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biomass for increased saccharification
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Abstract
This study focusses mainly on assessing the effectiveness of acetone organosolv process as a pretreatment strategy on mustard
(Brassica juncea) biomass. We used aqueous acetone as the solvent and sulfuric acid as a catalyst for ease of cellulosic sacchar-
ification. The acetone organosolv pretreatment of mustard straw and stalk (MSS) biomass was investigated for the effect of acetone
concentration (SC), acid catalyst concentration (AC), and treatment duration (t) using a full factorial design of the experiment and
subsequent Pareto analysis of their effects. The 23 full factorials design contained 12 runs, each of which was deployed to pretreat
weighed amount of MSS biomass. Each of the different products of these 12 runs was further saccharified using cellulase enzyme
produced by Trichoderma reesei. Among the variables, the time has a pronounced effect during pretreatment on glucose yield. Since
the increase in time from 30 to 90 min caused an increase of 3.39 g/L in glucose concentration, the increase in acid catalyst
concentration from 0.2 to 0.4% caused an increment of 0.7 g/L in glucose content, while the rise in acetone concentration from
50 to 80% caused an increment of 0.44 g/L in glucose concentration. The reducing sugars generated after hydrolysis of MSS
biomass can be utilised for the production of bioethanol by Saccharomyces cerevisiae. The FTIR data and SEM studies of untreated
and treated MSS biomass were performed to indicate the pretreatment of the MSS biomass. Therefore, after pretreatment MSS
biomass can be an alternative substrate for bioethanol production. This study is an attempt to promote the valorization of widely
available MSS biomass for bioethanol production by using a statistically optimized process.
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1 Introduction

The rise in greenhouse gases, global warming and alarming air
pollution are the effects of excessive use of fossil fuels, and
today they have become the primary concern of human soci-
ety [1, 2]. The world research community has been searching
for sustainable and renewable resources to meet the present
and future energy demand [3, 4]. Hence, renewable energy
obtained from biomass is considered as an option to fossil
fuels because of its environment friendly and sustainable na-
ture. The use of biofuels in the transport sector can reduce the
dependency on fossil fuels and also the reliance on import [5,

6]. Ethanol is used as an additive for gasoline and contains
35% oxygen, which helps in the complete combustion of fuel
and reduces particulate emissions [7, 8]. The ethanol blending
policy of Government of India has mademandatory to add 5%
ethanol in gasoline with the indicative target of 20% across the
country by 2030 [9]. However, in India, ethanol supply has
not been adequate to meet the current demand of 10% ethanol
blending in gasoline [9, 10].

Bioethanol is chiefly produced from starch of corn, sugar
beet, and sugarcane and its availability depends on climatic
and geographic conditions [11, 12]. The use of these food
material-based sources for fuel production is not acceptable
in society because they will impose the burden on the food
supply and also due to its environmental effects [13, 14].
Second-generation bioethanol is obtained from the raw mate-
rials, which are rich in carbohydrates like cellulose. The cel-
lulosic biomass can be used in place of first-generation
bioethanol feedstock, and thus, it can reduce the dependency
on the food industry [14]. Therefore, lignocellulosic biomass
obtained as waste from agricultural activities has been put
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forward as a feasible alternative due to its abundance in nature
and the vast quantities generated, its higher cellulose content
and compositional uniformity [15]. Three structural polymers
form the lignocellulosic materials, i.e. cellulose, hemicellu-
loses and lignin and small quantities of other compounds
[15, 16]. The lignocellulosic biomass must be pretreated to
remove the lignin and make the cellulose fraction more acces-
sible to enzymatic attack. To derive these sugars, the process
being envisaged and researched upon involves two steps—
pretreatment and enzymatic hydrolysis. The pretreatment step
is often expensive and deleterious to the following steps [17,
18]. Therefore, it becomes necessary to study the characteris-
tics of different types of pretreatment operations and strategies
to see their effect on biomass and to improve the process
efficiency and economics.

The mustard waste biomass has been chosen owing to the
widespread cultivation of mustard oil seeds in India and its
higher cellulosic content than other agro wastes like rice straw
and wheat bran. [19]. Mustard straw and stalk (MSS) consti-
tute 70% of the mustard plant. Mustard straw has no other
particular use, and its pungent smell turns the cattle away. Its
annual production in India is 22 MT per year [20, 21]. Thus,
MSS is cheap and readily available biomass for a future cel-
lulosic biomass-based biorefinery in India.

Organic solvents like ethanol, butanol, acetone and glycerol
can dissolve a significant amount of lignin upon treatment at
high temperatures and in the presence of acid catalysts, leaving
behind pulp rich in cellulose which requires lower enzyme
loading or less saccharification time to produce fermentable
sugars [22–24]. After the organosolv process, a pure lignin
fraction, an aqueous phase containing the hydrolysed hemicel-
lulose sugars, and a relatively pure cellulosic pulp are obtained
[22, 25]. Organosolv pretreatment thus has advantages regard-
ing lignin removal and easy saccharification of cellulosic pulp
[26, 27]. The organosolv lignin is also highly suitable to pro-
duce valuable chemicals that can add and generate economic
value in the process. Also, the solvents used for pretreatments
like short-chain alcohols and ketones are easily recoverable by
distillation and can be reused, unlike acid and alkali [28–31].
Acetone is the most preferred lignin solvent due to its low
boiling point and a Hildebrand’s solubility parameter δ of 9.9
which is close to that of lignin (δ–11.0) and therefore indicates a
good solubility [31]. Acetone organosolv has been studied for
lignocellulosic biomass pretreatment wherein an aqueous ace-
tone solvent is used with the mineral acid catalyst at a high
temperature [32, 33]. It has also been studied by compounding
it with other processes like hot water treatment and phosphoric
acid-based cellulose salvation [32, 34].

This study focusses mainly on assessing the effectiveness
of acetone organosolv process as a pretreatment strategy on
mustard (Brassica juncea) biomass. We have used aqueous
acetone as the solvent and sulfuric acid as a catalyst. The study
also aims to assess acetone regarding ease of cellulosic

saccharification. It will also gauge mustard straw’s usability
as a feedstock for ethanol production via organosolv pretreat-
ment. A study of other chemical pretreatment methods like
acid hydrolysis, steam explosion and alkali pretreatment
of mustard straw and their impact on enzymatic hydrolysis
has been done by Manali et al. [35]. The current study com-
plements it by studying the acetone organosolv as a pretreat-
ment process. The acetone organosolv pretreatment was in-
vestigated for the effect of solvent concentration (SC), acid
catalyst (AC) concentration and treatment duration (t) using a
full factorial design of the experiment and subsequent Pareto
analysis of their effects. The design contained 12 runs, each of
which was deployed to pretreat weighed amount of biomass.
Each of the different products of these 12 runs was further
saccharified using cellulase enzyme produced by
Trichoderma reesei. The amount of glucose sugar released
in the liquor as a result of saccharification was measured and
taken as the response variable for analysing the effects of the
three factors.

2 Materials and methods

2.1 Raw material

The mustard (Brassica juncea) agro residue obtained as mus-
tard straw and stalk (MSS) (without leaves and seeds) was
collected from the agricultural fields of Banaras Hindu
University, Varanasi, India (25.15°N, 82.59°E), and sun-
dried for further use. The MSS biomass was chopped and
powdered by a Wiley Mill and sieved to ∼ 1 mm size.
Before the compositional analysis, the biomass was prepared
by the NREL’s LAP (National Renewable Energy
Laboratory, Laboratory Analytical Procedure) ‘Preparation
of samples for compositional analyses’ with a little variation.
This procedure describes methods for drying, size reduction
and representative sampling of biomass samples [36]. The
weighted biomass was heated in a convection oven at 50 °C
for 24 h. The heated biomass was allowed to cool in a desic-
cator before it was weighed again. The heating and weighing
cycle was continued until the change in the weight of the
biomass was less than 1%.

2.2 Compositional analysis of MSS

Mustard straw’s compositional analysis was done to get a
basis for estimating the pretreatment and overall efficiency
of sugar derivation and utilisation.

2.3 Total solids and ash content

The total solids (TS) content of the biomass was determined
using the LAP ‘Determination of Total Solids in Biomass’ of
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NREL. The total solids content of biomass can be used to
calculate the dry weight composition and dry weight yield of
intermediate and final products. A convection heating oven
was used to heat a weighted amount of biomass at 105 °C
for 4 h. The biomass was allowed to cool in a desiccator and
was weighed again. This step was repeatedly performed with
1 h of heating time until the weight of the biomass changed by
less than 0.1% [37].

The ash content of the MSS was determined using a pro-
cedure very similar to NREL’s LAP ‘Determination of Ash in
Biomass’. A prepared biomass of 20 g was weighed in dupli-
cate and was taken in a silica crucible. The crucibles were kept
in a muffle furnace at 575 °C for 24 h. The obtained weight
was converted into a percentage of total solids [38].

2.4 Soluble sugar estimation

The amount of soluble or non-structural sugar in the biomass
was determined by a procedure similar to NREL’s LAP
‘Determination of Extractives in Biomass’. Prepared biomass
of ~ 5 g weight was taken for Soxhlet extraction with 190 mL
of water. The Soxhlet apparatus was operated at a rate of 1
cycle/h for 12 h. The obtained liquor was filtered to remove
extraneous solid particles or depositions, and its volume was
measured. The clear liquid was analysed by a DNS test for
reducing sugar determination using glucose as standard. The
overall glucose yield was calculated by Eq. 1 [39].

Glucose Yield
g

100g of MSS

� �
¼ Glucose concentration g=Lð Þ*Volume of the extract Lð Þ

weight of MSS gð Þ ð1Þ

2.5 Cellulose, hemicellulose and lignin content

The cellulose, hemicellulose and lignin content of
MSS biomass were determined using the NREL’s LAP
‘Determination of Structural Carbohydrates and Lignin in
Biomass’. The chemical composition (glucose, xylose and
lignin) of MSS in the starting and organosolv pretreated forms
were determined by performing a two-step sequential acid
hydrolysis, based on the material reaction with 72% (w/w)
H2SO4 at 30 °C for 1 h. After this pretreatment, distilled water
was added to the mixture to dilute H2SO4 to 4% (w/w) and
autoclaved at 121 °C for 1 h [14]. The liquid hydrolysate is
then analysed for different sugars using HPLC (Waters Gmbg,
Austria) equipped with an RI detector (Waters-2414, USA)
and an Xbridge amide column at 35 °C, acetonitrile: water
(75:25) with 0.1% NH4OH as mobile phase at a flow rate of
1.0 ml/min [40]. The acid-soluble lignin (ASL) content was
determined by spectrophotometric analysis of this hydrolysate
at 205 nm. An average absorptivity value of 110 L/g-cm was
used from which ASL concentration was obtained in g/L
units. The acid-insoluble lignin (AIL), also called Klason lig-
nin, was measured as the dry weight of the insoluble solid that
was formed after the acid hydrolysis [40, 41]. All analytical
determinations were performed in triplicate (average results
are shown).

2.6 Production of cellulase enzyme

The microorganisms Trichoderma reesei NCIM 992 and
Trichoderma reesei NCIM 1052 were obtained from NCIM,
Pune, India, and maintained at 4 °C on potato dextrose agar

(PDA) slants. The cellulase production media (CPM) has the
following composition (g/L): cellulose, 10.0; yeast extract, 10;
glucose, 10; (NH4)2SO4, 1.4; KH2PO4, 2.0; CaCl2.2H2O, 0.4;
MgSO4.7H2O, 0.3; FeSO4.7H2O, 0.005; CoCl2.6H2O,
0.0037; MnSO4.H2O, 0.0016; and ZnSO4.7H2O, 0.0014
[42]. The sub-culture was inoculated into 250 ml of
Erlenmeyer flask containing 100 ml of cellulose production
media and incubated on the orbital shaker at 28 °C, 190 rpm
and pH 6.0 for 72 h. After fermentation, the extracellular cel-
lulase enzyme activity of T. reesei NCIM 992 and NCIM
1052 was determined according to NREL’s LAP
‘Measurement of Cellulase Activity’. The activity of the cel-
lulase concentrate was determined using the filter paper assay
and expressed in FPU [43]. The procedure determines the
filter paper activity (written in FPU/ml of undiluted enzyme
solution). The FPU is therefore evaluated as by Eq. 2:

Filter Paper Activity

¼ 0:37

Enzyme dilution that releases 2:0 mg glucose½ � ð2Þ

The amount of glucose released in the reaction mixture was
determined using a DNS test for reducing sugar determination
[44].

2.7 Organosolv acetone pretreatment

The mustard straw was milled using a Wiley Mill, and a par-
ticle size of ~ 1 mm was obtained. The organosolv pretreat-
ment of MSS was carried out in an autoclave at a constant
temperature of 121 °C for different time intervals. Reactions
were performed using MSS biomass, acetone and an acid
catalyst (H2SO4) in a solid: liquid ratio of 1:10 (w/v), at
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different pretreatment times, acid catalyst concentration and
acetone concentrations, according to a 23 full-factorial design
as shown in Table 2. At the end of the reactions, the residual
solids were filtered from the hydrolysate. The residual acetone
and acid were removed from pretreated solids by washing it
with water. The pretreated solids were dried at 50 °C and
further used for saccharification using crude enzymes pro-
duced from Trichoderma reesei.

2.8 Design of experiment

A 23 full-factorial design was made to test the effects of dif-
ferent variables: pretreatment time (x1), acid catalyst concen-
tration (x2) and acetone concentration (x3) on the organosolv
pretreatment process of MSS using Minitab® 17 software.
The design of experiment was performed with three levels of
variables which were 50, 65 and 80% (v/v) for solvent con-
centration; 0.2, 0.3 and 0.4% (w/v) for acid catalyst concen-
tration; and 30, 60 and 90 min for treatment which was based
on preliminary experiments. Table 1 presents the range and
levels of the variables investigated in this study. Low and high
independent factors were coded as −1 and +1, and the mid-
point was coded as 0. The designed experiment contained total
12 experiments that were performed in a randomised order,
which includes 23 full factorial with two levels (-1 and +1) (8
experiments), and 4 centre points experiments with one repli-
cate. Each experiment used a biomass loading of 10 % (w/v)
and a temperature of 121 °C. After the pretreatment, the liquor
containing the dissolved lignin and hemicellulose was re-
moved by filtration, and the biomass was washed, first with
the aqueous solvent and then with distilled water. This
pretreated biomass was subjected to enzymatic hydrolysis.
The glucose concentration in the enzymatic hydrolysates and
the glucose yield (g glucose/100 g initial MSS biomass) were
taken as the dependent variables or responses of the design
experiments. The results were subjected to an analysis of var-
iance (ANOVA), and the responses and variables (in coded
unit) were correlated by the response surface analysis to obtain
the coefficients of Eq. (3).

y ¼ a0 þ a1x1 þ a2x2 þ a3x3 þ a12x1x2 þ a13x1x3

þ a13x1 x3 þ a123x1x2 x3 ð3Þ

In Eq. (3), y represents the response or dependent variable,
which is the glucose concentration produced after enzymatic
hydrolysis of solid residues; a0 is the interception coefficient;
x1, x2 and x3 are the coded levels of the independent variables
for pretreatment time, acetone and acid catalyst concentration,
respectively; and a1, a2, a3, a12, a13, a23 and a123 are the re-
gression coefficients. Student’s t test determined the statistical
significance of the regression coefficients, and the proportion
of variance explained by the models was given by the multiple
coefficients of determination, R2.

2.9 Enzymatic hydrolysis

Enzymatic hydrolysis of the MSS residues (rich in cellulose
content) obtained after organosolv acetone pretreatment was
performed by using a mixer of crude cellulases produced by
T. reesei NCIM 992 and T. reesei NCIM 1052 having activ-
ities of 6.4 and 4.7 FPU/ml, respectively. For cellulose hydro-
lysis, crude enzymes (20 FPU/g substrate) were added to 50-
mM sodium citrate buffer and then mixed with the pretreated
biomass to give 10% (w/v) consistency. The enzymatic treat-
ment of pretreated MSS was carried out at 50 °C and 150 rpm
for 24 h. After the enzymatic hydrolysis, the hydrolysate was
centrifuged at 3000 rpm for 10 min, and glucose was mea-
sured in the supernatant by HPLC method. The glucose yield
was expressed in comparison with initial biomass used.

2.10 FTIR analysis of MSS

Structural and functional group changes in MSS constituents
during pretreatment were analysed by FTIR (Shimadzu IR
Affinity Spectrometer, Japan). Raw and pretreated biomass
about 1–2% (w/w) was thoroughly mixed with dry powdered
spectroscopic grade KBr, and the mixture was pressed with
10,000 psi to form a transparent pellet. The spectra were ob-
tained at 4 cm-1 resolution accumulating 45 scans per spec-
trum over the wavenumber range 4,000–400 cm-1.

2.11 SEM analysis of MSS

The surface morphological studies of native and organosolv
acid pretreated MSS were performed by SEM (ZEISS EVO

Table 1 The independent
variables and their range and
levels evaluated for organosolv
acetone pretreatment of MSS,
according to the full factorial
design

Independent variables Symbol Range and coded values

-1 0 +1

Pretreatment time (min)

Acid catalyst concentration (%, w/v)

Acetone concentration (%, v/v)

x1
x2
x3

30

0.2

50

60

0.3

65

90

0.4

80
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18 model, Germany). The samples to be coated were mounted
on a conductive tape and coated with gold using a Quorum
Q150R, auto fine coater and observed using a voltage of 20
KV and magnification of 2 K.X.

3 Results

3.1 Compositional analysis of MSS

The untreated mustard straw and stalks, used in this study,
consisted of (%, w/w) 36.5 ± 0.5 cellulose, 17.2 ± 0.4 hemi-
cellulose, 21.4 ± 0.5 acid-insoluble lignin and 3.2 ± 0.2 acid-
soluble lignin. TheMSS constituents under investigation were
also compared with those reported in other studies, as shown
in Table 2. These moderate variations can be attributed to the
source of the plant [45].

3.2 Statistical analysis of factors affecting the
organosolv pretreatment

To investigate the effect of different parameters affecting the
organosolv pretreatment process and to understand their inter-
active effects, a statistical analysis was performed using full
factorial design. The parameters under consideration were ac-
etone concentration (50–80% v/v), acid concentration (0.2–
0.4% w/v) and time (30–90 min). The response was recorded
in terms of percentage of cellulose, hemicellulose and lignin
obtained after pretreatment and corresponding glucose yield
after enzymatic hydrolysis as shown in Table 3. From the
table, it can be inferred that the cellulose content after pretreat-
ment varied from 51.2 to 58.2% (w/w). The hemicellulose
content was also determined in the biomass and was found
to range from 15.9 to 19.9% (w/w), whereas lignin content in
the pretreated MSS varied from 18.5% to 22.4% (w/w).

Subsequently, the efficacy of the pretreatment was
analysed in terms of glucose yield after the enzymatic hydro-
lysis under each condition of the design of experiments. It was
found that maximum glucose yield obtained was 13.67 g per
100 g of MSS biomass. The minimum value (9.14 ± 0.1) for
the samewas obtainedwhen all the three parameters had value

corresponding to -1, which distinctly supports the positive
correlation of the experimental variables with the response.
It means that at a lower concentration of acetone, acid cata-
lysts and less pretreatment time, pretreatment was not suffi-
cient and provided the lower sugar release after the enzymatic
hydrolysis. The maximum sugar release was obtained at 80%
(v/v) acetone, 0.4% (w/v) acid catalysts and 90 min pretreat-
ment time.

The obtained results were analysed to identify the
organosolv pretreatment variable that has the most significant
effect on the response of glucose concentration and glucose
yield after enzymatic hydrolysis. The Pareto chart of standard-
ized effects (Fig. 1) explains the extent of the effect that each
pretreatment parameter had on glucose concentration. The re-
sult showed that all the three parameters, viz., pretreatment
time, acid concentration and solvent concentration, were sta-
tistically significant at the 0.05 level (p < 0.05). This graph
also indicated that time is the most significant factor crossing
the reference line at the absolute value of 3.18.

The regression model by ANOVA for the pretreatment
analysis in coded units is given by Eq. 4. The equation pro-
posed the model for glucose concentration obtained after en-
zymatic hydrolysis as an effect of three independent parame-
ters and their interactions.

Y ;Glucose concentration g=Lð Þ
¼ 6:72þ 0:0517 x1 þ 1:14 x2 þ 0:0056 x3

þ 0:0113 x1*x2 þ 0:000020 x1*x3 þ 0:0257 x2*x3

þ 0:000006 x1*x2* x3 þ 0:1105 Ct Pt ð4Þ

where Ct Pt is the centre point.
The results obtained by ANOVA (Table 4) were used

to confirm the prediction of the Pareto chart. The
ANOVA result also validated the insignificant interactive
effect of the parameter as the p-value of 2-way interac-
tions (x1*x2; x2*x3 and x3*x4) was greater than 0.05.
Similar results were obtained for a higher order of inter-
actions (x1*x2 *x3) showing p-value ~ 1, therefore omit-
ted from the table. It means that the interactive effect of
all three parameters did not have a significant effect on

Table 2 Composition of mustard straw and stalk (MSS) in different studies

Component Mati et al. [19]
(w/w) (%)

González-García et al.
[46] (w/w) (%)

Pronyk et al.
[47] (w/w) (%)

Ji et al.
[48]
(w/w) (%)

Kapoor et al.
[35] (w/w) (%)

In Present Study
(w/w) (%)

Cellulose 48.3 32.7 33.40 49.52 39.05 ± 0.5 36.5 ± 0.5

Hemicellulose 29.56 21.9 14.68 12.69 18.7 ± 0.3 17.2 ± 0.4

Lignin 24.56 18.7 18.38 17.72 22.5 ± 0.4 24.6 ± 0.5

Ash 6.7 5.2 3.34 6.54 4.3 ± 0.2 1 9.9 ± 0.3
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organosolv pretreatment. The R2 value for the fitted mod-
el was found to be 99.90%, whereas the adjusted R2 was
found to be 99.62%. Thus, the model was found to be
well fitted to the experimental results.

The ANOVA results were verified by the main effects plot
shown in Fig. 2 which depicts that the mean of the glucose
concentration varies with the change in the level of significant
parameters from low to high.

The values of the optimized parameters were obtained by
examining the 3D surface plots, which shows the variation of
the dependant parameter (glucose concentration) with a
change in two other independent parameters as shown in
Fig. 3.

3.3 FTIR analysis of MSS biomass

The untreated and pretreated MSS samples were analysed by
FTIR to determine the chemical and structural changes in the
lignin skeleton of MSS biomass constituents (Fig. 4). It was
observed that the organosolv acid pretreatments of MSS bio-
mass affected the surface functional groups.

A significant reduction was observed in different peaks in
FTIR spectra of pretreated MSS. The reduced intensities of
different peaks suggested that the release of lignin in
organosolv acid pretreated biomass have occurred. The main
vibrational frequencies and their corresponding functional
groups affected by pretreatment are given in Table 5 [49, 50].

Table 3 A 23 Full factorial design with the coded levels of the variables used for organosolv acetone pretreatment of MSS, the glucose concentration
and yield after enzymatic hydrolysis of solid residues

Run order Centre Pt Independent variables Mustard biomass composition after organosolv pretreatment (%, w/w) Glucose yield after
enzymatic hydrolysis
(g/100 g of MSS)x1 x2 x3 Cellulose Hemicellulose Lignin

1 0 0 0 0 54.5 ± 0.9 17.6 ± 0.4 20.8 ± 0.8 11.49 ± 0.2

2 0 0 0 0 54.9 ± 1.2 17.7 ± 0.5 20.4 ± 0.4 11.53 ± 0.5

3 0 0 0 0 54.2 ± 1.5 17.9 ± 0.3 20.9 ± 0.6 11.39 ± 0.6

4 1 -1 -1 -1 51.2 ± 1.0 19.9 ± 0.6 22.4 ± 0.7 9.14 ± 0.1

5 0 0 0 0 54.5 ± 1.4 19.4 ± 0.2 20.6 ± 0.4 11.33 ± 1.0

6 1 -1 +1 -1 52.0 ± 0.8 18.9 ± 0.5 22.4 ± 0.9 9.69 ± 0.3

7 1 +1 -1 +1 56.2 ± 1.1 16.1 ± 0.1 20.5 ± 0.8 12.82 ± 0.6

8 1 +1 -1 -1 55.7 ± 0.5 16.4 ± 0.4 20.8 ± 0.4 12.44 ± 0.4

9 1 -1 -1 +1 51.8 ± 0.2 19.3 ± 0.2 22.2 ± 0.3 9.48 ± 0.7

10 1 +1 +1 -1 56.7 ± 0.8 16 ± 0.5 20.2 ± 0.8 13.14 ± 0.3

11 1 -1 +1 +1 52.1 ± 1.2 19.6 ± 0.7 21.6 ± 0.5 10.19 ± 0.7

12 1 +1 +1 +1 58.2 ± 0.6 15.9 ± 0.2 18.5 ± 1.0 13.67 ± 0.4

Term

ABC

AC

AB

BC

C

B

A

6050403020100

A Time

B Acid concentration

C Solvent Concentration

Factor Name

Standardized Effect

3.18

Pareto Chart of the Standardized Effects

(response is Glucose concentration( g/L), α= 0.05)

Fig. 1 Pareto chart for showing
the level of significance of
process variables on glucose yield
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3.4 SEM analysis of pretreated MSS biomass

SEM images of untreated and pretreated MSS biomass are
shown in Figure 5(a, b). These images depicted the morpho-
logical changes occurred in MSS biomass before and after
pretreatment. In Figure 5(a), the untreated biomass shows a
compact arrangement of cells and indicated the tight binding
of lignin with cells. After the acetone- acid pretreatment, the
changes can be easily seen as the formation of crevices and
holes in MSS biomass surface due to lignin removal
(Figure 5b).

4 Discussion

Initial biomass analysis was done by finding the content of the
constituents significant for pretreatment and saccharification,

which are cellulose, hemicelluloses and lignin. The hydrolysis
of these cellulose and hemicellulose by enzymes gives fer-
mentable sugars that can be utilised for the production of
ethanol [51]. The pretreatment studies were carried out using
sulfuric acid as a catalyst and acetone as solvent by varying
their concentrations and incubation time. After the pretreat-
ment process, the liquid stream (pretreatment hydrolysate)
was separated from the solid residue (pretreated biomass).
The solid residue obtained after each reaction was
characterised and later utilised as a substrate for enzymatic
hydrolysis to retrieve glucose. The results obtained in
Table 2 showed that overall percentage of cellulose in raw
MSS was 36.5% which increased up to 58.2% after pretreat-
ment with 0.4% (w/v) of an acid catalyst and 80% (v/v) of
acetone for 90 h. When the design of experiments was exe-
cuted, the time factor had a pronounced effect not only on the
yield of cellulose content but also on the reduction of both

Table 4 Result of analysis of
variance (ANOVA) for 2-level
factorial design at 95% confi-
dence interval

Source DF* Adj SS* Adj MS* F-value P-
value

Model 8 24.491 3.0561 365.94 0.000

Linear 3 24.3936 8.1312 973.61 0.000

x1: Time 1 23.0212 23.0212 2756.51 0.000

x2: Acid Conc. 1 0.9883 0.9883 118.34 0.002

x3: Solv. Conc. 1 0.3841 0.3841 45.99 0.007

2-way Interactions 3 0.0229 0.0076 0.91 0.529

x1: Time *x2: Acid Conc. 1 0.0099 0.0099 1.18 0.356

x1:Time*x3: Solv. Conc. 1 0.0008 0.0008 0.10 0.778

x2: Acid Conc.*x3:Solv.Conc. 1 0.0122 0.0122 1.46 0.313

Curvature 1 0. 0326 0.0326 3.90 0.143

Error 3 0.0251 0.0084

Total 11 24.4741

*DF degree of freedom, SS sum of squares, MS mean of squares
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hemicellulose and lignin. This fact can be validated by com-
parison of experiment no. 11 with 12, which clearly depicts
that when the level of time (x1) in coded form was changed
from -1 to +1 such that the other parameters were held con-
stant, the hemicellulose concentration decreased from 19.9 to
15.9% (w/w). The impact of time of pretreatment has been
evaluated in earlier studies [52]. However, relation did not
qualify in case of lignin removal where solvent concentration
also had a significant impact on its reduction. In a study by

Mesa et al. [53], pre-treatment time and catalyst concentration
were found to be the significant factors of organosolv pretreat-
ment process using sugarcane bagasse.

Other studies suggest that pretreatment efficiency greatly
depends on biomass feedstocks and the solvent used in the
pretreatment. Huijgen et al. [54] studied the acetone-based
organosolv fractionation of wheat straw in 50:50% (w/w) ac-
etone: water at 205 °C for 1 h. This pretreatment provided
93% cellulose recovery, 82% hemicellulose hydrolysis, 79%
delignification and up to 87% of enzymatic digestibility.
Araque et al. [55] optimised the organosolv pretreatment con-
ditions as 195 °C, 5 min, pH 2.0 and acetone to water ratio 1:1,
resulted in higher ethanol production, i.e. 99.5%. Tsegaye
et al. [56] studied the optimization of organosolv pretreatment
of rice straw using response surface methodology based on
CCD (central composite design). They reported that maxi-
mum cellulose release (74.02%) was observed at optimum
conditions (an acid concentration of 69.85%, pretreatment
temperature of 75.41 °C and pretreatment time 29.68 min)
with solubilization of 73.17 and 46.62% of lignin and hemi-
celluloses, respectively [56]. In another study, Choi et al. per-
formed the organosolv pretreatment of eucalyptus biomass for
simultaneous production of glucose, furfural and ethanol
organosolv lignin (EOL). They reported that the increased
production of glucose (37.1 g) was achieved with dissolving
hemicellulose-derived sugars (11.4 g) and lignin (22.6 g) after
organosolv pretreatment at 160 °C with 1% sulfuric acid.
Further, liquid hydrolysate obtained after pretreatment provid-
ed 7.9 g of furfural and 12 g of EOL [26].

Our results show that after the pretreatment, the cellulose
content increased in the biomass; however a significant frac-
tion of hemicellulose (15.9%, w/w) and lignin (18.5%, w/w)
was remaining. The residual fraction of lignin is tough to be
disengaged from original structure due to strong covalent and
hydrogen bonding, which poses the major challenge. The glu-
cose yield obtained after enzymatic hydrolysis was found to
be higher when the lignin content removed from biomass due
to pretreatment was increased. This is evident by comparing
Run 6 with Run 11, where the concentrations of cellulose and
hemicelluloses were comparable; however reduction in lignin
concentration from 22.4% to 21.6% led to increase in glucose
yield from 9.69 to 10.19 g/100 g of MSS. Similar observation
for increase in glucose yield by reduction in lignin content has
been reported by other studies [29, 56, 57]. The highest lignin
reduction and maximum glucose yield were obtained as
32.9% (w/w) and 13.67% with 0.4% (w/v) of acid catalyst
concentration and 80% (v/v) acetone concentration for 90
min, respectively. Similarly the effect of hemicellulose on
enzymatic hydrolysis of cellulose was apparent in this study.
Malgas et al. [58] reported the effect of hemicelluloses on
recalcitrant behaviour of biomass; therefore removal of these
compounds becomes a critical step to achieve high glucose
yield.
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The statistical analysis showed that the three factors had a
significant effect on the final glucose yield as the p-value
obtained during ANOVA was less than 0.05. On the other
hand, 2-way and 3-way interactions did not show any major
effect. This result can also be validated from the Pareto graph
and the main effects plot. The main effects plot showed that
the highest variation was found with time as the dependant
parameter as also demonstrated by the Pareto graph. However,
the main effect plot yields no information regarding the statis-
tical significance of the obtained variations. Themodel obtain-
ed by ANOVA showed that it could efficiently explain the
effects of different parameters and their interaction on the
glucose concentration having R2 value 99.9%. The 3D surface
plot validated that maximum glucose yield is obtained when
the acid concentration is 0.4 % (w/v), acetone concentration is
80% (v/v) and incubation time is 90 min.

The result obtained from FTIR analysis justified the pre-
treatment process by comparing the transmittance values of
functional groups found in untreated MSS and pretreated
MSS. The peaks at 1738 cm-1 correspond to the ester linkage

C = O, which generally characterises the acetyl group. The
acetyl groups are found between hemicellulose and lignin.
Thus, the reduction in peak intensities at 1738 cm-1 indicates
the breakage of the ester group [59]. The C-Ph and C-H
groups generally present in the aromatic structure of lignin,
corresponded to the bands at 1607 cm−1and 1385 cm−1 (C–H
deformation in hemicelluloses), respectively, from which it
can be deduced about the removal of hemicellulose and lignin.
The band observed at 2922 cm-1 is due to C-H aliphatic axial
bends of CH2 and CH3 present in cellulose, hemicellulose and
lignin.

The peak of O-H stretching normally obtained in the range
of 3100–3600 cm−1. So the band observed at 3381 cm−1 is due
to OH groups present in lignin and carbohydrates. Pretreated
MSS has a lower intensity than untreated MSS biomass. The
band observed at 2857, and 2922 cm−1 is due to O-CH3 group,
which is generally present in lignin and acetyl groups from
hemicelluloses.

Similar significant reduction in band intensity was also ob-
served at 1107 and 1238 cm-1 which corresponded to C–O
stretching in lignin and hemicellulose. The bands at 898 cm−1,
which are due toβ-glycosidic linkages among twomonosaccha-
ride units, were observed in both untreated and pretreated MSS
sample [59]. The FTIR spectra give only relative values, not the
absolute values as both amorphous and crystalline regions are
present [60]. Corrales et al. [61] reported the pretreatment of
sugarcane bagasse by SO2 and CO2 at 205 °C/15 min or SO2

at 190 °C/5 min, and the structural changes were confirmed by
FTIR and SEM studies. Ji et al. [48] studied the continuous
hydrothermal saccharification of rape straw at elevated tempera-
ture from 60 to 230 °Cwhich resulted in 53.4% yield of reducing
sugar under optimised conditions. Their SEM and FTIR results
showed that the cellulose and hemicelluloses of the rape straw
could be fully hydrolysed into the reducing sugars [48]. The
reduction in respective peaks confirmed the decrease in a specific
functional group which was related to a particular compound. In
a similar study, Lee et al. [62] investigated the optimization of

Fig. 4 FTIR spectrum of
untreated and organosolv acid
pretreated MSS biomass

Table 5 FTIR spectra of different functional groups and their
frequencies in untreated and pretreated MSS biomass

Wavenumbers (cm-1) Assignment of FTIR
spectra (cm-1)

OH stretching (H-bonded) 3381

OH vibration of phenolic group 1385

COC stretching 1107

CO stretching of phenols 1238

CH aliphatic axial deformation 2922

CH aliphatic angular deformation 1427

CH vibration of methoxyl group 2857

CPh vibration 1607

β-glycosidic linkages 897

CO stretching 1738
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ultrasonication-assisted organosolv pretreatment of oil palm
empty brunches at a different temperature, sonication power,
time and different types of catalysts using Leverburgh Marquee
artificial neural networks. They obtained maximum sugars yield
of 356 mg/g biomass at optimum conditions of 48.2 °C, 30 min
and 55% (192.5 W) sonication power. The morphological study
further confirmed that the significant structural disruption of bio-
mass leading to enhancement of enzymatic saccharification was
observed after the organosolv pretreatment. The organosolv pre-
treatments not only facilitate the high cellulose digestibility, high
degree of lignin solubilisation and removal of hemicelluloses but
also increase the particle size reduction, porosity and cellulose
accessible area.

5 Conclusion

This study focused on the optimization of pretreatment strat-
egy for the valorization of MSS, which is a widely available
agro-residue. As the pretreatment process is energy-intensive;
therefore it requires optimization to minimize the cost of the
process and the environmental pollution due to effluent dis-
charge. RSM was used for statistical optimization which
showed that duration of pretreatment, the concentration of
acid catalyst and organic solvent affected the glucose yield
up to the values of 90 min and 0.4 and 80%, respectively, at
which maximum yield was obtained. The future scope of this
work includes investigation and improvisation of the interac-
tion of organic solvents with the enzyme for enhanced sac-
charification. Further, the economic feasibility study of the
solvent recovery and recycling process could be performed
for broader use at industrial level.

5.1 Statistical analysis

All the experiments were performed in triplicates, and the
results are presented as mean ± standard deviation.
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