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Abstract

Lignocellulosic biomass is the most abundant biomass
available in the world. The recalcitrant cell wall of
lignocellulosic  biomass makes pretreatment a
necessary action. Efficient pretreatment results in
production of maximum sugars from enzymatic
hydrolysis and minimize their loss. Various solvents
have been developed for the pretreatment of
lignocellulosic biomass viz. ionic liquids, DES and
natural deep eutectic solvents (NADES). Recently,
research on NADES is considered to be a new subject
in chemistry and is rapidly gaining interest. Besides
environmental friendly, employing NADES in
advancement of the existing biorefinery seems to be a
promising approach for clean fractionation or
pretreatment of the lignocellulosic biomass residues.
Production of cellulosic ethanol was carried out by
lactic acid and choline chloride (LA-CC) mixture
based NADES pretreated ricestraw through separate
saccharification and fermentation process. Also,
comprehensive evaluation on solvent recovery and its
reusability, extraction of high purity lignin and xylan,
and reducing sugars production were performed.
Pretreatment at 5% and 10% solid loadings using LA-
CC mixture at molar ratio of 9:1 and subsequent
enzymatic saccharification at 10% and 25% biomass
loadings produced maximum glucose yields of
38.1+1.2 g/L and 90.2+2.3 g/L with glucan conversion
efficiency of 40.3 % and 31.4 %, respectively. Further
fermentation of produced reducing sugars with
Clavispora NRRL Y-50464 at 9 % glucose
concentration produced maximum ethanol yield of
37.1 ¢g/L in 36 h with 80.8% conversion efficiency.
Besides, NADES pretreatment of ricestraw solubilised
72-75 % of biomass bound lignin from which nearly
86 — 90 % lignin was recovered from the liquid spent
wash extract. Moreover, nearly 99% of the treated
NADES reagent was recovered and reused in three
consecutive biomass pretreatment cycles with no loss
in both pretreatment efficiency and production of
reducing sugar yields. This clearly indicates a
promising integrated process of green technology for
cellulosic ethanol production from ricestraw.
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1. Introduction

Recently, lignocellulosic biomass, which mainly
consists of cellulose, hemicellulose, and lignin has
received increased attention as a promising renewable
and carbon-neutral feedstock for production of
biofuels and chemicals due to its high availability, and
low cost [1]. For example, cellulose and hemicellulose
can be hydrolyzed to monosaccharides, followed by
biotransformation into various biofuels such as
ethanol, H, and biodiesel [2].

Among the recently developed green solvents,
choline chloride and lactic acid based NADES mixture
is one of the most extensively studied bionic reagents
due to their potential applications [3,4]. Since NADES
posses drastically lower melting temperatures,
chemical reactions can be performed with these
reagents at or near ambient conditions, especially in
extraction of thermolabile compounds from biological
and chemical sources [5]. Unlike conventional dilute
acids, NADES pretreatment does not generate
inhibitory by-products such as acetic acid, furfurals
and HMF that hinder enzymatic catalytic activity and
hence no additional detoxification step was required
[6,7]. Although, molecular understanding of several
NADES reagents are still in nascent stage,
comprehensive evaluation of the physico-chemical
properties of choline chloride + lactic acid based
NADES mixtures were studied to a greater extent [8].

Along with the clean and green nature, employing
NADES in advancement of the existing biorefinery
seems to be a promising approach for clean
fractionation or pretreatment of the lignocellulosic
biomass residues. This new process valorises the
abundantly available biomass or agro-residual waste
materials into a variety of materials, biochemicals and
biofuels, respectively. Although several conventional
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methods including ionic liquids have been reviewed
for the pretreatment of lignocellulosic biomass [9,10],
but existing pretreatment methods still lack in
obtaining high vyields and purity of the desired
products. In addition, lignocellulosic biomass
pretreated with harsh conventional organic solvents
undergoes non-specific degradation and generates
undesirable by-products that are not suitable for
subsequent processes.

The current study evaluates different integrated
processes for rice straw delignification, recovery of
high purity lignin and xylan, enzymatic hydrolysis and
production of cellulosic ethanol using CC-LA (9:1)
based NADES reagent. Besides, comprehensive
evaluation on recovery of the treated NADES reagent
and its reusability efficiency for consecutive biomass
pretreatment cycles was detailed.

2. Materials and Methods

2.1. Raw Materials

Rice straw was selected as the lignocellulosic biomass

residue for pretreatment and enzymatic hydrolysis.
Experiments related to the preparation of biomass for
pretreatment, synthesis of NADES reagents, and
Clavispora NRRL Y-50464 yeast culture media
composition and growth conditions were reported
earlier by us [11,12]. Enzymatic hydrolysis was
performed using Cellic Ctec2, a kind gift from
Novozymes Inc, USA. Clavispora NRRL Y-50464
was a kind gift from USDA-ARS, USA. All the
chemicals used in biomass pretreatment, enzymatic
hydrolysis and yeast fermentation were of analytical
grade quality and are of highest purity, except for
HPLC studies, where HPLC grade chemicals were
used.

2.2. NADES pretreatment and enzymatic
hydrolysis

Four different conditions of biomass pretreatment and
enzymatic hydrolysis were tested for process
evaluation of cellulosic ethanol production. The tested
conditions were Set-I: pretreatment (Pt) at 5% solids
loading (SL) and enzymatic hydrolysis (EH) at 10%
SL; Set-11: Pt at 5% SL and EH at 25% SL; Set-111: Pt
at 10% SL and EH at 10% SL; and Set-1V: Pt at 10%
SL and EH at 25% SL, respectively. All the biomass
pretreatments were carried out using lactic acid +
choline chloride (LA-CC) at a molar ratio of 9:1 at 1
atm pressure and 121°C for 15 min. The pretreated
biomass was then washed repeatedly with distilled
water until the pretreatment solvent was completely
removed from the biomass and no detectable solvent
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was found in the flow through which was confirmed
by HPLC analysis [13]. Cellic ctec2 was used for
conversion of pretreated biomass to reducing sugars.
Enzymatic saccharification was performed at an
enzyme loading of 9 FPU per g biomass which
corresponds to 62 mg/g biomass or 100 mg/g glucan.
Optimum conditions of temperature (50°C) and pH
(pH 5.2) as determined for Novozymes Cellic ctec2
were maintained during the enzymatic hydrolysis.
Samples were withdrawn at regular time intervals and
reducing sugars concentration was measured by
standard DNSA method [14] and simultaneously the
glucose and xylose contents were quantified using
HPLC [13,11]. Alongside, enzymatic hydrolysis of
untreated and mild-alkali pretreated rice straw was
carried out under similar test conditions and compared
with the NADES pretreated rice straw.

2.3. Cellulosic ethanol production

Ethanol was produced from reducing sugars in

submerged fermentation process using Clavispora
NRRL Y-50464. Except 6% (w/v) inoculum and 10%
glucose, all other fermentation conditions were
maintained similar to our earlier studies [11]. Control
experiments were carried out using 9 % pure dextrose.
Samples were withdrawn at regular time intervals and
consumption of glucose and production of ethanol was
analysed using HPLC.

2.4. Lignin extraction and recovery

The pretreated biomass was washed with water and
the liquid fractions obtained were collected, pooled
and incubated at room temperature for lignin
precipitation. The lignin precipitate was separated
from the solvent mixture using membrane filtration
method (0.9um glass fiber filters). The pellet was then
washed thoroughly with water to remove residual
NADES reagent and further dried at 55°C until the
moisture content reached < 1 %.

2.5. Recovery and reuse of NADES reagent

After lignin separation, NADES reagent was
separated from the residual liquid fraction using rotary
vacuum evaporation at 60°C. Both the recovered
NADES reagent and water were reused for next cycle
of biomass pretreatment and lignin precipitation
respectively. The water content in the recovered
NADES reagent was measured by automatic Karl
Fisher Titrator (KAFI+) (Labindia, India). The
recovery percentage of NADES reagent was
calculated based on the quantification of choline
chloride and lactic acid in the recovered NADES
reagent using HPLC. Simultaneously, the recovered
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NADES reagent after lignin separation were pooled
with the liquid fractions of fermentation process and
the process was evaluated for an integrated technology
for biomass pretreatment, lignin extraction and
recovery, and solvent recovery and reuse.

2.6. Recovery of xylan

The xylan fractions obtained from the biomass
pretreatment was precipitated using anti-solvent
phenomenon following the protocol described by
Nakamura et al., [15]. Acetonitrile was added to the
liquid extract of NADES mixture in 1:10 ratio and
vortexed for 30 min at 1400 rpm incubated at room
temperature for 30 min to 1 h for xylan precipitation.
The precipitate was separated by

e Rice straw
| Pretreatment

2.7. Analytical methods

Delignification efficiency was estimated based on the

amount of lignin extracted into the NADES solution.
Lignin recovery was calculated using the total dry
weight of lignin powder per gram of biomass and
represented in gm% of lignin.

A graphical representation of each individual process
steps involved in biomass pretreatment, enzymatic
hydrolysis and ethanol fermentation combined with
down-stream processing for the solvent recovery and
reuse, extraction and recovery of value added products
viz. lignin and xylan are detailed in Fig. 1.
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Figure 1. Graphical representation of individual steps of integrated biorefinery process for rice straw
pretreatment, bioethanol production, recovery and reuse of NADES reagent

centrifugation at 1500 rpm for 30 min and was washed
twice with acetonitrile and solvent was evaporated.
The temperature maintained during recovery process
of water and acetonitrile was 40°C and 60°C,
respectively. Quantification of recovered solvents (%)
was performed using volumetric methods.

3. Results
3.1. NADES deconstruction of rice straw
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NADES pretreatment of ricestraw at 5 % (Set-1 and
Set-11) and at 10 % of solids loading (Set 111 and Set-
IV) resulted in biomass losses of 35.66% and 38.24%,
respectively. The residual glucan, xylan, lignin, ash
and silica contents in the NADES pretreated biomass
of Set-1 was 62.13%, 9.9%, 4.3%, 10.2% and 9.1%;
Set-11 was 63.10%, 8.2%, 4.1%, 10.42% and 8.9%;
Set-111 was 68.16%, 5.6%, 3.9%, 10.16% and 9.6%;
and Set-IV was 68.45%, 5.8%, 3.5%, 10.37% and
9.4%, respectively (Table 1). Compared to untreated
RS (40+1.8% cellulose, 28+2.0% hemicelluloses and
10+0.9% lignin), NADES pretreatment resulted in 55-
70% more cellulose availability for enzymatic
conversion to reducing sugars.

3.2. Lignin and xylan recovery

Due to high lignin insolubility in water, lignin started
to precipitate as soon as the washed liquid fractions
(3-7-fold water content) were pooled and complete
precipitation of lignin at the bottom of the container
was observed within 1 h. The primary reason behind
lignin precipitation with addition of water was due to
the change in the physico-chemical nature of the
reaction mixture which favoured lignin insolubility
[16]. The % lignin in the NADES pretreated liquid
extract was 62.2% (Set-1), 63.5% (Set-I1), 71.9% (Set-
) and 72.3% (Set-1V), respectively (Table 1).
Maximum lignin solubility of 72% from 10% SL
pretreated biomass was achieved. Nearly, 86% of the
solubilised lignin obtained was recovered (on dry
weight basis) in powdered form. Addition of
acetonitrile to the lignin-free NADES extract resulted
in >99% precipitation of soluble xylan fraction.

Table 1. NADES pretreatment of rice straw under
different process conditions

3.3. Recovery of NADES reagent

Pretreatment process|Set — 1{Set — 11{Set — I11|Set -1V

Solids loading (%) | 5.0 | 5.0 10 10
Biomass (kg) 1.0 | 1.0 1.0 1.0

NADES content (kg) | 15.47 | 15.47 | 7.33 | 7.33
Biomass recovery (%) |65.36| 65.99 | 62.11 | 62.85
Glucan (%) 62.13| 63.10 | 68.16 | 68.45

Xylan (%) 99 | 82 5.6 5.8

Lignin (%) 43 | 41 3.9 3.5
Ash (%) 10.21| 10.42 | 10.16 | 10.37
Silica (%) 91 | 89 9.6 9.4

Lignin extracted (%) | 62.2 | 63.5 | 719 | 723
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Nearly 99% of the NADES reagent was recovered
from the xylan-free liquid extract. The moisture
content in the recovered NADES reagent was
measured and found to be 1+0.3%. Since, no
significant losses were ascertained from the NADES
recovery process, the solvent was reused
consecutively in three cycles of biomass pretreatment
without additional solvent. No significant difference
in biomass recovery, solubility efficiency of cellulose,
hemicellulose and lignin was observed after each
cycle of pretreatment with the recovered NADES
reagent (Table 2)

3.4. Enzymatic saccharification of NADES
pretreated RS

Saccharification efficiency was found to increase with
increase in the solids loading during enzymatic
hydrolysis i.e. Set-11 and Set-1V produced more sugars
than Set-l1 and Set-111 processes (Table 3). The
reducing sugars were increased from 69.8 g/L (70.8%
saccharification efficiency) to a maximum of 170.7
g/L (51.9% saccharification efficiency) when the
solids loading were increased from 10% to 25%,
respectively (Fig. 2). No significant difference in
production of reducing sugars was observed when 5%
and 10% pretreatments were used in enzymatic
hydrolysis. However, at similar biomass loading in
enzymatic hydrolysis, mild-alkali pretreated rice
straw from 10% pretreated (Set-1l and Set-1V)
material produced 171.7 g/L and 169.3 g/L reducing
sugars which was nearly 2-fold higher compared to
5% pretreated (Set-1 and Set-111) material (69.8 g/L
and 65.5 g/L reducing sugars). In both the conditions,
reducing sugars produced with NADES treatment
were higher than untreated rice straw.

3.5. Cellulosic ethanol production

Fermentation of reducing sugars at 9% glucose
concentration with 6% (w/v) Clavispora NRRL Y-
50464 cells yielded maximum ethanol production of
36.7 g/L within 36 h with a conversion efficiency of
79.9% (Fig. 3). Control experiments with pure
dextrose fermentation at 9 % (w/v) produced
maximum ethanol (30.8 g/L) within 5 h, and nearly
complete consumption of glucose was observed.
Addition of 6% (w/v) of Y-50464 inoculum radically
reduced the period for pure glucose fermentation. At
similar initial glucose concentration, fermentation of
untreated, mild-alkali pretreated RS produced
maximum ethanol yields of 31.6 g/L in 27 h and 33.2
g/L in 25 h, respectively. Thereafter, marginal
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decrease in ethanol production was observed with the
untreated and mild-alkali treated RS sugars.
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Table 2. Recovery of NADES reagent, lignin and water from different cycles of biomass pretreatment

Lignin (g %)
Solids No. of NADES (kg) i i Water (L) i
Loading | cycles |ynitial | Final & Initial | Final & Initial| ~ Final &
recovery recovery recovery
1 1.55 1.53 99 11 6.6 60 12.94 12.79 98.8
5% 2 1.53 1.52 99 11 6.8 62 10.82 10.68 98.8
3 1.52 1.50 99 11 6.4 58 9.69 9.56 98.8
1 0.73 0.73 99 11 7.0 63 5.97 5.90 98.8
10% 2 0.73 0.72 99 11 6.9 63 5.23 5.16 98.8
3 0.72 0.71 99 11 7.0 63 4.86 4.80 98.8
Table 3. Enzymatic hydrolysis of NADES pretreated rice straw in different process conditions
Saccharification process Set—1 Set—1I Set— 11l Set- IV
Solids loading (%) 10 25 10 25
Biomass (g) 50 125 50 125
Cellic ctec2 (g) 3.1 7.75 3.1 7.75
Sugar yield (g/L) 69.8 171.7 65.5 169.3
Glucose (%) 37.2 92.1 38.6 90.3
Xylose (%) 13.1 30.0 13.2 37.0
Saccharification efficiency (%0) 70.8 51.9 66.4 51.7
200 = 1st Cycle A 120 = 1st Cycle B -
180 =2nd Cycle 100 = 2nd Cycle
= 160 » 3rd Cycle ® 3rd Cycle
% 140 = Mild-alkali 80 = Mild-alkali
g 120 >
Z 100 860
2 a0 3
% 60 S 40
20
o 5% P (10% EH) 10% P (10% EH) 5% P (25% EH) 10% P (25% EH) ° 5% P (10% EH) 10% P (10% EH) 5% P (25% EH) 10% P (259% EH)
% Solids loading in Pretreatment and Hydrolysis % Solids loading in Pretreatment and Hydrolysis
5 = 1st Cycie C = = Reducing sugars D
40 = 2nd Cycle 100 » Glucose
35 ® 3rd Cycle = Xylose
=30 = Mild-alkali = 80
22 =
@ S 60
220 3
= 15 E 40
Il s
s
° 5% P (10% EH) 10%P(10% EH) S% P (25%EH) 10% P (25% EH) ® 10% EH 25% EH
% Solids loading in Pretreatment and Hydrolysis % Solids loading in Hydrolysis
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Figure 2. Enzymatic hydrolysis from pretreated rice straw. The figure clearly de picts the concentration (g/L) of reducing
sugars (A), glucose (B), xylose (C) from NADES and mild-alkali treated rice straw. Concentration of reducing sugars,
glucose and xylose from untreated biomass is shown in D. NADES reagent was recovered, evaluated for three consecutive
pretreatment cycles (1%, 2" and 3" cycles) and compared with mild-alkali and untreated biomass residue
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Figure 3. Rate of glucose consumption (A) and ethanol production using Clavispora NRRL-Y-50464

4. Conclusion

The current study demonstrates applicability of CC-
LA mixture as a potential NADES reagent for efficient
solubilisation and recovery of high purity lignin (86 —
90 %) and high purity xylan (99%) from
lignocellulosic agro-residue, rice straw. Also, the
NADES solvent could be effectively recovered (99%)
and recycled (3-times and above) for consecutive
biomass pretreatments without losing its efficiency.
Further, higher solids loading tested in both biomass
pretreatment (10%) and enzymatic hydrolysis (25%)
processes generate concentrated sugars (171.7 g/L)
which may be directly fermented to ethanol with
higher conversion efficiencies (79.9%). Moreover,
employing higher solids loading i.e. Set-1V in this
integrated process significantly reduced input of
NADES in biomass pretreatment, required during
recovery processes could be reduced significantly.
water and acetonitrile during lignin and xylan
precipitation, respectively. Hence, the energy required
during recovery processes could be reduced
significantly.
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