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solvothermal processt
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Conversion of lignocellulosic residue to bioenergy and biofuel is a promising platform for global
sustainability. Fractionation is an initial step for isolating lignocellulosic components for subsequent
valorization. The aim of this research is to develop the solvothermal fractionation of sugarcane bagasse
to produce high purity lignin. The physio-chemical structure of isolated lignin from this process was
determined. In this study, a central composite design-based response surface methodology (RSM) was
used to optimize an acid promoter for isolating lignin from sugarcane bagasse using a solvothermal
fractionation process. The reaction was carried out with sulfuric acid, at a concentration of 0.01-0.02 M
and a reaction temperature of 180-200 °C for 30-90 min. The optimal conditions for the experiment
were obtained at the acid concentration of 0.02 M with a temperature of 200 °C for 90 min in methyl
isobutyl ketone (MIBK)/methanol/water (35% : 25% : 40% v/v%). The results showed that 88% of lignin
removal was done in the solid phase, while 87% of lignin recovery was conducted in the organic phase.
Furthermore, the changes in the physico-chemical characteristics of solid residue and lignin recovery
were analyzed using various techniques. GPC analysis of recovered lignin from the organic fraction
showed a lower M,, (1374 g mol™) and polydispersity index (1.75) compared to commercial organosolv
lignin. The major lignin degradation temperature of commercial organosolv lignin was estimated to be
410 °C, whereas BGL showed two main degradations at 291 °C and 437 °C, which could point to
potential relationships with the degradation of B-O-4 cross-links. The results indicated that recovered
lignin was mostly cross-linked by B-O-4 cross-links. In addition, Py-GC/MS and 2D HSQC NMR gave
more information regarding the compositional and structural features of recovered lignin. The
development of the sulfuric acid catalyzed solvothermal process in this study provides efficient
extraction of high-value organosolv lignin from sugarcane bagasse and the production of recovered
lignin in the organic phase with low contamination from other contents. The lignin characteristic data
can contribute to the development of lignin valorization in value-added applications.

Introduction

Currently, the energy crisis due to the decrease in fossil fuels
and the atmospheric pollution caused by the combustion of
fossil fuels is an important issue worldwide." In addition, the
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increase in population and industrial development resulted in
increased energy demand and a decrease in fossil fuel reserves.
For this reason, many countries have tried to find alternative
energy resources to replace fossil fuels. Lignocellulosic biomass
is the one alternative renewable energy source that can be
considered.” Agricultural biomass mainly consists of cellulose
(30-50%), hemicellulose (20-40%), lignin (10-30%), and other
extractive products.® Cellulose is an organic compound that
strengthens plants. It consists of a polysaccharide unit linked
together with beta 1-4 glycosidic bonds and has great impor-
tance in the chemical industry.* The natural structure of
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hemicellulose is one of a number of heteropolymers and
generally consist of five-carbon sugars, such as pentose sugar,
arabinose sugar, and xylans sugar. Generally, the lignin
composition of the softwood type is 24-33%, 19-28% in hard-
wood type, and 15-25% in the grass type.® The typical structure
of lignin consists of three basic phenylpropanoid monomers,
i.e., p-hydroxyphenyl alcohol (H-unit), coniferyl alcohol (G-unit),
and sinapyl alcohol (S-unit),® and the most common linkages
are namely, aryglycerol-B-ether dimer (B-O-4), aryglycerol-o-
ether dimer («-O-4), diaryl ether (4-O-5), resinol (B-5), diphe-
nylethane (B-1), phenylcoumaran (B-p’), phenylcoumaran (B-p),
and biphenyl (5-5).” Moreover, the lignin content can be con-
verted into different value-added products, such as phenol,
aromatic sources, and vanillin using various conversion
technologies.®

The clean fractionation (CF) process is one of the most
promising technologies for fractionation-based biorefineries of
lignocellulosic material. Nowadays, there are available studies
about the one-step clean fractionation process utilizing
a ternary solvent mixture (ie., organic solvent, water and
alcohol) in order to carry out one-step isolation of agricultural
components. In recent years, the organosolv fractionation
process for the degradation and isolation of lignin was
considered to be one of the most promising processes for bio-
production, bioenergy, and biofuel.'® We have previously
examined lignin fractionation by the organosolv fractionation
process from sugarcane bagasse, para-rubber wood sawdust,
palm fiber, and cassava fiber. The previously studied combi-
nation of hydrothermal and organosolv process was selected to
fractionate sugarcane bagasse using the solvent of MIBK : water
in the ratio of 80 : 20 with 5% v/v formic acid promoter at 180 °C
for 80 min. The results showed that a cellulose yield of 64.69%
was obtained with less contamination from other components.
Moreover, the recovered lignin obtained from the organic phase
was 65.36%."" Chutikan et al., 2018 reported the solvent mixture
consists of methyl isobutyl ketone : ethanol: water
(25% : 42% : 33% v/v) with a H,SO, concentration of 0.025 M.
In addition, the highest lignin removal efficiencies of 88.2%,
70.6%, 67.3%, and 71.7% were found for bagasse, para-rubber
wood sawdust, and palm fiber and cassava fiber, respectively.
Lignin recovered through the organic phase was identified as
containing amounts of phenolic compounds. The highest
lignin recovery of 89.8% was obtained from the organic phase,
and 16.9% of phenolic compounds were identified through
pyrolysis-GCMS. However, a less studied of the structural
feature of isolated lignin was obtained from bagasse after the
fractionation process using a ternary mixture of
MIBK : methanol : water using H,SO, as promoter.”* Herein,
a one-step organosolv fractionation process is of interest in
order to provides a high quality of organosolv lignin for devel-
oping biorefinery aspect. An insight of lignin macromolecule
characteristics is essential to consider the opportunities and
challenges for further lignin conversion into the advance
applications.

This research focuses on the optimization of isolated lignin
yield from sugarcane bagasse using the solvothermal fraction-
ation process. Lignin isolation was carried out with the ternary
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mixture solvents (i.e. MIBK : methanol : water) in the presence
of sulfuric acid in order to enhance the recovery of lignin from
the sugarcane bagasse. Moreover, various characterized
approaches including X-ray diffraction analysis (XRD), scanning
electron microscope (SEM), elemental analysis, fourier trans-
form infrared spectroscopy (FTIR), thermogravimetric analysis
(TGA), gel permeation chromatography (GPC), nuclear
magnetic resonance spectroscopy (2D HSQC NMR), and
pyrolysis-gas chromatography-mass spectrometry (Py-GC/MS)
were adopted to document the structural features and the
changes in solid fraction and lignin recovery. The solvothermal
fractionation process for improving isolation lignin efficiency
was investigated for further conversion of lignin into high yield
and high purity products according to the application in inte-
grated biorefineries.

Material and methods
Material

Sugarcane bagasse was obtained from Mae Chan, Chiang rai,
Thailand. The sugarcane bagasse was dried at 70 °C for 24 h in
a hot air oven. The dried sugarcane bagasse was ground and
sieved to obtain the range of particles from 0.5 to 2.0 mm with
0.25-0.5 cm thickness. The final moisture content of the milled
sugarcane bagasse was 5%, determined using the weight loss
after oven drying at 105 °C for a constant time (5 h). The pro-
cessed sugarcane bagasse was stored in sealed plastic bags at
room temperature for the experiments. The chemical compo-
sition was determined according to the analytical laboratory
procedures of the National Renewable Energy Laboratory." The
chemical composition of the sugarcane bagasse included
cellulose (37.2%), hemicellulose (22.1%), lignin (26.5%), ash
(8.2%), and extractives (6%). Commercial organosolv lignin was
obtained from Chemical Point UG, Germany. The sample was
used as a benchmark lignin.

Procedure for isolation of lignin from sugarcane bagasse
using the solvothermal fractionation process

Organosolv fractionation of sugarcane bagasse was performed
in a 600 mL stainless steel reactor, and heated by an electric
jacket with an inside thermocouple to measure temperature
(Parr Reactor 4560, Parr Instrument, Moline, IL, USA). Initially,
the reaction contained 15 g of screened sugarcane bagasse
mixed with 150 mL of the single phase solvent mixture
comprising MIBK/methanol/water (35% : 25% : 40% v/v) with
various concentrations of H,SO, catalyst (0.01-0.02 M). The
reaction temperature and time were 180-200 °C and 30-90 min,
respectively. Nitrogen gas (N,) was purged into the reactor, and
the initial pressure was adjusted at 20 bar. The reaction was
stirred at 100 rpm to maintain a homogeneous system. After the
desired temperature and time were reached, the reaction was
immediately stopped in a water bath. The solid cellulose-
enriched fraction was separated by filtration and washed with
MIBK and water (1:2 v/v) mixture. The liquid fraction was
combined and placed into a separatory funnel. Distilled water
was added to the organic phase until the phase separation. The

© 2021 The Author(s). Published by the Royal Society of Chemistry
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mixture was stirred and then incubated at room temperature for
20 min to complete phase separation. The liquid phase con-
taining hemicellulose and soluble products was recovered. The
separated organic phase was dried at 105 °C to obtain the iso-
lated lignin. The yield of the isolated solid was determined on
a weight basis. The chemical composition of the isolated solid
was determined using the National Renewable Energy Labora-
tory (NREL method). The cellulose yield, hemicellulose removal,
lignin removal, and lignin recovery were calculated using the
following equations:

(cellulose remaining in solid pulp)

View Article Online
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where Y is the predicted response; X;, X,, and X; are the inde-
pendent variables; 8, is a constant; 84, 8., and (3 are the linear
coefficients; 8,5, 613, and (,; are the interaction coefficients;
and (14, 822, and B33 are the quadratic coefficients.

Characterization of the isolated solid fraction

The microstructure of the native sugarcane bagasse and frac-
tionated bagasse under the optimal condition was analyzed by
SEM instrument (JSM-6301F, JEOL, Japan) with electron beam

Cellulose yield (%) =

(cellulose content in raw sugarcane bagasse)

(hemicellulose content in raw sugarcane bagasse) — (hemicellulose remaining in solid pulp)

100 (1)

Hemicellulose removal(%) =

Lignin removal (%) =

- . 100
(hemicellulose content in raw sugarcane bagasse) x
(2)
(lignin content in raw sugarcane bagasse) — (lignin remaining in solid pulp) « 100 3)
(lignin content in raw sugarcane bagasse)
Lignin recovery (%) — (weight of recovered lignin from organic phase) 100 (4)

Statistical design and optimization for the target responses
using response surface method

The experimental design and statistical analysis were performed
according to Box-Behnken design (BBD) method using the Design-
Expert software (version 10.0.1). The design of the experiment was
explored with three independent factors based on the three level. The
three factors comprised reaction time (X;, 30-90 min), reaction
temperature (X,, 180-200 °C), and concentration (X, 0.01-0.02 M)
with three coded levels for each factor (—1, 0, 1). A total of 15 exper-
iments with three replications at the center point were run in random
order. The assessed variance of each factor was partitioned into offset,
linear, interaction, and quadratic components. All parameters were
evaluated using a second order polynomial equation as follows.

Y =00+ 01X + B2Xo + 83X + B12X1 X5 + B13X1X5 + 823403
+ 811X + BanXa® 633 X5 (5)

© 2021 The Author(s). Published by the Royal Society of Chemistry

(lignin content in raw sugarcane bagasse)

energy of 20 kv. The sugarcane bagasse samples were dried and
coated with gold for SEM analysis. The absorption bands of
solid fraction were determined on a Shimadzu FTIR (Model:
IRTracer-100, Shimadzu, Kyoto, Japan) with an attenuated total
reflectance (ATR) mode. The region between 4000 and 400 cm ™"
at a resolution of 4 em™" for 64 scans were recorded. Crystal-
linities of solid fractions were determined by XRD using an
X'Pert PRO diffractometer (Panalytical, Almelo, Netherland).
The samples were scanned in a range of 26 = 10°-30° with a step
size of 0.02° at 40 kV and 30 mA and Cu K radiation (A = 1.54
A°). Crystallinity was calculated according to the following
equation.

orl = fw2 = T 00, (6)
002

where I, is the scattered intensity at the main peak of cellulose
which typically lies around 002 plane and I, is the scattered

RSC Adv, 2021, N1, 26773-26784 | 26775
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intensity of amorphous portion evaluated as the minimum
intensity diffraction between the main and secondary (101 and
002 planes).

Analysis of aqueous phase

Soluble product profiles of the aqueous fraction were analyzed
using a high-performance liquid chromatograph (LDC Model
4100, Shimadzu, Kyoto, Japan) equipped with refractive index and
ultraviolet-visible spectroscopy detectors and an Aminex HPX-87H
column (Bio-Rad, Hercules, CA, USA). The operating condition was
performed at 65 °C with 5 mM H,SO, as the mobile phase at a flow
rate of 0.5 mL min~'. The number of oligosaccharides was deter-
mined according to the NREL method.*

Characterization of lignin samples

The elemental composition of lignin recovery and commercial
organosolv lignin was estimated using an elemental analyzer
CHNS-628 (LECO, Saint Joseph, MI, USA). Lignin samples were
dried at 60 °C under vacuum to remove moisture. Then, 0.1 g of
lignin sample was encapsulated in a container to determine the
amount of carbon, hydrogen, and nitrogen in the sample. Then,
for sulfur analysis, 0.2 g lignin was placed in a ceramic boat
furnace. The sample was incinerated at 1350 °C using a sulfur
IR cell to calculate the amount of sulfur. The chemical struc-
tures of lignin samples were determined using FTIR technique.
FTIR was performed with an instrument from PerkinElmer
(Waltham, MA, USA). The samples were prepared by using the
KBr pellet method. The region between 4000 and 400 cm ™' at
a resolution of 4 cm™" for 32 scans were recorded. The peaks
made by lignin were compared with the peaks of the standard
functional groups. The thermal stability of lignin samples was
measured by TGA. The specimens were performed at a rate of
5 °C per minute under the flow of nitrogen gas at 20-35
mL min~". The weight of a specimen was monitored as a func-
tion of temperature using an instrument from TA Instruments
Inc. (Model TA Q50). Approximately 30-50 mg of recovered
lignin was weighed in an aluminum pan and heated at a rate of
5°C min~' from ambient temperature to approximately 1000 °C
for determination of the total loss of mass loss. A curve
depicting the weight loss against temperature was constructed
from the obtained data. A derivative of this curve (DTG) was
calculated to determine the temperature corresponding to the
maximum rate of weight loss. The glass transition temperature
(Ty) of lignin samples was analysed by differential scanning
calorimeter (DSC) machine, Mettler Toledo DSC1 instruments
(Mettler Toledo, Ohio, US). The DSC was performed under
nitrogen at flow rate of 60 mL min . The temperature program
was in range of 25 °C to 120 °C, then cooled down from 120 °C to
25 °C, and heated from 25 °C to 250 °C. The lignin samples were
subjected by GPC analysis to determine the average molecular
weight (M,,) and the polydispersity index (M,,/M,,) using a Jasco
instrument unit equipped with an interface (LC-NetII/ADC) and
a UV detector (254 nm). Lignin (0.1 g) was dissolved in tetra-
hydrofuran (THF) and the test was carried out using two
PolarGel-M 803 columns (300 mm x 7.5 mm) and a PolarGel-M
guard (50 mm x 7.5 mm); the tetrahydrofuran was used as
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a mobile phase. The flow rate was 0.5 mL min~'. The column
temperature was 40 °C. Calibration was performed using poly-
styrene standards (Sigma-Aldrich) ranging from 266 to 55 000 g
mol . The molecular structures of lignin samples were deter-
mined using 2D HSQC NMR analysis (Bruker Advance 600
spectrometer, Bruker, Germany). The experiment began with the
determination of 'H- and *C- dimensions at 10-0 ppm and 220-
5 ppm, respectively; 0.5 mg of lignin samples was dissolved in
0.5 mL of DMSO-d6. Pyrolysis-GCMS was used to characterize the
chemical composition of lignin samples. The pyrolysis of recovered
lignin was performed at 500 °C in an EGA/PY-3030D microfurnace
pyrolyzer (Frontier Laboratories Ltd., Fukushima, Japan) connected
to a GC 7820A system (Agilent Technologies, Inc., Santa Clara, CA)
and an Agilent 5975 mass-selective detector (EI of 70 V). The A DB-
1701 column was 30 m x 0.25 mm, 0.25 pm film thickness (J&W
Scientific, Folsom, CA). The oven temperature was programmed to
increase from 50 °C (1 min) to 100 °C at 20 °C min " and then to
280 °C (5 min) at 6 °C min~". Helium was used as the carrier gas (1
mL min ). The released compounds were identified by comparison
of their mass spectra with those provided by the Wiley and NIST
libraries, and with the spectra reported in the literature.® and,
whenever possible, with the standard retention times and mass
spectra. Molar peak areas were calculated for each released lignin
degradation product. The summarized areas were normalized, and
the data for two replicates were averaged and expressed as
percentages."”

Results and discussion

The interactive effects of residence time, reaction
temperature, and acid concentration on the cellulose yield,
hemicellulose removal, lignin removal, and lignin recovery

All responses were evaluated based on the quality and quantity of
the remaining solid and derived liquid phase, which depends on
the degree of independent factors in the solvothermal fraction-
ation process. The outputs corresponded to the relative responses
including cellulose yield, hemicellulose removal, lignin removal,
and lignin recovery. These responses were generated by feeding
the experimental results into the RSM method to study the inter-
active effects of the process parameters on the responses.

The effect of the three parameters, which includes residence
time, reaction temperature, and acid concentration on the
major components of sugarcane bagasse, were investigated using
the Design-Expert software. The designs of 15 experiments are
shown in Table 1. For optimizing the fractionation condition, the
residence time 30-90 min, reaction temperature 180-200 °C, and
acid concentration from 0.01 to 0.02 M were assessed to determine
the relative responses. The results showed that the cellulose yield,
hemicellulose removal, lignin removal, and lignin recovery after
the solvothermal fractionation process varied in the range of 70.1-
86.1%, 88.4-98.6%, 72.7-87.2%, and 71.5-86.2%, respectively. As
the results, the increasing of reaction parameters (temperature,
time, and acid concentration) enhanced hemicellulose and lignin
removal from native sugarcane bagasse into the liquid phase,
while the cellulose yield in the remaining solid decreased under
the harsh conditions. According to the procedure of fractionation
process, the aqueous phase contains mainly of hemicellulose

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The effect of reaction condition based on BBD
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Factors Responses

Run no. Time (min) T (°C) Conc. (M) Cellulose yield” (%) Hemicellulose removal® (%) Lignin removal® (%) Lignin recovery” (%)
1 60 190 0.015 85.9 94.3 81.5 81.0
2 90 190 0.010 78.7 89.6 76.7 76.8
3 60 200 0.020 86.1 96.7 83.4 83.1
4 30 190 0.020 78.4 89.1 79.8 79.2
5 90 180 0.015 84.0 97.2 87.2 86.2
6 60 190 0.015 85.9 95.9 82.5 81.1
7 90 200 0.015 83.1 93.1 78.6 77.9
8 90 190 0.020 79.3 98.6 86.3 86.1
9 30 200 0.015 82.0 89.8 76.8 76.4
10 30 180 0.015 74.8 93.3 77.7 77.1
11 60 200 0.010 76.1 92.7 72.7 72.0
12 60 180 0.020 79.5 94.1 85.1 84.0
13 60 180 0.010 77.2 95.6 81.5 80.1
14 60 190 0.015 85.0 96.4 82.5 81.6
15 30 190 0.010 70.1 88.4 72.9 71.5

“ Based on the respective content of each fraction in the native biomass. ” Based on the relative weight of lignin in organic phase compared with

lignin content in raw material.

fraction in form of soluble products (Table S17). This could be
described that the harsh condition resulted in the degradation of
carbohydrate fractions (hemicellulose and cellulose) into by-
products (e.g. organic acid, HMF, and furfural). In this study, the
soluble phase was considered as co-product. Then, the target
cellulose and lignin were further evaluated for maximized frac-
tionation of the individual response.

The results obtained after the solvothermal fractionation
process were optimized based on three main responses. It was
found that the determined regression equations for the opti-
mization of cellulose yield (Y3, %), lignin removal (Y, %), and
lignin recovery (Y3, %) were the functions of the residence time
(X3), reaction temperature (X,), and acid concentration (X3). The
predicted equation was fitted to the multiple second-order
polynomial regression, which is defined by the eqn (7)-(9).

Cellulose yield (%) = Y; = =271 + 2.072X; + 2.87X, + 120.X;
— 0.004292X,2 — 0.00763X>°
— 204 500X;% — 0.00675X;,
— 12.83X;3 + 38.50X>; 7)

Lignin removal (%) = Y, = 54 + 1.498X; + 0.36X, — 4722X;
—0.002139X,% — 0.00200.X>>
— 54 000X5> — 0.006417X ;>
+4.50X;5 + 36.00 X3 (8)

Lignin recovery (%) = Y; = 44.4 + 1.478X, + 0.427X, — 4736 X3
—0.001793X,% — 0.00214.X,>
— 48 792X5% — 0.006354X;,
+2.6X)3 + 36.00X5; (9)

A variance analysis (ANOVA) of the quadratic regression
model provided the equations of the cellulose yield (Y;), lignin
removal (Y3), and lignin recovery (Y3) responses. It was proved to
be a statistically significant model for determining the optimal
conditions of solvothermal process. All quadratic models were

© 2021 The Author(s). Published by the Royal Society of Chemistry

statistically significant at the confidence interval of 95%. In addi-
tion, this consistency indicated the high accuracy of the model
based on a comparison of the predicted and experimental values
resulting in the R-square of cellulose yield (99.31%), lignin removal
(99.49%), and lignin recovery (99.63%). According to p-value (Table
2), all parameters (time, temperature, and acid concentration) in
term of linear, quadratic and interaction were statistically signifi-
cant for all responses.

Table 2 Resultant regression models of responses based on ANOVA
analysis

p-Value®

Cellulose
Source yield Lignin removal Lignin recovery
Model
Linear
Time 0.0000 0.0000 0.0000
Temperature 0.0001 0.0000 0.0000
Concentration 0.0000 0.0000 0.0000
Quadratic
Time x time 0.0000 0.0001 0.0001
Temperature x 0.0076 0.0503 0.0405
temperature
Concentration x 0.0000 0.0005 0.0003
concentration
2-Way interaction
Time x 0.0002 0.0001 0.0000
temperature
Time x 0.0002 0.0052 0.0136
concentration
Temperature x 0.0002 0.0001 0.0000
concentration

“ The significant p-value are highlighted.
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Optimization of reaction parameters for solvothermal
fractionation process

The utilization of isolated lignin from sugarcane bagasse using
the solvothermal fractionation process and the subsequent
lignin recovery from the organic fraction is an attentive method
for lignocellulose treatment. Therefore, the fractionation
conditions need to be optimized for maximum lignin recovery.

N
o
N~

Cellulose yield (%)

C: Time (min)

30 o0.01

(b)

Lignin removal (%)

~
(]
~

Lignin recovery (%)

60
C: Time (min)

30 0.01

Fig. 1 Response surface plot of the solvothermal fractionation
process: effect of residence time (30-90 min) and reaction temper-
ature (180-200 °C) in the presence of 0.01-0.02 M of sulfuric acid on
(A) cellulose yield, (B) lignin removal, and (C) lignin recovery.

26778 | RSC Adv, 2021, M, 26773-26784

View Article Online

Paper

The response surface plot for all the target responses (Fig. 1A-C)
showed the influence of residence time, reaction temperature,
and acid concentration on cellulose yield, lignin removal, and
lignin recovery in solvothermal fractionation process of sugar-
cane bagasse. It was found that the optimal conditions for
maximum cellulose yield of 87.4%, the process was performed
at 0.017 M of sulfuric acid at 180 °C for 38.5 min. In addition,
the maximum lignin removal from the solid fraction (88.6%)
and lignin recovery from the organic fraction (87.8%) was ach-
ieved at 0.02 M, 200 °C for 90 min. In this work, the highest
lignin recovery is considered as the main criteria for optimized
solvothermal fractionation process. Under the selected optimal
condition (0.02 M, 200 °C for 90 min), the experimental results
gave the reaction efficiency of cellulose yield (86.1%) with
maximum of lignin removal (88.0%) and lignin recovery
(87.1%).

Characterization of the native sugarcane bagasse and
remaining pulp under the optimal conditions of solvothermal
fractionation

The analysis of the physio-chemical properties of the remaining
pulp after the solvothermal fractionation process under the
optimal conditions was compared with the native sugarcane
bagasse using SEM, XRD, and FTIR techniques. The morpho-
logical appearances of the native sugarcane bagasse and
remaining pulp are shown in Fig. 2. The morphological features
of native sugarcane bagasse showed a smooth surface because
of the coverage of embedded recalcitrant components and wax
layer. According to Fig. 2b, the disruption of sugarcane bagasse
was observed during the solvothermal fractionation. This
related to the obvious alteration on their morphology resulting
in the roughness of cover surface and exposure the internal

Fig. 2 Scanning electron microscope images of (a) native sugarcane
bagasse and (b) remaining pulp under the optimal condition of sol-
vothermal fractionation process.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 The crystallinity index of native sugarcane bagasse and
remaining pulp under the optimal condition of solvothermal frac-
tionation process

Sample Crystallinity index (%)
Native sugarcane bagasse 68.8
Remaining pulp 78.5

structures. The SEM results are well agreement with the entire
extraction of hemicellulose and lignin in fractionation process,
resulting in highly pure cellulose fibers.

In addition, the crystallinity index of native sugarcane
bagasse and remaining pulp were examined using XRD patterns
(Table 3). It was observed that the removal of hemicellulose and
lignin during solvothermal fractionation leads to increased
crystallinity of remaining pulp (78.5%) compared with native
sugarcane bagasse (68.8%). In addition, the structural feature of
cellulose is present in both of amorphous and crystalline forms.
Crystalline cellulose is more resist under acid hydrolysis; thus,
crystallinity increased due to an increasing the relative amount
of crystalline cellulose in the remaining pulp compared to
native biomass as previously observed in the literature using
mild conditions." As a consequence, the solvothermal process
should also remove (almost complete) amorphous cellulose.

Fig. 3 shows the FTIR spectra of native sugarcane bagasse
and remaining pulp. The absorption bands were summarized
according to previous research as shown in Table S2.7'°** It was
observed that the assigned peak in the range of 3100-3700 cm "
was attributed to O-H stretching vibrations of the -OH groups
in cellulose molecules. The characteristic signal of 2902 cm™ " in
both samples was assigned to C-H stretching vibrations of
cellulose, hemicellulose and lignin. The vibrations at 1637 cm™*
was related to the O-H bending vibrations of absorbed waters
for all samples. The bands at 1734 cm™ ' and 1514 cm™ " were
attributed to C=O0 ester group vibrations of the acetyl and
uronic ester groups and aromatic C=C in plane stretching of
the aromatic rings, respectively, in lignin and/or hemicellulose
fraction. Besides, the vibration band at 1462 cm ™" was related to
the C=C stretching vibrations of the aromatic rings in lignin.

——Native sugarcane bagasse ——Remanining pulp
o .5y ®
o 1) - R &
8 & 1

=18
--1462

&

-163’
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Fig. 3 The functional groups based on FTIR analysis of native sugar-
cane bagasse and remaining pulp under the optimal condition of
solvothermal fractionation process.
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The band at 1232 cm ™" was associated with the acetyl groups as
branched groups in polymeric hemicellulose fraction. These
peaks disappeared after solvothermal fractionation process.
This result is in agreement with the removal of hemicellulose
and lignin in fractionation process."” On the other hand, the
peaks at 1053 cm ™" and 898 cm ™! were found after fractionation
process.”® These peaks were assigned to the C-O-H stretching of
alcohols in crystalline structure of cellulose and glycosidic C-H
stretching vibration out of the plane of the aromatic ring (B-
glycosidic linkages), respectively, in cellulose. This result is well
agreement with the increasing of crystallinity index according
to XRD analysis.

Characterization of lignin samples

In this present work, the physio-chemical properties of bagasse
lignin recovery (BGL) in the organic phase under the optimal
conditions were analyzed in comparison to that of commercial
organosolv lignin (COL).

FTIR analysis

The FTIR spectra of lignin samples are shown in Fig. 4. The
functional groups of lignin samples were assigned according to
FTIR spectra of lignin as reported earlier (Table S3+).*>**** The
lignin samples showed the similar of the main functional
groups. The relative functional groups showed the vibration of
O-H stretching at 3406 and 3410 cm™'.>* The characteristic
signal of C-H stretching in CH, and CH; were assigned to 2935
and 2845 cm ', respectively.”® The vibrations at 1699-
1704 cm ™ were related to C=0 stretching, unconjugated.?? The
characteristic signals of aromatic skeletal vibrations S > G
(1602-1605 cm™'), aromatic skeletal vibrations G > S
(1514 em™'), C-H deformations in -CH,~ and -CH; (1459-
1463 cm '), aromatic skeletal vibrations (1422-1427 cm™ %),
aliphatic C-H stretch in CH;, not in OCH; (1362-1367 cm™ '), S
ring breathing (1325-1330 cm™'), G ring breathing (1261-
1265 cm™ '), C-C and C-O stretch, G condensed > G (1219-
1224 cm™ '), C-O stretch in ester groups HGS (1168-1173 cm ™ 1),
aromatic C-H in plane deformation S (1121-1127 cm™ ),
aromatic C-H in plane deformation G > S (1030-1035 cm %),

——Commercial organosolv lignin
8 B2
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——Lignin recovery

Transmittance (%)
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Fig. 4 The functional groups based on FTIR analysis of lignin recovery
and commercial organosolv lignin.
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Table 4 M,,, M,, and polydispersity (M,,/M,) of lignin recovery and
commercial organosolv lignin

Sample M,” (g mol ™) M,” (g mol™) My /M¢
BGL 1374 785 1.75
COL 1558 733 2.12

“ Weight-average molecular weight. ” Number-average molecular
weight. ¢ Polydispersity index (PDI).

CH=CH-out-of-plane deformation trans (984 cm ') and
aromatic C-H out-of-plane deformation S + H (835-836 cm™ )
could be observed in both lignin samples. It was found that
both derived lignin samples resulted in no substantial alter-
ation of the core of lignin structure under different extraction
conditions.”® In comparison, COL showed the obvious peak of
C-H deformations in -CH,- and -CH; and aromatic skeletal
vibrations, while BGL contains an intense peak of C-O stretch
in ester groups HGS. According to the relative functional groups
SGH units in BGL, the FTIR spectra is well agreement with the
source of BGL as grass type. Since lignin from grass is composed
mainly of three monolignols of S, G, and H units.***” The
proportion of SGH units could be determined according to the
results in section of Py-GC/MS.

Molecular weight distribution

The effect of lignin extraction after solvothermal fractionation
process on the molecular weight distributions and poly-
dispersity index (M,/M,) of lignin samples are presented in
Table 4. The outputs were analyzed in term of molecular weight
(M), number average (M,,), and PDI. It was found that the M,, of
COL was slightly higher than that of BGL. The different condi-
tion would cause the condensation reaction of isolated lignin
which resulted in a higher M,,.>° The PDI value of BGL and COL
were 1.75 and 2.12 (g mol™ "), respectively. This result corre-
sponded to a lower PDI of BGL compared to COL. As previously
reported, lignin isolation from bagasse was carried out under
optimal conditions using ethanol-water fractionation. It was
found that the PDI of lignin extraction after ethanol-water
fractionation process was 1.58, which is slightly lower than that
of alcell lignin (2.18).%®

Elemental analysis

The chemical composition of lignin samples is demonstrated in
Table 5. The composition content of the lignin samples
included the element of carbon (C), hydrogen (H), oxygen (O),
nitrogen (N), and sulfur (S), which in range of 62.45-63.72%,
5.21-5.30%, 29.79-31.4%, 0.78-0.8%, and 0.13-0.4%,

Table 5 Proportion of elemental in the lignin recovery and
commercial organosolv lignin (wt%)

Lignin sample C H o N S
BGL 63.72 5.30 29.79 0.78 0.40
COL 62.45 5.21 31.4 0.80 0.13
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respectively. As the results, the BGL showed a relative high
content of carbon resulting in a good candidate for valorization
of high-quality lignin. Typically, a low number of contaminated
elements (e.g. nitrogen and sulfur) is an aspect of lignin prop-
erties. However, the BGL showed a slightly higher of sulfur than
COL. The sulfur element could be gained from the used of
sulfuric acid as promoter during the solvothermal fractionation
process.”

Thermal decomposition

The thermal decomposition of lignin samples is illustrated in
Fig. 5. The results showed that the thermal degradation of COL
and BGL could be divided into four stages. Initially, the first
stage was observed at 50-150 °C due to moisture loss from the
lignin sample.* The second stage, showing the decomposition
of volatile substances (i.e., CO, CO, CH,, and p’-O-4' linkages
due to the cleaving of the side chains) was observed at 150-
380 °C.*' The third stage was observed in the temperature range
from 400 to 450 °C; the decomposition of the aromatic rings
and the cleavage of the C-C linkages and 5-5" linkages of the
lignin sample took place in this stage.*” In the final stage, the
degradation of the aromatic ring and the condensation reaction
occurred above 450 °C.* In comparison (Fig. 5a), it was
observed that the thermal stability of COL was slightly higher
than BGL. This could be due to the different chemical structure
according to FTIR analysis. Fig. 5b displays the degradation of
weight loss of lignin samples. In details, the first stage of COL
and BGL was observed at 85 °C and 101 °C, respectively. The

100
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= Lignin recovery
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v
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Fig. 5 The thermal decomposition of lignin recovery and commercial
organosolv lignin: (a) TG curve and (b) DTG curve.
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COL showed two degradation at 287 °C and 328 °C during the
second stage, whereas BGL was found at 291 °C. This could be
described that the different quantity of side chains lignin
samples, which related to the degradation of B-O-4 cross-
links.>»* Since the solvothermal process presume to obtain
a greater number of B-O-4 linkage as previously observed.*® The
major degradation temperatures of BGL and COL were observed
in the third region. The DTG,.x of COL and BGL was estimated
at 410 °C and 437 °C, respectively. Above 450° (up to 900 °C),
COL and BGL showed a gradual weight loss. The final solid
residue yield at 900 °C of COL and BGL was 34% and 26%,
respectively. This could be due to the presence of different
inorganic compounds. According to Table S4,t it was observed
that COL showed a relative higher of glass temperature (154.1
°C) compared with BGL (111.6 °C). This indicated that the
working temperature for valorization of organosolv lignin-based
polymer blends should be performed under these tempera-
tures. Further specific lignin features were characterized by 2D-
HSQC NMR and Py-GC/MS.

Structural features through 2D-HSQC NMR

The obtained lignin samples were further investigated the
structural features by 2D NMR. It should be mentioned that the
detailed assignment of the correlation signals in the spectra
(Table 6) is based on previous publications.’” Fig. 6 shows the
side-chain (6¢/0y 50.0-90.0/2.5-6.0) and aromatic/unsaturated
side-chain regions (dc/6y 100.0-150.0/6.0-8.0) of the HSQC
spectra of the lignins. The main substructures found are also
depicted in Fig. 7. In the side-chain region of the HSQC spectra,
the most prominent correlation signals represent the methoxyl
groups (6¢/0y 55.7/3.71) in both BGL and COL. In addition to
the methoxyl groups, the signals for C,/H,, correlations of the -
0-4 ayrl ether linkages (A) structures at 6c/0y 71.3/4.81 were also

View Article Online
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observed in all lignins, though they were weaker in COL. This
result is in agreement with Moghaddam et al.*” who reported
that this signal could be detected when mild extraction condi-
tions were employed. Besides, the C,/H, correlations of -O-4
structures (A) at 59.9/3.61 were also observed in the lignins,
these are commonly present in significant amounts in the
HSQC spectra of native lignin from bagasse.*® The signals from
the C,/H, correlations of y-acylated lignin structures (A) in the
lignins arise from p-coumarates acetylating at y-OH of the
lignin side-chain, as already published by del Rio et al.*® There is
only one interunit linkage visible corresponding to the Cpg)/
Hgs): and Cgs)2/Hgs)z correlations at d¢/0y 85.9/4.10 and 86.2/
4.08, respectively, in COL; however, these were absent in the
spectrum of BGL. Signals for B-f’ resinol substructures (B) were
also observed in the HSQC spectra.

The "*C-"H correlations in a range of 6¢/dy 100.0-150.0/6.0-
8.0 (Fig. 6A-C) correspond to the aromatic/unsaturated side-
chain regions of p-hydroxyphenyl (H), syringyl (S), and
guaiacyl (G) lignin units, as well as the pCA and FA pendant
units that are associated with the lignin. Prominent signals at
0c/0y 103.7/6.67 were present in all lignin samples due to C, ¢-
H, ¢ correlations in S units. Strong signals at c/dy 111.3/6.96
and 115.4/6.78 corresponding to C,-H, and Cs-Hs correla-
tions in G units were also observed in all the lignins, while the
signal at 0c/0y 118.6/6.84 related to Cs—Hg in G-units was only
observed for COL (Fig. 7, substructure 3). Notably, the C; 5-Hj 5
correlations of p-coumarates (pCA) overlapped with the Cs-Hj
correlations of G units and were observed for both COL and
BGL. The signals for H-lignin units at éc/dy 127.7/7.21 associ-
ated with C, ¢—H, ¢ correlations (Fig. 7, substructure 5) were also
observed in all samples, including COL and BGL. Strong C,-H,,
and Cp-Hjp correlation signals between pCA and ferulates (FA) at
0c/0n 144.0/7.48 and 116.3/6.38 were also presented by all
samples (Fig. 7, substructure 6 and 7). In addition to the signals

Table 6 Assignment of main lignin recovery signals in the *C~'H 2D HSQC NMR spectra shown in Fig. 6

Label 0c/0un Assignments
Alkyl groups region C3;H,~y 13.7/0.83 Propyl groups of phenolic monomers at y position

C;H,-B 24.2/1.47 Propyl groups of phenolic monomers at 8 position

Ester-o. 30.3/2.71 Ester groups of phenolic monomers at a position

Ester- B 35.7/2.87 Propyl groups of phenolic monomers at 8 position
Side-chain region -OCH; 55.7/3.71 C-H in methoxyls

A, 59.9/3.61 C,-H, in B-O-4' substructure (A)

B, 62.4/3.67 Cg-Hp in B-P (resinol) substructures (B)

A, 71.3/4.81 C,~H,, in B-O-4' substructure (A)

Ags)t 85.9/4.10 Cp-Hg in B-O-4' substructures (A, erythro form)

Ag(s)2 86.2/4.08 Cg-Hp in B-0-4’ substructures (A, threo form)
Aromatic region Ss6 103.7/6.67 C,,6-H, 6 in syringyl units (S)

G, 111.3/6.96 C,-H, in guaiacyl units (G)

Gs 115.4/6.78 Cs-H; in guaiacyl units (G)

PpCA; 5 115.6/6.93 C;,5-H; 5 in p-coumarate

DPCAg/FAg 116.3/6.38 C,-H,, in p-coumarate and ferulate

Ge 118.6/6.84 Ce—Hp in guaiacyl units (G)

FAq 123.3/7.11 C¢—Hg in ferulate

H 6 127.7/7.21 C,,6-H, ¢ in p-hydroxyphenyl units (H)

PCA, 6 130.0/7.48 C,6-H, 6 in p-coumarate

pCA, 6 130.0/7.48 C,,6-Hs 6 in p-coumarate

PCA,/FA, 144.0/7.48 C,-H, in p-coumarate and ferulate

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.6 The 2D HSQC NMR spectra of commercial organosolv lignin (A,
C, and E) and lignin recovery (B, D, and F) extracted with MIBK.

of the pCA units, minor C¢-Hg correlation signals in ferulates
(FA) at 6¢c/0y 123.3/7.11 were only presented by COL. Besides,
BGL shows relatively strong signals between the regions of 6¢/0y
10.0-50.0/0.5-3.0 (Fig. 6E and F); these can be attributed to
methyl groups attached to methyl-esters as well as propyl and
ester groups of phenolic monomers, indicating the formation of
new functional groups of lignin during the acid-catalyzed MIBK
pretreatment. As reported by Wanmolee et al.,"” MIBK did not
show the addition of a replacement of the solvent incorporated
in the lignin-derived products due to the steric hindrance of
isobutyl group; it thus also provides more stability during
fractionation whereas methanol plays a major role by facili-
tating alkylation reaction on lignin. In conclusion, given the
location in the HSQC spectra substructures during the
pretreatment.*® The results of the of these signals, the absence
of oxidized S (C,=O) corresponding to C,¢-H, 6 (S') correla-
tions and pCAg and FAg clearly indicate changes in lignin
substructures during the pretreatment.®® The results of the
phenolic monomers attribution using the HSQC spectra were
further confirmed by the Py-GC/MS.

The identification of relative mass compounds

The relative molar abundances of compounds of lignin samples
were analyzed using Py-GC/MS (Table 7). The results show that
COL was composed of 30.53% of H-units, 44.42% of G-units,
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Fig. 7 The lignin substructures observed in the HSQC spectra of the
lignins: (A) B-O-4' linkages, (B) resinol structures formed by B-B, (S)
syringyl unit, (G) guaiacyl unit, (H) p-hydroxyphenyl unit, (pCA) p-
coumarate, and (FA) ferrulate.

and 25.05 of S-units, while the BGL from the organic fraction
shows a predominance of G-unit, which accounted for 42.19%
and is composed of 32.69% of H-units and 25.12% of the S-type.
However, the S/G ratio of lignin recovery was approximately 0.60
and 0.56 for COL and BGL, respectively. As a result, it was found
that the major products obtained from BGL were guaiacol
(18.9%), syringol (17.2%), and 4-ethyl phenol (14.2%). More-
over, the pyrograms compound showed the products derived
from p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) lignin.
The results showed that BGL contained mainly aromatic
hydrocarbon groups, alkoxy groups, and phenolic compounds.
BGL comprised mainly of the guaiacol types (G), such guaiacol
unit (1), 4-methylguaiacol (8), and 4-vinylguaiacol (11) or prod-
ucts in the hydroxylphenyl group (H), consisting of phenol (2),
4-ethyl phenol (7), and 4-vinylphenol (12). However, low
amounts of syringol (13) and acetosyringone (18) compounds
were derived from syringol type (S). Thus, the effect of organo-
solv fractionation lead to the change of sub-structure of derived
lignin, and obviously depolymerization and repolymerization
occurred during the process.*

In summary, the isolated lignin was further compared with
the recent research of different solvothermal process and
various biomass resources based on their structural features
(Table S5t).2>3>3741-%¢ It was observed that the isolated lignin
showed a relatively low of M, M,, PDI of isolated lignin
compared with others lignin. In contrast, the DTGax and Ty
showed a relatively high. This result demonstrated a good

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 7 Py-GC/MS analysis results of the identification and relative
molar abundance (%) of commercial organosolv lignin and lignin
recovery

Label Compound Origin CoL BGL
1 Guaiacol G 15.2 18.9
2 Phenol H 4.5 7.3
3 4-Propylguaiacol G 0.3 0.4
4 3-Methylphenol H 0.71 0.59
5 4-Methylphenol H 1.8 2.1
6 2-Methylphenol H 0.5 0.4
7 4-Ethyl phenol H 3.6 14.2
8 4-Methylguaiacol G 5.2 8.6
9 4-Ethylguaiacol G 2.12 3.53
10 3-Methoxyphenol H 2.32 4.5
11 4-Vinylguaiacol G/FA 17.9 5.8
12 4-Vinylphenol H/PCA 17.1 8.1
13 Syringol S 13.5 17.2
14 Syringyl vinyl ketone S 0.9 0.5
15 trans-Isoeugenol G 1.2 1.2
16 4-Allylguaiacol G 0.9 0.8
17 4-Ethylsyringol S 1.7 1.3
18 Acetosyringone S 2.5 1.4
19 Syringaldehyde S 1.2 1
20 Syringylacetone S 0.8 1.4
21 Propiosyringone S 1.37 0.24
22 Vanillin G 0.8 1.6
23 Eugenol G 0.3 0.5
24 Homosyringaldehyde S 0.12 0.15
25 Syringic acid S 1.98 0.47
26 Dihydroconiferyl alcohol G 0.5 0.86
27 trans-Sinapaldehyde S 0.98 0.26
28 Hexadecanoic acid, ethyl ester FA 0.95 0.72
29 p-Coumaric acid ethyl ester PCA 1.06 0.6
30 Ferulic acid ethyl ester FA 0.37 0.98
%H" 30.5 32.6
%S* 25.0 25.1
%G” 44.4 42.1
S/G* 0.56 0.60

“ Calculated by using all the H: p-hydroxyphenyl units; G: guaiacyl units
and S: syringyl units; -lignin derived products.

candidate for working temperature of lignin-based polymer
blends. The ratio of lignin monomers (S:G:H) of lignin
samples was found in different proportion. This could be
described that the different ratio is a function of genotypes and
fractionation process. For lignin substructures, the lignin
samples showed a similar linkages and subunits via sol-
vothermal process. Therefore, the fractionation strategies and
their conditions are considered as the main criteria on the
different of lignin properties.

Conclusions

This study aimed to find the optimal conditions for the modi-
fied solvothermal fractionation process of sugarcane bagasse
for maximized extraction of lignin. As the results, the optimal
conditions were performed at 200 °C for 90 min in the presence
of acid concentration with 0.02 M. It was observed that 88.0% of
lignin fraction was removed from the solid resulting in 87.1% of
lignin recovery in organic phase. The maximum lignin

© 2021 The Author(s). Published by the Royal Society of Chemistry
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decomposition obtained from the TGA analysis due to the
cleavage of B-aryl structures (B-O-4), resinol (B-B), and phenyl-
coumaran (B-5). In addition, HSQC NMR spectra revealed the
formation of alkyl-ester groups of the lignin side-chain struc-
tures during acid-catalyzed MIBK pretreatment. The chemical
composition of lignin derivatives composed mainly of G-
structures according to Py-GC/MS. The GPC analysis showed
a low molecular weight and PDI of lignin recovery compared to
commercial organosolv lignin. This study provides a deep
insight the structural differences of the produced lignin during
solvothermal fractionation process for further conversion into
high value-added products in industrial biorefineries.
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