
and 61.0% respectively. The correlation between WIS and

Table 1 Compositional analysis of native and pretreated biomass samples

residual hemicellulose content in the pretreated residue was
also reported by Gaur et al. [23].

Table 1 represent the glucan content in native RS, i.e.,
37.8% and which increases after SE, i.e., 41.1, 42.4, 44.9,
52.0,53.1% in W1-170, W2-180, W3-190, W4-200, W5-210
and then slightly reduced to 50.7% in W6-220. The glucan
content further increased to 55.0 and 54.5% as the severity
of reaction condition was increased by addition of dilute acid
during SE (SA1-190 and SA2-200) indicating xylan and /
or lignin removal or solubilization. Enrichment of glucan
content in pretreated residue was also observed previously
[19, 24].

It was also observed that the xylan content was increased
from 18.3% (native RS) to 21.0 (W1-170), 20.5 (W2-180)
and 20.1% (W3-190) respectively. However, the xylan con-
tent significantly dropped to 18.2 (W4-200), 13.6 (W5-210),
and 11.3% (W6-220), when the pretreatment temperature
raised from 200 to 220 °C and further reduced to 9.6%
(SA1-190) and 8.6% (SA2-200), by addition of dilute acid
during SE indicating increased xylan solubilization. It is
further supported by residual acetic acid, which signifi-
cantly decreased from 1.0 to 0.0% with increasing severity
in W1-170 to 0.0% in SA2-200. This finding suggests that a
higher pretreatment temperature and a lower pH encourage
the hydrolysis of the ester linkage among acetyl and xylan,
resulting in xylan solubilization during pretreatment and
also more affected cellulose with a greater potential for its
hydrolysis. Additionally, it was shown that the removal of
xylan could increase the cell wall matrix porosity and build
up nano-scale gaps (voids) between delaminated microfibril
sheets, increasing the cellulose's susceptibility to cellulase

Components Native RS* (%) Steam explosion using water® (%) Steam explosion using
dilute acid® (%)
WI1-170 W2-180 W3-190 W4-200 W5-210 W6-220 SA1-190 SA2-200
Glucan 37.8 41.4 424 449 52.0 53.1 50.7 55.0 54.5
Xylan 18.3 21.0 20.5 20.1 18.2 13.6 11.3 9.6 8.6
Arabinan 34 4.9 4.9 37 1.8 1.0 1.0 0.0 0.0
Lignin® 12.9 18.0 18.0 17.5 16.9 19.4 23.6 20.2 22.0
Ash 7.3 13.9 134 13.0 11.1 12.9 134 15.2 14.9
Acetic acid 2.0 1.0 1.0 0.8 0.0 0.0 0.0 0.0 0.0
Extractives 18.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
WIS® - 87.0 85.4 85.7 79.0 717.6 76.4 71.0 61.0

aRS, rice straw

SWater treated RS (W1-170 to W6-220 represents the pretreatment temperature at 170 to 220 °C for 5 min residence time)
“H,SO, doped RS (SA1-190 and SA2-200 represents the H,SO, concentration of 1.1% w/w, pretreatment temperature at 190 and 200 °C for

5 min residence time

4Lignin includes both acid-soluble and acid-insoluble lignin

°WIS (Water-insoluble solid): the mass of total solid recovered after pretreatment/mass of total biomass taken for pretreatment (on a dry weight
basis) *100. All experiments were conducted in triplicate and each value is expressed as a mean
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[22]. It has also been previously demonstrated that enzy-
matic hydrolysis and xylan removal are positively correlated
[25]. However, the partial degradation and generation of
xylose and furfural, respectively, in the pretreatment hydro-
lysate that was accumulated under more severe reaction
conditions likely contributes to the reduction of xylan con-
tent [26]. In pretreated residue, it is believed that the acetyl
groups and lignin could prevent the cellulase from attacking
the cellulose [27, 28]. Greater lignin content is produced
when pretreatment harshness is enhanced during SE either
via raising the temperature or increasing the acidity that
can be attributed to the development of pseudo-lignin. For
instance, in water assisted SE (W6-220) and dilute acid-
assisted SE (SA2-200), the lignin concentration rose from
12.9% (native RS) to 23.6 and 22.2%, respectively. Similar
findings of lignin content increasing with severity were pre-
viously reported [29, 30].

Analysis of Components Present in SE Treated
Hydrolysate

The monomeric and oligomeric sugars in pretreatment
hydrolysate are shown in Table 2, along with their break-
down products such as HMF, furfural, acetic acid, and for-
mic acid. The sugar concentration (C6 and C5 sugar) in
pretreatment hydrolysate was increased either by increas-
ing the pretreatment temperature or by addition of acid. In
water-assisted SE, sugars are mainly present in oligomeric
form and these sugars reduce with raising the process tem-
perature. It was noted that the W4-200 found maximum oli-
gomer formation, i.e., 32.1 g L~ whereas, SE conducted at
a lower temperature (W1-170, W2-180, and W3-190) gives
lower oligomer formation, i.e., 8.8, 7.5, and 7.4 g L ™! respec-
tively, this may be attributed to the insufficient hydrolysis of
glucan and xylan.

In W5-210 and W6-220, the formation of oligomers was
reduced to 26.7 and 12.5 g L™! after 200 °C due to the higher
degree of hydrolysis caused by the higher temperature used
to convert the oligomer to monomers. During dilute acid
assisted SE, 17.2 g L™! and 22.75 g L™! sugars (C6+C5)

Table 2 Components of pretreatment hydrolysate (g L™)

were formed in SA1-190 and SA2-200 caused by the deg-
radation of hemicellulose to xylose and a minor quantity of
glucan to glucose. HMF and furfural are produced from the
further breakdown of these sugars, which are respectively
formed from xylose and glucose. However, oligomers were
not detected in acid-assisted SE hydrolysate indicating that
the dilute acid could effectively solubilize the oligosaccha-
rides to xylose during pretreatment supported by the reduced
residual xylan content, i.e. 9.6 and 8.6% present in SA1-190
and SA2-200 respectively.

It is noticed that at lower pretreatment temperatures, such
as W1-170, W2-180, and W3-190, inhibitor concentrations
of HMF, furfural, acetic acid, and formic acid were found
to be negligible. While adding dilute acid (SA1-190 and
SA2-200) and raising the temperature from 200 to 220 °C
(W4-200, W5-210, and W6-220) significantly increased
the formation of inhibitor concentration, i.e. from 1.19 to
419¢ L!. However, the maximum inhibitor concentration
was found in W6-220 (4.19 g L") followed by SA2-200
(2.32 g L") due to the higher severity in W6-220 than SA2-
200. This may be argued that the formation of inhibitors is
directly proportional to the severity applied during pretreat-
ment. The degradation products formed during pretreatment
can cause inhibitory effect on the growth of fermenting yeast
and thereby reduce ethanol productivity. However, these
degradation products formed during pretreatment are lesser
than reported data (~1.5-2.0 g L™!). Some authors reported
previously about the formation of inhibitors during SE pre-
treatment at higher severity [19, 31, 32].

Glucan Hydrolysis and Balance Between Chemical
and Biological Catalyst

Efficiency of pretreatment and glucan hydrolysis is a signifi-
cant part to the bio-ethanol conversion from lignocellulosic
biomass. The pretreatment is not only solubilize xylose by
destructing the biomass cell wall and dislocating the lignin
but also boost the rate of enzymatic hydrolysis by increasing
the accessibility of cellulase towards biomass for formation
of fermentable sugars [33]. Figure 1 depicts the time course

gLt W1-170 W2-180 W3-190 W4-200 W5-210 W6-220 SA1-190 SA2-200
Degradation ~ Formic acid 0.0 0.0 0.0 0.31 0.44 0.85 0.27 0.39
products Acetic Acid 0.0 0.0 0.0 0.63 0.86 1.21 0.72 1.06
HMF 0.0 0.0 0.0 0.20 0.33 0.77 0.22 0.38
Furfural 0.0 0.0 0.0 0.05 0.37 1.36 0.39 0.49
Sugars Glucose 0.15 0.42 0.42 0.60 1.66 3.00 4.19 5.03
Xylose 0.04 0.03 0.19 0.81 1.96 2.65 13.01 17.72
Glucose oligomer 1.60 1.10 2.00 2.40 0.90 0.50 0.00 0.00
Xylose oligomer 7.20 6.40 5.40 29.70 25.80 12.00 0.00 0.00
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Fig. 1 Time course of glucan conversion of the pretreated biomass at
different reaction conditions

of glucan hydrolysis of SE treated RS under various reaction
conditions with 15% solid loading using 1.5 FPU cellulases
2! of WIS. It can be seen that the glucan conversion was
significantly increased from 12.6 to 65.4% with raising the
hydrolysis time from 24 to 72 h, however, the rate of enzy-
matic hydrolysis was increase in high severity (pretreatment
temperature: <200 °C and acid addition) and reflected on
the beginning of saccharification itself (Fig. 1). This can be
explained by various factors that influence the enzymatic
hydrolysis, for examples, substrate product ratio, product
and enzyme inhibition and the crystallinity of cellulose etc.
As the temperature of the pretreatment increases from 170
to 200 °C (W1-170 to W4-200), glucan conversion of the
biomass increased from 21.4 to 42.5% at 72 h of hydrolysis.
It indicated that high temperature can promote the brakeage
of hydrogen bond within the crystalline area of cellulose
thereby increasing the amorphous region of cellulose pre-
sent in SE residue leading to enhanced glucan hydrolysis.
However, upon further increasing the temperature to 210
and 220 °C (W5-210, W6-220), it decreases. The highest
concentration of inhibitory products (furfural, HMF, and
acetic acid) available in pretreatment hydrolysate may be
the reason to inhibit cellulase and subsequently slowdown
the enzymatic hydrolysis (Table 2).

Additionally, the formation of pseudo-lignin in W6-220
may be the result of condensation of sugars degradation
products like HMF and furfural within or with lignin and
may be responsible for lowering enzymatic hydrolysis. The
pseudo-lignin acts as a physical barrier or forms a non-
productive binding with the enzyme protein, impeding cel-
lulases access to the cellulose. Furthermore, the inclusion
of sulfuric acid during in the steam explosion boosted the
glucan conversion in SA1-190 and SA2-200 to 57.0 and
65.4%, respectively. This might be explained by the fact that
when more xylan is solubilized, the glucan becomes more
susceptible to enzymatic attack. The acid catalyst during
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Fig.2 Enzymatic hydrolysis of pretreated residue and total sugar
concentration as a function of xylan solubilization during the steam
explosion, Glucan conversion at 72 h: open bars, total sugar concen-
tration: solid bar, xylan solubilization: (-O-)

pretreatment enable the breakdown of p-1,4-glycosidic
bonds by transmitting protons and protonation the glyco-
sidic oxygen connection with the sugar monosaccharide unit,
whereas the ester bond in hemicellulose is hydrolyzed by
the acid through protonation of glycosidic bonds. There-
fore, removing xylan makes biomass more porous, which
improves water diffusion inside the channels of the pre-
treated residue and changes the biomass's physical proper-
ties [34].

Figure 2 shows the correlation between glucan conversion
and total sugar concentration during enzymatic hydrolysis of
pretreated residue with xylan solubilization during the steam
explosion. The order for xylan solubilization was W1-170
(0.2%) < W2-180 (4.3%) <W3-190 (5.9%) < W4-200
(21.4%) < W5-210 (42.3%) < W6-220 (52.8%) < SA1-
190 (62.8%) <SA2-200 (71.3%), whereas, glucan con-
version follows the order as: W1-170 (21.4%) < W6-220
(21.6%) < W2-180 (26.3%) < W3-190 (33.7%) < W5-210
(37.1%) < W4-200 (42.5%) < SA1-190 (57.0%) < SA2-200
(65.4%). In general, the xylan solubilization increases with
an increase in the severity resulting to an increase in the
subsequent enzymatic hydrolysis as reported by Sui et al.
[35]. The maximum xylan solubilization, i.e. 71.3% was
found in SA2-200 showing the maximum glucan conversion,
i.e. 65.4%, which is the apparent reason for improved enzy-
matic accessibility. The higher solubilization of xylan in acid
assisted SE might be due to labile nature of xylan towards
acid hydrolysis [31]. Moreover, the close difference in sever-
ity between W6-220 and SA2-200 and W5-210 and SA1-190
with different glucan conversion, i.e. 21.6 and 65.4; 37.1 and
57.0% respectively support the labile nature of xylan towards
acid during SE. Contrary to above, the results demonstrated
that the pretreated residue obtained in W5-210 and W6-220
despite having the higher xylan solubilization resulted in a
lower saccharification yield than W4-200. The decrease in
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glucan conversion and total sugar conversion in W5-210 and
W6-220 can be attributed to the intensified severity of the
steam explosion process. At higher temperatures, there is a
higher likelihood of increased cellulose degradation due to
prolonged exposure to heat and pressure, resulting in the for-
mation of inhibitory compounds such as furans and organic
acids, which can impede enzymatic hydrolysis and fermen-
tation processes. Additionally, excessive thermal treatment
might lead to a more pronounced breakdown of hemicel-
lulose, further contributing to reduced sugar yields. Recent
research by Brenelli et al. [36] demonstrated a similar trend
in steam-exploded biomass, where excessively high tempera-
tures led to reduced sugar recoveries, while Kataria et al.
[37] highlighted the significance of optimizing steam explo-
sion conditions to avoid excessive degradation and maximize
sugar conversion. The reason behind the adverse effect of
enzymatic hydrolysis despite the increased level of xylan
solubilization may be attributed of other factors that affect
enzymatic hydrolysis, such as substrate crystallinity, hemi-
cellulose and lignin content, S/G ratio, product and enzyme
inhibition also as, cellulase loading and reaction conditions.
However, the maximum glucan conversion in W4-200 can
be attributed to its lower residual lignin content in solid resi-
due, which may have hindered cellulases from inefficiently
binding with lignin. In the results, glucan conversion gets
reduced by ~ 15 to 21%, while the pretreatment process
conducting at a temperature below 190 °C and above the
temperature beyond 210 °C respectively. Thus, it has been
demonstrated that enzymatic hydrolysis may be restricted
beyond a certain point. Additionally, the maximum total
sugar concentration was achieved with SA2-200 (70.9%),
followed by SA1-190 (65.3%) and W4-200 (50.9%).

The effects of total inhibitor concentration and xylo-
oligomers on glucan conversion of unwashed and washed
pretreatment residue are shown in Fig. 3. In general, xylo-
oligomers were formed by the incomplete hydrolysis of
xylan and made up by the xylose backbone connected with

E=3 Glucan conversion (unwashed) [ Glucan conversion (washed)
—&—Oligomers (C5+C6) —6—Total inhibitors
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Pretreatment experiments

Fig.3 Enzymatic hydrolysis of pretreated residue (unwashed and
washed) as a function of oiligomers formed and residual xylan in pre-
treatment, Glucan conversion (unwashed) at 72 h: solid bars, Glucan
conversion (washed) at 72 h: open bar, Total inhibitors: (-o-), Oli-
gomers (C5+C6): (-@-)

arabinofuranosyl, acetyl-groups, ferulic and p-coumaric
acid. Gaur et al. [23] and Gao et al. [38] found that the
xylo-oligomers with higher DP act as an inhibitors, which
detriment the cellulase activity. Though the washing the
pretreated residues after steam explosion could remove the
soluble oligomers and improved the enzymatic hydroly-
sis, however, the process is not suitable as the lots of water
requirement and loss the sugars during washing. Moreover,
xylose concentration in hydrolysate was reduced post wash-
ing step by which a very low ethanol titre in the broth after
fermentation could be obtained. The result shows that glucan
conversion increased from 42.5, 37.1 and 21.6 (unwashed
pretreated biomass) to 47.9, 63.7 and 62.4% (washed pre-
treated biomass) for W4-200, W5-210 and W6-220 respec-
tively. After washing, it was found that the percentage
increase in glucan conversion was 4% (W4-200) <26.6%
(W5-210) <40.8% (W6-220). This pattern is consistent with
the formation of xylo-oligomers and other inhibitors, which
may affect cellulases activity to variable degrees. However,
washing of biomass is ineffective for W1-170, W2-180,
W3-180 and W4-190 as the glucan conversion is decreased
from 27.4, 26.3, 33.7, 57.0, 65.4 to 12.4, 20.5 and 29.1%
respectively. Reduction in the glucan conversion of SA1-
190 and SA2-200 post washing suggests that xylo-oligomers
coupled with their lowest amount (9.6 and 8.6% of the total
hemicelluloses, Table 1) had the least impact on cellulases
inhibition. Disappearance of xylo-oligomers in SA1-190 and
SA2-200, the inclusion of dilute acid during SE encourages
the breakdown of oligomers to monomers that are present in
the liquid fraction with digestible cellulose in the solid resi-
due, encouraging enzymatic conversion. Hence, DA assisted
SE also co-produced several inhibitory products that impair
the subsequent bio-ethanol conversion process, such as the
breakdown of glucose into HMF, xylose into furfural, acetic
acid, formic acid, phenolics formed from lignin, oligomers,
and re-polymerized furans and pseudolignins [32, 39].
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Fig.4 Enzymatic hydrolysis of pretreated residue (W4-200) and total
sugar concentration obtained at 15% WIS loading at different cellu-
lase loading after 72 h, Glucan conversion: solid bars, total sugar con-
centration: (-0-)
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The effect of increasing enzyme doses from 1.5 to 5.0
FPU with total sugar concentration in g L™ was shown in
Fig. 4 and it was shown that increasing the enzyme dose
can also enhance the sugar concentrations. The reactions
were carried out in W4-200 at 15% solid loading using 1.5
FPU to 5.0 FPU of cellulases g~! biomass. The figure indi-
cates that for 2.0, 2.5, 3.0, 4.0, and 5.0 FPU, respectively, the
glucan conversion rose from 42.5 (1.5 FPU) to 45.9, 48.0,
51.0, 55.8, and 58.7%. As increasing the enzyme dosages,
the % enlarge in glucan conversion was found to be 3.4%
(2.0 FPU) >5.5% (2.5 FPU) > 8.5% (3.0 FPU) > 13.3% (4.0
FPU)>16.2% (5.0 FPU).

It could be argued that because xylan or xylo-oligomers
were less abundant in pretreatment residue than glucan; fur-
ther process improvement might result in a greater intensity
of glucan conversion. However, it would be preferable to
increase sugar concentration while still keeping costs low by
utilizing small amounts of the enzyme. It has been reported
that increasing the enzyme dose to 1 FPU g~! WIS causes an
increase in ethanol yield. This, in turn, causes an increase in
ethanol cost as well as a 5% rise in GHG emissions [20]. In
order to reduce the impact of enzymes on the overall conver-
sion, the pretreatment process must be improved. It may be
argued that the 1.5 FPU of cellulase g~! residue would be
advantageous for total sugar recovery and ethanol titer and
it could be enhanced by adding acid or changing the process
conditions. Additionally, careful optimization is necessary
for improved economy because there is a trade-off between
uses of enzyme vis-a-vis use of dilute acid.

FTIR Analysis

Figure 5 showed the IR spectra of untreated and treated solid
residues under various reaction conditions using FTIR. The
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Fig.5 FT-IR of native and pretreated rice straw at different reaction
conditions
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prominent band at 1200-1000 cm™" was associated with the
structural features of cellulose and hemicellulose. The peak
at 1087, 1132, and 1172 cm™ corresponded to cellulose's
C-O-H and C-O-C stretching, and it was exacerbated by an
increase in glucan content during steam explosion. Whereas,
transition from cellulose’s crystalline to amorphous struc-
ture enhanced the band at 894 cm™ (B-(1—4)-glycosidic
linkages of C—O-C stretching). However, at the adsorption
peak of 3380 cm™!, O—H stretching of hydrogen bonds was
nearly identical for native and pretreated residue. The peak
at 2926 cm™', which is related to C—-H stretching within the
cellulose's methylene, increased to a certain extent after pre-
treatment [15].

The adsorption peak at 1720 cm™'was associated with the
ester linkage between hemicellulose and lignin as well as
the C=0 and C-O bonds of the acetyl group in the hemicel-
lulose structure. Considering the results, the steam explo-
sion of rice straw at high pretreatment temperature and by
dilute acid addition resulted in decreased xylan content and
also found a very less or negligible amount of acetyl group
(Table 1). The deacetylation of hemicellulose results in the
decrease the intensity of these bands [7, 40]. The band was
more pronounce in W1-170, W2-180, and W3-190, while,
the intensity of these bands was reduced with increas-
ing severity in W4-200, W5-210, W6-220, SA1-190, and
SA2-200. Further, the appearance of adsorption peak at
1720 cm™" in the SE treated residue also reflects the pres-
ence of ester linkages between lignin and hemicellulose. The
band at 1624, 1512, and 1438 cm™! ascribed to aromatic
skeletal stretching of lignin, whereas, band at 1657 cm~'and
1723-1715 cm™ attributed to stretching of C=0 conju-
gated and un-conjugated to an aromatic ring respectively.
The intensification of characteristic peak of lignin at
1246 cm™! and 1327 cm™! in pretreated biomass might be
due to increased lignin concentration, which was also sup-
ported by compositional analysis, presented in Table 1. It
was observed that the matrix structure might be destroyed
and small lignin fragments produced when the ether bonds
of the lignin structure were hydrolyzed during pretreatment
at high severity. Therefore, due to hydrophobic interactions,
the redistribution of lignin may easily congregate into drops
within the pretreated residue and by nonproductive binding
of cellulase with lignin through hindering the cellulase to
attack the surface of cellulose [24].

Mass Balance of the Process and Waste Potential

Figure 6 illustrates the mass balance and distribution of
sugars post pretreatment including pretreatment hydrolysate
and water-insoluble solid of pretreated slurry and enzymatic
hydrolysis at the optimized reaction conditions of water
(W4-200) and acid-assisted SE (SA2-200) for the conver-
sion of ethanol (expected yield). About 9.8 kg (~98%) of
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Fig.6 Mass balance study
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the rice straw (total 10 kg of RS) was recovered after water
soaking due to the losses of fine particles and biomass dur-
ing removal of excess liquid by pressing. The moisture RS
was then carried out to a SE reactor with desired temperature
and pressure with/or without dilute acid supplementation.
For instance, post SE, the total solid recovery for W4-200
and SA2-200 were reduced, i.e., 71 and 61% respectively
owing to removal of leftover extractives and xylan solubili-
zation. The pretreated residue of W4-200 comprising 5.2 kg

Steam explosion Xylose= 0.55 Kg

A 4

Enzymatic hydrolysis
Glucose=2.63 Kg
Xylose=0.29 Kg

¥ 0 pmememmemmemmmeea-

Fermentation & distillation

[ b

Ethanol (2.22 L)
Glucan to EtOH=1.62 L
Xylan to EtOH=0.59 L

glucan, 1.82 kg xylan, 0.18 kg arabinan and 1.69 kg lignin,
whereas, SA2-200 contains 5.45 kg glucan, 0.86 kg xylan,
and 2.2 kg lignin. The sugar recovery in W4-200 including
cellulose rich solid and xylose rich hydrolysate were 96.5%
(for C6 sugar) and 71.9% (for C5 sugars) containing a total
of 4.01 kg (C6 sugars) and 1.44 kg (CS sugars) with respect
to native RS. Whereas, the sugar recovery in SA2-200 was
91.7% (for C6 sugar) and 55.9% (for C5 sugars) contain-
ing a total of 3.82 kg (C6 sugar) and 1.13 kg (C5 sugars).
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The losses incurred post pretreatment might be possible to
the degradation of sugar, elimination of extractives; ash and
incomplete dissolution of disintegrate lignin. The respective
pretreated rice straw was further subjected to glucan hydrol-
ysis at 15% WIS loading using 1.5 FPU cellulase g~! of resi-
due. The maximum glucan conversion, i.e. 42.5% obtained
in W4-200 across the water-treated SE and further enhanced
to 65.4% in SA2-200 by acid addition during SE. The overall
sugar recoveries post pretreatment and enzymatic hydrolysis
was 38.5 and 58.7% for W4-200 and SA2-200 respectively.
The losses observed during glucan hydrolysis may be attrib-
uted to the exclusion of xylo-oligomers formed during the
process in the mass closure and also incomplete breakdown
of lignin. The sugar monomers (C6 + C5) are co-fermented
to produce ethanol via yeast strain. Whereas, the leftover
lignin and other holocellulose residue obtained after fermen-
tation and distillation are used in co-generation plant to gen-
erate electricity [41]. For instance, 10 kg of RS in W4-200
and SA2-200 yields 1.86 and 2.22 L expected ethanol.

Conclusion

Pilot scale (240 kg day™! capacity) steam explosion of rice
straw conducted at different severity by raising the tempera-
ture and by using DA for production of fermentable sugars.
The maximum glucan conversion (42.5%) was achieved at
200 °C, which was further intensified to 65.4% by incor-
porating the 1.1 wt% DA by using 1.5 FPU g™! RS. Hence,
utilization of DA enhances the fermentable sugar and overall
glucose recovery and subsequently improved ethanol yields
could help in improvement in economical and energy ben-
efits during scale-up process. To quantify the cost benefits,
a techno-economic analysis of two scenarios i.e., (i) using
enzyme alone or (ii) using acid in pretreatment and enzyme
is needed in the future.
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