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Abstract
Sequential pretreatments for sugarcane bagasse (scb) by NaOH followed by organosolv under mild conditions were evalu-
ated for cellulose recovery and dilignification. The best-optimized sequential pretreatment of scb was obtained at 10% 
(w/v) of raw scb loading at 1% (w/v) NaOH (50 °C, 2 h) followed by treatment with organosolv (85%, v/v phosphoric acid, 
50 °C, 1 h) with chilled acetone. This sequentially pretreated scb showed cellulose recovery, 66.1% (w/w) and delignifi-
cation, 83.2% (w/w). NaOH or organosolv pretreated scb showed lower cellulose recovery 47.4% (w/w) or 54.5% (w/w) 
with lower delignification, 61% (w/w) or 56% (w/w), respectively. Pretreated solid residue of sequentially pretreated scb 
was enzymatically saccharified by chimera (β-glucosidase and endoglucanase, CtGH1-L1-CtGH5-F194A) and cellobio-
hydrolase (CtCBH5A) cloned from Clostridium thermocellum. Enzymatic hydrolysate of best sequentially pretreated scb 
gave total reducing sugar (TRS) yield, 230 mg/g and glucose yield, 137 mg/g pretreated scb. Only organosolv pretreated 
scb gave TRS yield, 112.5 mg/g and glucose yield, 72 mg/g of pretreated scb. Thus, sequentially pretreated scb resulted 
in 37% higher enzymatic digestibility than only orgnaosolv pretreated scb. Higher enzymatic digestibility was supported 
by higher crystallinity index CrI (45%) than those obtained with only organosolv pretreated (38%) or raw scb (25%). Field 
Emission Scanning Electron Microscope (FESEM) and Fourier-transform infrared (FT-IR) analyses showed enhanced 
cellulose exposure in sequentially pretreated scb. Preliminary investigation of bioethanol production at small scale by sepa-
rate hydrolysis and fermentation (SHF) of enzymatic hydrolysate from best sequentially pretreated scb by Saccharomyces 
cerevisiae gave maximum ethanol yield of 0.42 g/g of glucose.
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Introduction

Extensive utilization of non-renewable energy sources has 
led the focus toward the research and technology develop-
ment in the field of sustainable energy resources (Pathak 
and Das 2020). Lignocellulosic biomass is one of the sus-
tainable energy resources for the production of bioethanol. 
The cell wall of lignocellulosic biomass contains cellulose 
and hemicellulose (Liu et al. 2019). The cellulose is the 
most abundant carbohydrate which can serve as a potential 
feedstock for bioethanol production. Sugarcane bagasse 
(scb) is one of the largest, renewable, and low-cost cellu-
losic agro-industrial waste used as feedstock in bioethanol 
production (Pandey et al. 2000). Scb contains approximately 
50% (w/w) cellulose, 25% (w/w) each of hemicellulose and 
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lignin (Pandey et al. 2000). Lignin present in the lignocel-
lulosic biomass is responsible for the recalcitrant nature of 
the biomass. It is known to act as a barrier against the action 
of various chemicals and microbial degradation processes 
(Zhao et al. 2009; Rezende et al. 2011). The pretreatment 
of scb biomass by NaOH removes lignin and increases the 
accessibility of cellulose and hemicellulose for enzymatic 
saccharification (Kim et al. 2016). However, to improve the 
removal of lignin, the increase of NaOH dosage leads to the 
production of a large number of alkali black liquors, which 
causes wastewater discharge (Yan et al. 2020). This also 
causes some of the cellulose solubilization along with the 
lignin and hemicellulose removal. The acid pretreatments 
on biomass are employed for the hydrolysis of hemicellu-
lose for increasing the accessibility of cellulose (Sritrakul 
et al. 2017). However, this could produce inhibitory prod-
ucts, which can negatively affect the downstream process 
(Sritrakul et al. 2017; Mesa et al. 2011; Zhang et al. 2016). 
Hence, for efficient delignification and higher cellulose 
recovery, alternative sequential pretreatment strategies 
could be designed (Mesa et al. 2011; Zhang et al. 2016; 
Sindhu et al. 2012). In this regard, the effect of organosol-
vent, i.e., acetone on acid-pretreated rice straw biomass was 
explored in a previous study (Sindhu et al. 2012). The rice 
straw pretreated with 60% (v/v) acetone in the presence of 
dilute sulphuric acid as catalyst was found to be an effective 
pretreatment for fermentable sugar yield for the produc-
tion of bioethanol (Sindhu et al. 2012). However, the use of 
organosolvent for pretreatment of lignocellulosic biomass is 
least explored in bioethanol production (Zhang et al. 2016; 
Sindhu et al. 2012). The organosolvent in the presence of 
acid or alkali resulted in high cellulose recovery and del-
ignification, therefore is the most promising pretreatment 
strategy for biomass (Mesa et al. 2011; Zhang et al. 2016; 
Sindhu et al. 2012). However, the high cost of solvents is 
the major limiting step in the organosolv pretreatment pro-
cess which can be overcome using efficient solvent recovery 
strategies (Zhang et al. 2016). The phosphoric acid-ace-
tone pretreatment is known to be an effective pretreatment 
strategy for higher removal of hemicellulose and lignin for 
increasing cellulose exposure (Satari et al. 2019). In this 
pretreatment, the cellulose obtained after phosphoric acid-
acetone pretreatment demonstrated extremely high reactiv-
ity for enzymatic digestibility (Marques et al. 2018).

The hydrolysis of cellulosic fraction into glucose for 
bioethanol production requires cellulases (McKee et al. 
2012). The production of these cellulases is cost-intensive 
process (McKee et al. 2012). The efficiency of the enzy-
matic hydrolysis process depends on the catalytic efficiency 
of cellulases and synergistic actions among them against 
cellulosic substrates (McKee et al. 2012; Lee et al. 2011; 
Nath et al. 2019). The development of cellulases, with 
multifunctional activities, reduces the process cost (Lee 

et al. 2011; Nath et al. 2019). These engineered enzymes 
were used for hydrolysis of pretreated lignocellulosic bio-
mass into glucose for bioethanol production (Lee et al. 
2011; Nath et al. 2019). In an earlier study, the chimera 
(CtGH1-L1-CtGH5-F194A) was constructed by the fusion 
of β-glucosidase (CtGH1) and endoglucanase (CtGH5-
F194A) from Clostridium thermocellum showed both the 
activities (Nath et al. 2019). It was thermostable and acted 
efficiently on Sorghum biomass (Nath et al. 2019). In the 
present study, the sequential pretreatment strategy for scb 
was explored using dilute NaOH followed by phosphoric 
acid–acetone at mild temperature conditions for efficient 
delignification, cellulose recovery, and improved enzymatic 
digestibility. The sequentially pretreated scb was enzymati-
cally hydrolyzed using a cocktail of cellulases consisting 
of a bifunctional chimera (CtGH1-L1-CtGH5-F194A) hav-
ing β-glucosidase and endoglucanase activities (Nath et al. 
2019) and cellobiohydrolase (CtCBH5A) (Nedumaran et al. 
2020) cloned earlier from Clostridium thermocellum. The 
biomass sample after best sequential pretreatment by dilute 
NaOH for 2 h followed by phosphoric acid–acetone was 
analyzed by different analytical methods for determining 
the efficiency of the pretreatment process and was further 
compared with only organsolv pretreated, only NaOH pre-
treated, and raw scb. Moreover, the enzymatic hydrolysate 
obtained from the sequential pretreated scb was subjected 
to small-scale fermentation through separate hydrolysis fer-
mentation (SHF) by Saccharomyces cerevisiae for prelimi-
nary investigation of bioethanol production.

Materials and methods

Scb feedstock preparation

The lignocellulosic feedstock, scb, was collected from a 
local juice center located in the Sonitpur region of Assam, 
India. It was washed thoroughly with tap water and dried in 
the hot air oven at 70 °C for 48 h. The dried substrate was 
chopped, ground, and sieved through a standard test sieve 
of 1 mm pore size.

Pretreatment of scb

Stage 1: alkali pretreatment

In stage 1 pretreatment, the raw scb at 7.5% (w/v) biomass 
loading was chemically pretreated by 1% (w/v) NaOH 
as reported earlier (Talha et al. 2016). To 1 g of raw scb, 
13.3 mL of 1% (w/v) NaOH was added in a 100 mL Erlen-
meyer flask and incubated in an incubator shaker (Scigenics 
Biotech, Model: Orbitek) at 50 °C, 80 rpm. Stage 1 pretreat-
ment was carried out for different time intervals of 1, 2, 3 
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and 4 h to optimize the reaction time. The alkali pretreated 
scb pulp was washed with distilled water until the neutral 
pH 7.0 was achieved. The neutralized samples were then 
filtered through muslin cloth and dried in a hot air oven at 
60 °C for 12 h. The pretreated hydrolysate obtained from 
this stage 1 pretreatment was analyzed for the estimation of 
total reducing sugar (TRS) by the method described earlier 
by Nelson (1944) and Somogyi (1945).

The neutralized dried solid residue obtained after stage 
1 pretreatment and raw scb biomass was further subjected 
to organosolv pretreatment using phosphoric acid-acetone 
method described below in stage 2 pretreatment.

Stage 2: organosolv pretreatment of alkali pretreated scb

The dried alkali pretreated scb obtained from the stage 1 
pretreatment was further pretreated by organosolv using 
phosphoric acid–acetone method at 10% (w/v) biomass 
loading as reported earlier (Gupta et al. 2017). To 1 g of 
raw scb or dried alkali pretreated biomass of each time 
interval from stage 1, 10 mL of 85% (v/v) phosphoric acid 
was added and incubated in an incubator shaker (Scigen-
ics Biotech, Model: Orbitek) at 50 °C, 120 rpm for 1 h. 
After 1 h, 24 mL of chilled acetone was added and centri-
fuged at 6000g for 10 min, and the pellet was separated. 
This process of washing with chilled acetone was repeated 
twice followed by washing with distilled water and the pH 
of the slurry obtained in the final wash was adjusted to 
6.4 by 1.5 M NaOH solution as mentioned earlier (Gupta 
et al. 2017). This slurry was then separated using a mus-
lin cloth and dried at 25 °C for 12 h. Similarly, the raw 
scb was also subjected to single-stage organosolv pretreat-
ment. The hydrolysate obtained after stage 2 pretreatments 
were also analyzed for the total reducing sugar by the 
method described earlier (Nelson 1944; Somogyi 1945). 
The monosaccharide estimation (hexoses and pentoses) in 
the pretreated hydrolysates from all the pretreatments, viz., 
only NaOH, only organosolv, and sequential pretreatment 
were analyzed by high-performance liquid chromatography 
(HPLC coupled with RI detector, Shimadzu, Japan) using 
monosaccharide analysis HPLC column and the details are 
mentioned in the analytical methods.

Production of recombinant enzymes: chimera 
and cellobiohydrolase

The recombinant enzymes, chimera (CtGH1-L1-CtGH5-
F194A), and cellobiohydrolase (CtCBH5A) were used for 
saccharification of pretreated scb. The chimera (Nath et al. 
2019) was earlier cloned in Carbohydrate Enzyme Biotech-
nology Laboratory, Indian Institute of Technology Guwa-
hati, India. Cellobiohydrolase (CtCBH5A) cloned from 
Clostridium thermocellum was a gift from Professor Carlos 

M.G.A. Fontes, NZYTech Ltd., Lisbon, Portugal. Both chi-
mera and cellobiohydrolase were expressed in Escherichia 
coli BL-21 (DE3) cells in LB medium at 24 °C and purified 
by the method, mentioned earlier (Nedumaran et al. 2020). 
The 100 mL cultures were centrifuged at 6000g for 10 min 
at 4 °C and resuspended in 4 mL of 50 mM sodium phos-
phate buffer, pH 7.0. This cell suspension was sonicated at 
33% amplitude at pulse 5 s on and 10 s off (Sonics, Vibra 
cell) for 10 min. The supernatant containing intracellular 
recombinant proteins chimera and cellobiohydrolase were 
purified using immobilized metal-ion affinity chromatogra-
phy (IMAC) using 5 mL Sepharose column (HiTrap chelat-
ing, GE Healthcare). The purified proteins were extensive, 
dialyzed using 1.0 L of 50 mM sodium phosphate buffer 
pH 7.0 with 5 times buffer change, giving a total volume of 
5.0 L of buffer used. The protein concentration of purified 
chimera and cellobiohydrolase was determined by Bradford 
method (Bradford 1976) using BSA as standard. The reac-
tion mixture contained 10 µL of protein in 90 µL of 50 mM 
sodium phosphate buffer, pH 7.0, and 1  mL Bradford 
reagent. The reaction mixture was incubated at 25 °C for 
15 min and the optical density at 595 nm was measured by 
UV–visible spectrophotometer (Perkin Elmer, Lambda-45) 
using 50 mM sodium phosphate buffer, pH 7.0 as blank.

Enzyme activity

The endoglucanase activity of chimera was determined 
under optimized conditions. The 100 µL reaction mix-
ture containing 1% (w/v) carboxymethylcellulose (CMC) 
in 20 mM citrate phosphate buffer, pH 5.0, and 10 µL of 
0.05 mg/mL purified chimera was incubated at 60  °C, 
for optimized time period of 4 min, as described earlier 
(Nath et al. 2019). The β-glucosidase activity of chimera 
was determined under optimized conditions previously 
described (Nath et  al. 2019) using GOD–POD method 
(Raabo and Terkildsen 1960). The reaction mixture, 100 µL 
containing 1% (w/v) cellobiose and 10 μL of the enzyme 
(0.05 mg/mL) in 20 mM citrate phosphate buffer, pH 5.5 
was incubated at 70 °C for 10 min, and then, the reaction 
was stopped after boiling for 15 min. Subsequently, after 
cooling, 2.0 μL of reaction mixture was added to a well of 
96-well microtitre plate followed by addition of 200 μL of 
glucose reagent L1 (from a commercial kit) and incubated at 
37 °C in an incubator for 15 min. The β-glucosidase activity 
was determined by measuring the absorbance at 505 nm, 
on a spectrophotometer (Varian, Cary 100 Bio) using glu-
cose as standard. The cellobiohydrolase, CtCBH5A activ-
ity was measured by incubating 100 µL reaction mixture 
containing 1% (w/v) CMC in 50 mM sodium phosphate 
buffer, pH 6.4 and 10 µL of 0.05 mg/mL purified enzyme 
at 65 °C for 2 min as mentioned earlier (Nedumaran et al. 
2020). The enzyme activity of chimera (endoglucanase) and 



 3 Biotech (2021) 11:59

1 3

59 Page 4 of 16

cellobiohydrolase was calculated by estimating the reducing 
sugar released method (Nelson 1944; Somogyi 1945). The 
reducing sugar was estimated by measuring the absorbance 
at 500 nm, on a spectrophotometer (Varian, Cary 100 Bio) 
using glucose as standard.

Optimization of enzymatic saccharification

Optimization of enzyme loading

The saccharification of the pretreated scb biomass from 
stage 1 and stage 2 pretreatments, viz., only organosolv and 
all sequentially pretreated scb was carried out using cocktail 
of chimera and cellobiohydrolase in a previously optimized 
ratio of 2:3 (Nedumaran et al. 2020). The common 50 mM 
sodium phosphate buffer, pH 6.4 was used for enzymatic 
saccharification of pretreated scb, since cellobiohydrolase 
is stable in 50 mM sodium phosphate buffer, within the pH 
range, 6.2–6.6 (Nedumaran et al. 2020), and chimera also 
showed its stability in 50 mM sodium phosphate buffer, pH 
6.4, retaining 70–80% of its activity for both β-glucosidase 
and endoglucanase (Nath et al. 2019). The total enzyme 
loading concentration of chimera and cellobiohydrolase in 
optimized 2:3 ratio was varied between 200 and 800 U/g for 
enzymatic saccharification of each pretreated scb samples.

The saccharification reaction was performed in 1 mL 
reaction volume using initially 2% (w/v) of pretreated scb 
in 50 mM sodium phosphate buffer, pH 6.4, and incubated 
in a shaking incubator at 30 °C at 150 rpm for 48 h in dupli-
cate sets. 0.005% (w/v) sodium azide was added to prevent 
the reaction mixture from contamination. The above sac-
charification reactions were stopped after 48 h, by boiling 
the reaction mixtures in boiling water bath for 10 min. The 
optimum enzyme loading for saccharification was deter-
mined by comparing the TRS yield estimated by the method 
of Nelson (1944) and Somogyi (1945).

The temperature for saccharification reaction was con-
sidered on basis of the previous thermostability analysis 
described on the same enzyme cocktail comprising chimera 
and cellobiohydrolase (Nedumaran et al. 2020). Moreover, 
in the current study, the thermostability study for chimera at 
30 °C and 50 °C was also performed. For the thermostabil-
ity analysis of chimera, 1 mL of 0.05 mg/mL of chimera in 
50 mM citrate phosphate buffer (pH 5.0) was incubated at 
30 °C and 50 °C for 96 h. The aliquots of 30 µL of chimera 
were withdrawn periodically and the endoglucanase activity 
was determined under optimized conditions as described 
earlier (Nath et al. 2019).

Optimization of pretreated biomass loading

The pretreated biomass loading for the saccharification 
reaction was optimized by varying the concentration of 

only organosolv and each sequentially pretreated scb sample 
from 1 to 4% (w/v). The 1 mL reaction volume under the 
optimized conditions of 50 mM sodium phosphate buffer, 
pH 6.4 was incubated at 30 °C in the shaking incubator at 
150 rpm for 48 h in duplicate sets. The total enzyme loading 
of 600 U/g was used in these reactions and 0.005% (w/v) 
sodium azide was added to prevent contamination. The sac-
charification reaction was stopped, by boiling the reaction 
mixtures in boiling water bath for 10 min. The optimum 
substrate loading for saccharification was determined by 
comparing the TRS yields estimated by the method of Nel-
son (1944) and Somogyi (1945).

Optimization of time of incubation 
for saccharification

Enzymatic saccharification for only organosolv and each 
sequentially pretreated scb samples was carried out at a 
biomass loading of 2% (w/v) and an enzyme loading of 600 
U/g in 1 mL reaction volume under the optimized reaction 
conditions for 48 h, 72 h, and 96 h. The reactions were 
stopped at each time interval by boiling the reaction mixture 
in boiling water bath for 10 min. The optimum time of incu-
bation for saccharification was determined by comparing 
the TRS yields, estimated by the method of Nelson (1944) 
and Somogyi (1945).

Enzymatic saccharification of best sequentially 
pretreated scb under optimized conditions

The best sequentially pretreated scb (1%, w/v NaOH at 
50 °C for 2 h followed by organosolv at 2% (w/v) pretreated 
biomass loading was saccharified using total enzyme con-
centration of 600 U/g of chimera and cellobiohydrolase at 
optimized ratio, 2:3 for 96 h. The saccharification reaction 
was performed in a 40 mL reaction volume with 50 mM 
sodium phosphate buffer, pH 6.4 at 30ºC, 150 rpm in the 
presence of 0.005% (w/v) sodium azide. After 96 h, 1.0 mL 
aliquot was collected and the TRS yield was estimated by 
the method described by Nelson (Nelson 1944) and Somo-
gyi (Somogyi 1945). The glucose quantification was per-
formed by HPLC using monosaccharide analysis HPLC 
column. The enzymatic hydrolysate (34 mL) obtained was 
then used for small-scale fermentation at shake flask level 
using S. cerevisiae as mentioned in the subsequent section.

Small‑scale fermentation of enzymatic hydrolysate

The fungal strain, S. cerevisiae MTCC170 was procured 
from the Institute of Microbial Technology (IMTECH), 
Microbial Type Culture Collection (MTCC), Chandi-
garh, India. The cultures were maintained in YEPD agar 
plate containing: yeast extract, 10.0 g/L; peptone, 20 g/L 
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and dextrose, 20 g/L and incubated at 30 °C for 24 h as 
reported earlier (Bharadwaja et al. 2015). The enzymatic 
hydrolysate from best sequentially pretreated scb was sub-
jected to small-scale fermentation by S. cerevisiae at shake 
flask level to investigate preliminary bioethanol production. 
The glucose present in the enzymatic hydrolysate (34 mL 
containing 2.78 g/L of concentration was filter sterilized 
using 0.2 µm membrane) was used as a carbon source for 
bioethanol production. The fermentation medium (40 mL) 
containing enzymatic hydrolysate was supplemented with 
yeast extract (3 g/L),  KH2PO4 (1 g/L),  (NH4)2SO4 (5 g/L), 
and  MgSO4·7H2O (0.5 g/L), and medium pH was adjusted 
to 5.0. The inoculum, 15% (v/v) of 12 h grown S. cerevi-
siae culture (cell  OD600 of 3.5) was added and incubated in 
an incubator shaker (Scigenics Biotech, Model: Orbitek) at 
30 °C and 150 rpm following the protocol described earlier 
(Bharadwaja et al. 2015). After every 2 h of fermentation, 
0.5 mL aliquot was withdrawn and the cell growth by the 
optical density  (600nm) of broth, the substrate (glucose), and 
ethanol concentration were monitored. After the complete 
consumption of glucose, the samples were withdrawn after 
every 4 h till 24 h. Ethanol yield and conversion efficiency 
were calculated using the following formula given earlier 
(Hatzis et al. 1996):

Mass balance

The mass balance was carried out for 100 g of raw scb for 
the best sequentially pretreated scb under optimized enzy-
matic saccharification and fermentation conditions. The cel-
lulose conversion (%) was calculated using the following 
equation (Hatzis et al. 1996):

Here, ES is the enzymatic saccharification.

(1)Ethanol yield (g∕g of glucose) =
Ethanol produced (g∕L)

Glucose (g∕L) produced after enzymatic saccharification
,

(2)Ethanol conversion efficiency (% ) =
Ethanol produced (g)

Maximum theoretical producable ethanol
× 100.

(3)Cellulose conversion (% ) =
glucose produced after ES × 0.9

glucan amount in scb pretreated biomass
× 100.

Analytical methods

Total reducing sugar, monosaccharide, and ethanol 
quantification

The hydrolysates obtained after stage 1 and stage 2 pretreat-
ments and enzymatic saccharification of pretreated scb only 
organosolv and each sequentially pretreated scb were ana-
lyzed for total reducing sugar (TRS) yield by the method 
described by Nelson (1944) and Somogyi (1945). The con-
centration of the fermenting sugars (hexoses and pentoses) in 
the pretreated hydrolysates and the concentration of glucose 
in enzymatic hydrolysates were quantified by HPLC (Coupled 
with RI detector, Shimadzu, Japan). The 500 µL samples were 
filtered through the PVDF membrane (pore size 0.2 µm, MF-
Millipore, Merck, Massachusetts USA) using a sterile syringe 
filter. Twenty microliters of filtered sample were injected into 
the HPLC column Phenomenex Rezex ROA (300 × 7.8 mm) 
with guard column (50 × 7.8 mm) for monosaccharide sugar 
analysis. The column temperature was kept constant at 37 °C 
throughout the analysis. 5 mM  H2SO4 was used as the mobile 
phase at a flow rate of 0.5 mL/min with retention time of 
40 min. The standards, glucose, and xylose (Sigma-Aldrich 
Co. LLC., USA) were used within 0.1 to 1 mg/mL concen-

trations. The ethanol concentration in 500 µL sample during 
fermentation was determined by HPLC using Metacarb 67C 
analyt column. The column temperature was maintained con-
stant at 85 °C. MilliQ water was used as the mobile phase at 
a flow rate of 0.5 mL/min.
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Carbohydrate composition analysis of raw and pretreated 
scb

The holocellulose, cellulose, hemicellulose, and acid-insolu-
ble lignin (ADL) content of raw scb, scb pretreated by NaOH 
for 2 h, only organosolv and the best sequentially pretreated 
scb was determined by TAPPI method (TAPPI 1992). The 
solid recovery, cellulose, hemicellulose, and lignin removal 
were calculated by following the method reported earlier 
(Hatzis et al. 1996):

Structure characterization of raw and pretreated 
scb biomass

XRD analysis of raw and pretreated scb

The crystallinity for raw scb, the scb pretreated by NaOH 
for 2 h, only organosolv, and each sequentially pretreated 
scb was investigated using X-ray diffractometer (D8 
Advance, Bruker, Germany). The diffractometer was set at 
40 kV, 40 mA, and radiation source Cu  Kα (λ = 1.54 Å). 
Samples were scanned with 2θ = over range of 5–30 °C with 
a step of 0.05 °C. The crystallinity index (CrI) of all the 

(4)Cellulose removal (% ) = 1 −

(

% celluose in pretreated scb

% cellulose in raw scb

)

× solid yield,

(5)Hemicellulose removal (% ) = 1 −

(

% hemicellulose in pretreated scb

% hemicellulose in raw scb

)

× solid yield,

(6)Lignin removal (% ) = 1 −

(

% lignin in pretreated scb

% lignin in raw scb

)

× solid yield.

samples was calculated by the formula described earlier 
(Segal et al. 1959):

The CrI (%) of each sample was calculated by:

where Icrystalline is the intensity of the crystalline peak at 
2θ = 22° and Iamorphous is the intensity of the amorphous 
peak at 2θ = 18°.

FESEM analysis of raw and pretreated scb

The FESEM analyses of raw scb, the scb pretreated by 
NaOH for 2 h, only organosolv, and the best sequentially 
pretreated scb were carried out to determine and compare 
the variations in the structural topology of the pretreated 
biomass. The samples for FESEM analysis were prepared 
by drying the raw or pretreated biomass in a hot air oven at 
60 °C for 24 h. The dried biomass was placed over a carbon 
tape and a double coating of gold film over samples was 
performed for 90 s using Polaron Sputter Coater, SC7620 
“Mini” (Quorum Technologies, England). Each sample 

(7)CrI(%) =
Icrystalline − Iamorphous

Icrystalline

× 100,

Table 1  Total reducing sugar analysis in pretreated hydrolysates of scb

 ± standard deviation (n = 2)
TRS total reducing sugar
a TRS yield estimated by method of Nelson (1944) and Somogyi (1945)
b HPLC analysis
c TS yield = total sugar yield (sum of TRS from stage 1 and TRS from stage 2 pretreatments)

Stage 1 pretreatment aTRS yield 
(mg/g raw 
biomass)

bGlucose (mg/g) bXylose (mg/g) Stage 2: stage 1 + organosolv 
pretreatment

aTRS yield 
(mg/g raw 
biomass)

cTS yield 
(mg/g raw 
biomass)

NaOH for 1 h 20.3 ± 0.2 3.7 ± 0.01 3.2 ± 0.02 1 h NaOH pretreated + organosolv 0.6 ± 0.01 20.9 ± 0.2
NaOH for 2 h 13.5 ± 0.2 2.6 ± 0.04 2.5 ± 0.02 2 h NaOH pretreated + organosolv 1.2 ± 0.02 14.7 ± 0.2
NaOH for 3 h 9.4 ± 0.1 1.3 ± 0.04 1.3 ± 0.02 3 h NaOH pretreated + organosolv 1.0 ± 0.01 10.4 ± 0.1
NaOH for 4 h 5.9 ± 0.3 0.5 ± 0.01 0.6 ± 0.01 4 h NaOH pretreated + organosolv 0.8 ± 0.02 6.7 ± 0.3
Only organosolv 1.5 ± 0.2 – – –
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was then examined under FESEM (carl Zeiss, SIGMA VP 
instrument, Germany).

FT‑IR analysis of raw and pretreated scb

The FT-IR-spectral analyses of raw scb, the scb pretreated 
by NaOH for 2 h, only organosolv, and the best sequen-
tially pretreated scb samples dried under hot air oven were 
carried out. The pretreated scb samples were grinded with 
KBr in the ratio 1:100 (w/w) and the mixtures were made 
into a pellet using hydraulic press. The pellet samples were 
subjected to spectral analysis by FT-IR spectrometer (Perkin 
Elmer, USA) and scanned between wavenumber 400 and 
4000 cm−1. The peaks corresponding to lignin, hemicel-
luloses, and cellulose were analyzed.

Results and discussion

Preliminary analysis of pretreatment based 
on reducing sugar released in pretreated 
hydrolysates from scb

The stage 1, alkali 1% (w/v) NaOH pretreated scb at 50 °C 
for 1, 2, 3, and 4 h resulted the TRS yields of 20.3, 13.5, 
9.4, and 5.9 mg/g of raw biomass, respectively, as estimated 
by reducing sugar estimation method of Nelson (1944) and 
Somogyi (1945) in the hydrolysate (Table 1). The monosac-
charide analysis by HPLC showed that the glucose yield 
from the stage 1 alkali pretreatment of scb for 1, 2, 3, and 
4 h in the hydrolysate was very low, i.e., 3.7, 2.6, 1.3, and 
0.5 mg/g of raw scb biomass, respectively (Table 1). Simi-
larly, the xylose yield from the stage 1 pretreatment for 1, 
2, 3, and 4 h in the pretreated hydrolysate was also very 
low, i.e., 3.2, 2.5, 1.3, and 0.6 mg/g of raw scb biomass, 
respectively (Table 1). These low values indicated insignifi-
cant hydrolysis of carbohydrate content of scb after alkali 
pretreatment. Similarly, in a previous study, the low TRS 
yield of 41.1 mg/g of raw biomass was released in the pre-
treated hydrolysate after pretreatment of scb with 8% (w/v) 
NaOH at 180 °C for 30 min, suggesting lower hydrolysis 
of carbohydrate content after alkali pretreatment (Zhang 
et al. 2020).

The only organosolv pretreated scb generated TRS yield 
of only 1.5 mg/g of raw biomass; therefore, glucose and 
xylose were not detected in the HPLC analysis (Table 1). 
The stage 2, sequential pretreatments, i.e., NaOH pretreated 
scb from different time intervals 1, 2, 3, and 4 h followed by 
organosolv pretreatment generated total sugar (TS), in the 
pretreated hydrolysates from two successive pretreatments, 

yield of 20.9, 14.7, 10.4, and 6.7 mg/g, of raw biomass, 
respectively, (Table 1). The TRS obtained in the hydro-
lysate after the stage 2 pretreatments was low (0.6–1.2 mg/g 
of raw biomass), and therefore, glucose and xylose were 
not detected in the HPLC analysis (Table 1) indicating 
lower carbohydrate loss or solubilization. An earlier report 
showed that organosolv pretreated rice straw gives higher 
delignification and reduced hydrolysis of carbohydrates 
as compared to raw rice straw biomass (Asadi and Zilouei 
2017). In a previous study, two-stage pretreatment of poplar 
wood chips with steam and organosolv comprising aqueous 
ethanol resulted in 66% (w/w) delignification with maxi-
mum cellulose and hemicellulose recovery of 90% (w/w), 
suggesting that the organosolv pretreatment caused less 
carbohydrate degradation (Panagiotopoulos et al. 2013). 
These results showed that only organosolv and sequentially 
pretreated scb give much lower TRS in the pretreated hydro-
lysate. Thus, these pretreated scb were taken further for 
saccharification by chimera and cellobiohydrolase.

Optimization of saccharification of pretreated scb 
by cellulases’ enzymes

Optimization of enzyme and pretreated scb loading

The chimera (CtGH1-L1-CtGH5-F194A) showed 4316 
U/µmol of endoglucanase activity against CMC and 
4984 U/µmol of β-glucosidase activity against cellobiose 
under optimized reaction conditions. Cellobiohydrolase 
(CtCBH5A) gave 20 U/mg or 1340 U/µmol against CMC 
under optimized conditions. Based on the enzyme activi-
ties calculated for chimera and cellobiohydrolase, the cock-
tail of chimera and cellobiohydrolase in the ratio 2:3 was 
prepared by following the method previously mentioned 
(Nedumaran et al. 2020). This enzyme cocktail was used 
for optimizing the enzymatic saccharification reaction for 
pretreated scb (only organosolv and NaOH pretreated scb 
for 1, 2, 3, and 4 h followed by organosolv pretreatment). 
The temperature for saccharification considered was 30 °C, 
because chimera retained 100% activity at 30 °C (Fig. S1). 
Moreover, an earlier reported optimization also gave maxi-
mum TRS yield at 30 °C as compared to higher tempera-
tures after saccharification of pretreated Sorghum biomass 
using the same enzyme cocktail (Nedumaran et al. 2020). 
The enzyme loading and pretreated biomass loading con-
centration were optimized for maximum TRS yield from 
above-pretreated scb. The optimum enzyme loading con-
centration comprising chimera and cellobiohydrolase in a 
ratio of 2:3 was 600 U/g (240 U/g:360 U/g) at a constant 
pretreated biomass of 2% (w/v) (Fig. S2). The optimum 
pretreated biomass loading concentration under the above-
mentioned conditions of enzyme loading of 600 U/g was 
found to be 2%, w/v (Fig. S3).
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Optimization of time of incubation for saccharification

The saccharification of each pretreated scb (only organo-
solv and NaOH pretreated scb for 1, 2, 3, and 4 h followed 
by organosolv pretreatment) performed using optimized 
enzyme loading of 600 U/g and optimized substrate con-
centration of 2% (w/v) of pretreated scb monitored for 48, 
72, and 96 h at 30 °C. The best sequential pretreatment for 
scb was identified on the basis of TRS yield, glucose yield, 
and CrI determined, as listed in Table 2. The sequentially 
pretreated (NaOH pretreated for 2 h + organosolv) scb gave 
maximum TRS yield, 230 mg/g of pretreated scb that was 
obtained at 30 °C after 96 h of saccharification (Table 2). In 
a previous report, the enzymatic hydrolysis of microwave-
assisted acid-pretreated scb gave maximum TRS yield, 
91 mg/g of pretreated scb (Binod et al. 2012). While, dilute 
nitric acid-pretreated scb (1%, w/v autoclaving at 121 °C 
and 1  atm pressure for 30  min) gave comparable TRS 
yield, 280 mg/g of pretreated scb (Ascencio et al. 2019). 
Although, acid pretreatments on biomass are mostly used 
for hydrolysis of hemicellulose for increasing the accessi-
bility of cellulose, but it produces inhibitory products that 
can negatively affect the downstream process (Binod et al. 
2012). Hence, the current optimized sequential pretreatment 
can be used as an alternate possible pretreatment strategy 
instead of harsh pretreatments for efficient enzymatic diges-
tion of cellulose part of scb by employing further optimiza-
tion in the enzymatic hydrolysis process.

The enzymatic hydrolysate of all 5 pretreated scb sam-
ples obtained after the saccharification was also analyzed 
for glucose yield by HPLC. The sequentially pretreated 
(NaOH pretreated for 2 h + organosolv) scb resulted in 
maximum yield of 137 mg/g of glucose after enzymatic 
saccharification which was ~ twofold higher than 72 mg/g 
of pretreated scb obtained with only organosolv (Table 2). 
These results showed that the enzymatic digestibility or 
cellulose-to-glucose conversion (%) of this sequentially 
pretreated scb after enzymatic saccharification was 19% 
(using Eq. 3), which was 37% higher than 12% obtained 
with the only organosolv pretreated scb. This could be 
because in sequential (NaOH pretreated for 2 h + organo-
solv) pretreatment of scb, the combined effect of alkali and 
organosolv resulted in enhanced delignification and higher 
cellulose exposure in the pretreated scb. The exposed cellu-
lose after sequential pretreatment was readily acted upon by 
cellulase cocktail for higher cellulose-to-glucose conversion 
as compared to other pretreatments. From previous stud-
ies, the cellulose conversion obtained from chemically pre-
treated scb by NaOH and  H2SO4 was in the range, 20–70% 
(Rezende et al. 2011), while with NH4OH, it was 35% (Cao 
and Aita 2013). The previous studies also reported that the 
higher cellulose exposure and cellulose conversion to glu-
cose increases with increase in delignification (Cao and 
Aita 2013; Liu et al. 2015; Wang et al. 2019).

Table 2  Quantitative analysis of 
reducing sugars released after 
enzymatic saccharification of 
pretreated scb

 ± Standard deviation (n = 2). Organosolv = 85% (v/v) phosphoric at 50 °C for 1 h + chilled acetone
TRS total reducing sugar, ND not determined
a TRS yield estimated by Nelson (Nelson 1944) and Somogyi (Somogyi 1945).
b  Estimation by HPLC

Pretreatment Time of sac-
charification

TRS  yielda (mg/g of 
pretreated scb)

Glucoseb (mg/g) CrI (%)

Raw biomass ND ND ND 25
only organosolv, 48 h 40.8 ± 1.1 15.5 ± 0.02 38

72 h 104.4 ± 0.7 53.5 ± 0.5
96 h 112.5 ± 0.2 72 ± 0.3

1% (w/v) NaOH, 1 h + organosolv 48 h 138.8 ± 1.6 52.5 ± 1.8 43
72 h 170.9 ± 0.5 68.8 ± 0.6
96 h 179.6 ± 1.8 100.5 ± 0.6

1% (w/v) NaOH, 2 h + organosolv 48 h 112.7 ± 2.8 53.7 ± 1.8 45
72 h 181.8 ± 0.9 90.6 ± 1.5
96 h 230 ± 2.1 137 ± 0.6

1% (w/v) NaOH, 3 h + organosolv 48 h 95.5 ± 1.2 31.5 ± 0.4 42
72 h 98.8 ± 0.7 57.3 ± 0.9
96 h 95.8 ± 1.1 48.8 ± 0.4

1% (w/v) NaOH, 4 h + organosolv 48 h 39.9 ± 0.5 15.5 ± 0.4 38
72 h 58.2 ± 1.2 27.8 ± 0.2
96 h 70.7 ± 0.2 37.8 ± 0.5
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Composition analysis of raw and pretreated scb

The composition analysis of of raw scb, the scb pretreated 
by NaOH for 2 h, only organosolv, and the best sequentially 
pretreated scb were performed and described in Table 3. 
The raw scb showed 68.3% (w/w) holocellulose, which 
contained 42.5% (w/w) of cellulose, 25.8% (w/w) of hemi-
cellulose, and 22.1% (w/w) acid-insoluble lignin (ADL) 
(Table 3). The higher cellulose content makes scb a poten-
tial lignocellulosic resource for bioethanol production. In 
only alkali (1%, w/v NaOH) pretreatment at 50 °C for 2 h 
showed 70.2% (w/w) solid recovery, giving higher holocel-
lulose content of 70.1% (w/w) consisting of 47.4% (w/w) 
of cellulose, slightly lower hemicellulose content of 22.8% 
(w/w), and lower ADL of 12.3% (w/w) as compared to the 
raw scb biomass. These results indicated maximum 61% 
(w/w) of lignin removal and 38.1% (w/w) of hemicellu-
lose removal; however, there was relatively lower cellulose 
removal of 21.4% (w/w) in the pretreated scb hydrolysate 
(Table 3). The cellulose, hemicellulose, and lignin removal 
(%) were calculated using Eqs. (4–6), respectively. There-
fore, this pretreatment by the use of mild NaOH gave higher 
lignin removal of scb biomass with less solubilization of 
cellulose and hemicellulose than raw scb, thereby leading 
to high carbohydrate recovery from scb biomass.

The only organosolv pretreatment of scb showed 63% 
(w/w) solid recovery, giving higher holocellulose (69.5%, 
w/w), cellulose (54.5%, w/w), and ADL (15.5%, w/w) con-
tent, but lower hemicellulose content (15%, w/w) than the 
raw scb (Table 3). These results gave 63.4% (w/w) of hemi-
cellulose removal along with 56% (w/w) of lignin removal 
and lower cellulose removal of 19.3% (w/w) in the pre-
treated scb hydrolysate (Table 3). This might be because 
in the organosolv pretreatment, where the phosphoric acid 
present could dissolve crystalline cellulose and hemicel-
lulose portion along with the delignification as reported 
earlier (Zhang et al. 2016).

The best sequentially pretreated scb (NaOH pretreated 
for 2 h + organosolv) showed solid recovery of 46.1% (w/w) 
giving increased holocellulose content, 74.5% (w/w) and 
cellulose content, 66.1% (w/w) with decreased hemicellu-
lose (8%, w/w), and ADL contents (8.1%, w/w) (Table 3). 
These results showed that there are low cellulose (28.4%, 
w/w) removal and maximum hemicellulose (85.8%, w/w) 
and lignin (83.2%, w/w) removal in the pretreated scb 
hydrolysate (Table 3). Similarly, in the previous studies on 
scb, the efficient pretreatments were designed for higher cel-
lulose recovery up to 63% (w/w) (Wang et al. 2019), 57.6% 
(w/w) (Zhang et al. 2006), and 40.3% (w/w) (Gupta et al. 
2020). Therefore, the current sequential pretreatment strat-
egy for scb could be considered as an effective approach for 
higher delignification and cellulose recovery with enhanced 
cellulose exposure for efficient enzymatic hydrolysis.

XRD analysis of raw and pretreated scb

The CrI analysis of raw scb, the scb pretreated by NaOH 
for 2 h, only organosolv, and each sequentially pretreated 
scb were carried out by XRD and compared. The raw scb 
showed CrI of 25%, while the only NaOH pretreated for 2 h 
and only organosolv pretreated scb showed similar CrI of 
38%. The sequentially pretreated scb showed the high-
est CrI of 45% among all sequentially and only organosolv 
pretreated scb (Table 2). The CrI of sequentially pretreated 
(NaOH pretreated for 2 h + organosolv) scb was 44% higher 
than the raw scb and 16% higher than both only organo-
solv and NaOH pretreated for 2 h pretreated scb. In a pre-
vious study, the analysis of CrI after acid pretreatment of 
sugarcane bagasse showed 48% increase in CrI as compared 
with raw scb (Zhang et al. 2020). This suggested the effec-
tive removal of hemicellulose content from scb leaving the 
crystalline cellulose fraction intact in the pretreated solid 
residue as mentioned earlier  (Rocha et al. 2020). Simi-
larly, in the present study, the enhanced CrI was contributed 

Table 3  Composition analysis of raw and pretreated sugarcane bagasse

 ± Standard deviation (n = 2). Cellulose, hemicellulose, and lignin removal was calculated per 100 g of raw scb. Organosolv = 85% (v/v) phos-
phoric at 50 °C for 1 h + chilled acetone

Pretreatment Solid 
recovery 
(%, w/w)

Holocel-
lulose (%, 
w/w)

Cellulose (%, 
w/w)

Hemicel-
lulose (%, 
w/w)

Lignin (%, w/w) Cellulose 
removal (%, 
w/w)

Hemicellulose 
removal (%, 
w/w)

Lignin 
removal (%, 
w/w)

Raw scb 100 68.3 ± 1.2 42.5 ± 0.6 25.8 ± 0.6 22.1 ± 0.8 – – –
1% (w/v) NaOH, 

2 h
70.2 ± 2.4 70.1 ± 1.6 47.4 ± 0.7 22.8 ± 0.9 12.3 ± 0.5 21.4 38.1 61

Only organosolv 63 ± 2.1 69.5 ± 1.2 54.5 ± 0.4 15 ± 0.8 15.5 ± 0.6 19.3 63.4 56
1% (w/v) NaOH, 

2 h + organo-
solv

46.1 ± 0.8 74.5 ± 1.1 66.1 ± 0.7 8 ± 0.4 8.1 ± 0.3 28.4 85.8 83.2
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by the combined action of alkali and organosolv pretreat-
ment. These results demonstrated that the removal of hemi-
cellulose and lignin was higher in sequentially pretreated 
(NaOH pretreated for 2 h + organosolv) scb than the other 
pretreatments. It has been also reported earlier that if the 
pretreatment of biomass is effective, the amorphous nature 
of cellulose fibers increases that makes it more available for 
enzymatic hydrolysis (Moura et al. 2018; Qiu et al. 2012).

FESEM analysis of raw and pretreated scb

The surface topology structure analysis of raw scb, the 
scb pretreated by NaOH for 2  h, only organosolv, and 
the best sequentially pretreated scb (NaOH pretreated for 
2 h + organosolv) scb samples were carried out, as shown 
in Fig. 1. The rigid and non-porous and rough surface of 
raw biomass was due to the intact structural integrity of 
cellulose, hemicelluloses, and lignin (Fig. 1a). The only 
NaOH pretreated scb showed visible voids (Fig. 1b). These 
voids generated in the surface morphology of the biomass 

could be attributed to the delignification. This was also ear-
lier reported that alkali pretreatment of scb forms pores on 
the surface of biomass, which is mainly due to the lignin 
removal and that makes the biomass more accessible to the 
saccharifying enzyme(s) (Rabelo et al. 2011; Sant’Anna and 
Souza 2012). The only organosolv pretreated scb showed 
non-porous, with a smooth surface structure more similar 
to the raw scb biomass (Fig. 1c). The FESEM images of 
sequentially pretreated (NaOH pretreated for 2 h + organo-
solv) scb displayed fibrous structures with relatively smooth 
surface unlike the raw biomass (Fig. 1d). These smooth 
fibrous structures might be the exposed cellulose fibers. 
This indicated that the sequential pretreatment removed 
external fibers (lignin and hemicellulose), which in turn 
increased the surface area of pretreated biomass, making 
cellulose fibers more accessible to the cellulase enzymes. 
Similar surface structure changes in rice straw pretreated 
with electron beam irradiation (Bak et al. 2009) and aque-
ous ammonia (Ko et al. 2009) due to the removal of external 
fibers were reported.

Fig. 1  FESEM image analysis of scb. a Raw biomass, b alkali pre-
treated scb by 1% (w/v) NaOH at 50  °C for 2 h, c only organosolv 
pretreated scb using 85%, v/v phosphoric acid at 50  °C for 1 h fol-
lowed by chilled acetone, and d sequentially pretreated (1%, w/v 

NaOH for 2 h + organosolv) scb. The dried scb samples were placed 
over a carbon tape and a double coated by gold film for 90  s using 
Polaron Sputter Coater, SC7620 “Mini” (Quorum technologies, Eng-
land) for the analysis
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FT‑IR analysis of raw and pretreated scb

The FT-IR spectroscopic analyses of raw scb, the scb pre-
treated by NaOH for 2 h, only organosolv, and the best 
sequentially pretreated scb (NaOH pretreated for 2 h + orga-
nosolv) were carried out, and the results are shown in Fig. 2. 
The raw scb biomass showed the existence of the peaks at 
wavenumber 1265 cm−1 and 1749 cm−1 which are asso-
ciated with the lignin and its aromatic ring, respectively 
(Fig. 2). The presence of lignin and aromatic lignin ring 
in Arabidopsis (Xu et al. 2013) and scb biomass (Bi et al. 
2016) at 1215 cm−1 and 1770 cm−1, respectively, was also 
reported earlier. However, only NaOH pretreated scb dis-
played reduced peaks at 1265 cm−1 and 1749 cm−1 (Fig. 2) 
showing the effective removal of lignin from scb. The FT-IR 
spectrum of sequentially pretreated scb showed a prominent 
peak at 1062 cm−1 for crystalline cellulose and relatively 
sharp peak at 1171 cm−1 for hemicellulose (Fig. 2), while 
in only organosolv and NaOH pretreatments, these peaks 
were not prominent (Fig. 2). Similarly, the corresponding 
peaks 1053 cm−1 associated with crystalline cellulose and 
1160 cm−1 with hemicellulose in the pretreated wheat straw 
biomass were earlier reported (Bekiaris et al. 2015). These 
results displayed that cellulose and hemicellulose are more 

exposed after the sequential pretreatment of scb than the 
other two pretreatments.

A small but very prominent and sharp peak at 890 cm−1 
characteristic of amorphous cellulose appeared in the 
sequentially pretreated scb, which was absent in the other 
all pretreated and raw scb. This result further confirmed 
that the sequentially pretreated scb gave enhanced cellulose 
exposure as compared with all other two pretreatments of 
scb. Similarly, a sharp peak at 898 cm−1 in the alkali-treated 
seaweed (Gelidiella aceroso) powder associated with 
β-glycosidic linkages between the anhydroglucose rings in 
the cellulose was reported earlier (Singh et al. 2017).

Relatively, a broad peak was observed at 1632 cm−1 in 
the sequentially pretreated scb (Fig. 2). This peak is princi-
pally associated with absorbed water, due to strong affinity 
of hemicellulose for water, suggesting that the pretreated 
sample has disordered structure. In vetiver grass, the corre-
sponding peak at 1633 cm−1 was observed in the pretreated 
sample which was suggested to be associated with the water 
absorption spectrum of the hemicellulose (Chaikumpollert 
et al. 2004). A wide peak near 3420 cm−1 was observed in 
the sequentially pretreated scb sample (Fig. 2). This wide 
peak is associated with OH vibrations due to intermolecu-
lar and intramolecular hydrogen bonds in cellulose. The 

Fig. 2  FT-IR spectra of scb. 
a Raw biomass, b alkali pre-
treated by 1% (w/v) NaOH at 
50 °C for 2 h, c only organo-
solv pretreated by 85%, v/v 
phosphoric acid at 50 °C for 
1 h followed by chilled acetone, 
and d sequentially pretreated 
(1%, w/v NaOH for 2 h + orga-
nosolv) scb. The scb samples 
were ground with potassium 
bromide (KBr) in the ratio 
1:100 (w/w) and were made into 
a pellet by hydraulic press. The 
pellet samples were scanned 
between wavenumber, 400 and 
4000 cm−1
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corresponding peak at 3426 cm−1 for the cellulose from 
pretreated kans grass was described earlier (Gupta et al. 
2017). A higher  CH2 peak stretching near 2913 cm−1 in the 
sequentially pretreated scb was observed (Fig. 2), which is 
a distinguishing feature of cellulose. Similarly, the peak at 
2900 cm−1 associated with cellulose from the pretreated 
biomass Lantana camara was described earlier (Borah et al. 
2016). The FT-IR spectral analysis of raw and sequentially 
pretreated scb clearly showed that the cellulose fibers are 
exposed and hemicellulose and lignin contents are signifi-
cantly removed in the pretreated scb. The best sequentially 
pretreated scb was saccharified by a cocktail of cellulase 
enzymes, and the hydrolysate obtained was used for sepa-
rate hydrolysis and fermentation for small-scale bioethanol 
production.

Small‑scale fermentation of enzymatic hydrolysate

The SHF was employed for 34 mL hydrolysate (contain-
ing 2.78 ± 0.33 g/L of glucose) obtained after enzymatic 
saccharification of best sequentially pretreated (NaOH for 
2 h + organosolv) scb by cellulase cocktail of chimera and 
cellobiohydrolase for preliminary investigation of bioetha-
nol production at a small scale. The fermentation of hydro-
lysate was carried out by taking it as a carbon source with 

supplementation of other nutrients as mentioned in meth-
ods. The fermentation profile depicting glucose and etha-
nol concentration along with the cell OD at 600 nm during 
the fermentation process are shown in Fig. 3. The ethanol 
concentration reached a maximum of 1.18 ± 0.18 g/L at 2 h 
of fermentation with concomitant decrease in glucose con-
centration (Fig. 3) giving ethanol yield 0.42 g/g of glucose 
resulting in 82.4% of ethanol conversion efficiency (using 
Eqs. 1 and 2). However, this is a preliminary investigation 
for bioethanol production at a small scale from the cur-
rent optimized saccharification and pretreatment strate-
gies. Therefore, the process could be a possible approach 
for a large-scale production upon further optimization. 
Moreover, in earlier reports, as summarized in Table 4, the 
ethanol conversion efficiency obtained from dilute alkali 
pretreated scb was 23% after 72 h of fermentation (Asgher 
et al. 2013) and 40.84% after 24 h of fermentation (Liu et al. 
2015), while with dilute ammonia pretreatment of scb, it 
was 42% after 72 h of fermentation (Cao and Aita 2013). 
Thus, above ethanol conversion efficiencies also indicated 
that the production of ethanol depends on the pretreatment 
and hydrolysis (Cao and Aita 2013). Nevertheless, the pre-
treatment should result in maximum lignin removal and 
higher cellulose exposure for efficient ethanol conversion 
efficiency (Liu et al. 2015; Qiu et al. 2012). In a previous 

Fig. 3  Separate hydrolysis and fermentation (SHF) profile of the 
hydrolysate obtained after enzymatically saccharification of the cel-
lulosic fraction recovered from optimized sequential pretreatment by 
1% (w/v) NaOH at 50 °C for 2 h followed by organosolv (85%, v/v 
phosphoric acid at 50 °C for 1 h + chilled acetone) of scb. The small-
scale fermentation was performed by Saccharomyces cerevisiae at 

30 °C and 150 rpm for 24 h. The profile is showing the cell growth 
(the cell optical density at 600  nm), glucose utilization (g/L), and 
ethanol concentration (g/L) with time. 500 µL sample from fermenta-
tion broth was withdrawn, and glucose and ethanol were determined 
simultaneously by HPLC using Metacarb 67C analyt column
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study, 3% (w/v) NaOH pretreatment of sugarcane bagasse 
which gave delignification of 70% (w/w) these resulting 
in efficient cellulose-to-glucose conversion that led to the 
maximum ethanol conversion efficiency of 67.5% (Wang 
et al. 2019).

Overall mass balance

The mass balance based on 100 g raw scb for optimized 
sequentially pretreated (NaOH for 2 h + organosolv) scb 
and its subsequent enzymatic hydrolysis and fermentation 
process steps were carried out (Fig. 4). The best sequen-
tially pretreated scb gave 46.1 g of solid residue containing 
30.4 g cellulose, 3.7 g hemicellulose, and 3.7 g lignin. The 
pretreated hydrolysate contained 12.1 g cellulose, 20.7 g 
hemicellulose, and 18.3 g lignin. The enzymatic sacchari-
fication of the best sequentially pretreated scb by chimera 
and CtCBH5A in 2:3 ratio under optimized conditions for 
96 h released TRS, 10.6 g, and glucose, 6.3 g (Fig. 4). The 
preliminary investigation for bioethanol production at a 
small scale by SHF of glucose obtained from enzymatic 
saccharification of the best sequentially pretreated scb pro-
duced 2.7 g of ethanol (Fig. 4). This showed that the pro-
duction of ethanol was 82.4% of the theoretical yield.

Conclusion

The sequential pretreatment by 1% (w/v) NaOH at 50 °C for 
2 h followed by phosphoric acid–acetone pretreatment was 
found to be an effective pretreatment strategy for sugarcane 
bagasse. It showed 83.2% (w/w) delignification. resulting 
in higher cellulose recovery of 66.1% (w/w), demonstrat-
ing that this pretreatment is effective for the exposure of 
cellulose content. The enzymatic hydrolysis using cellu-
lase cocktail comprising chimera and cellobiohydrolase 
of above sequentially pretreated scb resulted in maximum 
TRS yield of 230 mg/g and glucose yield of 137 mg/g of 
pretreated scb. This resulted in 37% higher cellulose-to-
glucose conversion than with only organosolv pretreated 
scb. This sequential pretreated scb gave maximum CrI of 
45% indicating higher removal of hemicelluloses and lignin 
than only organosolv pretreated (38%) and raw scb (25%). 
The surface morphological changes of the sequentially 
pretreated scb analyzed by FESEM displayed the smooth 
surface with fibrous structures suggesting the exposure of 
cellulose fibers. The FT-IR analysis of sequentially pre-
treated scb showed the enhanced cellulosic peaks as com-
pared with only organosolv pretreated and raw scb. The 
preliminary investigation for bioethanol production at a 
small scale from enzymatic hydrolysate obtained from the 
sequentially pretreated scb upon separate hydrolysis and 
fermentation by S. cerevisiae gave ethanol yield of 0.42 g/g Ta
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of glucose, which resulted in the ethanol conversion effi-
ciency of 82.4%. These optimized pretreatment strategies 
could be used as a possible approach for higher cellulosic 
conversion to glucose for bioethanol production on a large 
scale using further optimization.
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