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This study evaluates the production of lignin bioactive extracts from sugarcane bagasse (SCB) and straw (SCS)
alkaline black liquors using greener precipitating agents (methane sulfonic acid (MSA), formic acid (FA) and
lactic acid (LA)) as replacers of sulfuric acid (SA), the most common one used in industry. Results showed that

g::icli g/iti::tracts the highest precipitation yield was achieved by LA when applied to SCB (14.5 g extract/100 g SCB). Lignin SCB
Biorefinery extracts were similar in composition in terms of total carbohydrates (61-70 %), lignin (22-30 %) and inorganics

(1.6-2.6 %). Regarding the SCS extracts, similar yields were obtained among all extracts, however, differences in
composition were observed between SA and greener precipitating agents, particularly in terms of sugar content.
All extracts exhibited radical scavenging activity; overall the extracts were more effective in the scavenging of
ABTS radical. FA was the most promising alternative to SA to recover lignin bioactive extracts. This work sug-
gests organic acids as good candidates for obtaining valuable extracts from alkaline pulping of SCB and SCS

instead of the conventional sulfuric acid.

1. Introduction

The use of lignocellulosic biomass as feedstock for the production of
products, chemicals, energy and biofuels is growing considerably, to-
wards a more efficient valorization of agro-industrial residues and in-
dustry by-products [1].

Sugarcane (Saccharum spp. hybrids) is a perennial mono-
cotyledonous plant belonging to the Gramineae family originated from
Asia. The sugarcane industry is a very important sector in Brazil in the
production of sugar and first-generation ethanol from saccharose. This
sector generates several by-products such as bagasse (SCB), straw (SCS),
molasses, filter cake and residual wastes [2]. SCB and SCS (leaves and
tops) are the main by-products of the sucro-alcohol industry accounting
for about 140 kg each (dry basis) per ton of processed sugarcane [3,4].
Currently, SCB is used to suppress the energy demands of sugar and
ethanol plants, and SCS could either be maintained in the fields to make
nutrients available, or also burnt for energy [3,5]. The development of
environmentally friendly processes for the valorization of these bio-
masses is still emergent and can be a significant economical advantage
for the sugarcane industry.

Usually, lignocellulosic biomass is mainly composed of cellulose,
hemicellulose, and lignin. Cellulose is a linear homopolymer with
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monomeric units of anhydro-p-glucose linked through p-(1,4) glycosidic
linkages [6]. This arrangement confers rigidity and crystallinity to the
molecule, being difficult to be hydrolyzed under mild acidic or enzy-
matic conditions. On the other hand, hemicellulose is a branched het-
eropolymer with a random and amorphous structure with little strength
and thus, easily hydrolyzed by hydrothermal treatment and acid or
enzymatic hydrolysis. Sugarcane hemicellulose contains both hexoses
(glucose, mannose and galactose) and pentoses (xylose and arabinose)
being mainly composed of a backbone of xylose monomers with $-(1,4)
linkages [7]. The molecule is also branched with uronic acids and p-
hydroxycinnamic acids esterified with hemicellulose. Lignin is the
reinforcing fraction conferring elasticity and mechanical strength to the
plant. It is a complex aromatic macromolecule formed by the dehydro-
genative polymerization of three phenylpropanoid monomers coniferyl,
synapyl and p-coumaryl alcohols. In the specific case of sugarcane lig-
nins, they are greatly acylated (p-coumaroylation) at their side chains,
containing tricin flavonoid units and ferulate residues cross-coupled
between arabinoxylan and lignin [8].

SCB and SCS are lignocellulosic materials with similar compositions:
SCB has about 39-45 % cellulose, 23-27 % hemicellulose, 19-32 %
lignin, 5-7 % extractives and 1-3 % inorganics; SCS has 33-45 % cel-
lulose, 18-30 % hemicellulose, 17-41 % lignin, 5-17 % extractives and
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2-12 % inorganics [9-12]. The composition and availability of these
biomasses represent a huge potential. In this sense, there is extensive
literature devoted to SCB and SCS deconstruction by hydrothermal,
alkaline, acidic or organosolv pretreatments [13-15] and application of
the respective fractions ranging from bioethanol, bioactive extractss (e.
g. lipophilic or phenolic-rich extracts), high value-added molecules and
biomaterials [16-20].

The biomass extraction with sodium hydroxide is one of the pre-
treatments extensively studied offering different advantages; As this
solvent is less caustic than acidic reagents, the applied mild conditions
allow the solubilization of lignin and hemicellulose, and the equipment
design is simple [21,22]. Most studies with SCB and SCS pretreated with
sodium hydroxide are focused on the production of second-generation
bioethanol or other fuels, where the recalcitrant lignin polymer plays
a limiting role for the necessary enzymatic saccharification of poly-
saccharides into monosaccharides and their subsequent fermentation
[12,23-28]. These studies typically employ sodium hydroxide concen-
trations ranging from 0.18 to 15 % w/v, temperatures of 98-175 °C,
reaction time of 0.75-1 h, a liquid-solid ratio of 6-10, and with or
without a milling/sieving stage. Some studies perform a primary hy-
drothermal pretreatment for a more efficient hemicellulose removal or
biomass washing [12,15,25,26,29].

The pretreatments applied to SCB and SCS biomasses will result in
different delignification levels and, thus, some studies are being con-
ducted to understand the most appropriate pretreatment or its effect,
particularly in the solid stream obtained, and correlate it with the
intrinsic properties of SCB and SCS [8,30]. As for instance, Yu et al. 2013
[28] have removed from SCB about 21 % cellulose, 24 % xylans and 90
% lignin employing 0.18 % sodium hydroxide concentration, liquid/
solid ratio of 6 kg/kg at 110 °C for 1 h. In a study reported by Rezende
et al. 2011 [26] a maximum of 88 % of lignin was obtained from SCB
pretreated with sodium hydroxide at a concentration above 2 % w/v,
120 °C for 0.75 h prior to a hydrothermal treatment employing an acid
catalyst. With this combination of pretreatments, the authors managed
to remove about 95 % of hemicellulose, 80 % of which were removed in
the first hydrothermal stage. A maximum of cellulose removal (35 %)
was observed for treatments performed with sodium hydroxide at con-
centrations above 2 % w/v.

Regarding the precipitation step, the acid precipitation is the most
commonly method applied to obtain lignin fractions, being Lignoboost
and Lignoforce two patented processes industrially applied [31,32].
Carbon dioxide, hydrochloric acid and sulfuric acid are used to drop the
pH and trigger the precipitation of the black liquor components (lignin
and carbohydrates) [31-35]. However, precipitation with these mineral
acids can raise environmental concerns. For example, the precipitation
with hydrochloric acid leads to the formation of chlorinated compounds,
and using sulfuric acid, classified as carcinogenic agent to humans, foul
gases such as hydrogen sulfide and carbon dioxide are released, which
need to be handled (neutralized or recovered) from an industrial process
point of view [34,36].

Recently, organic acids are being tested as a safer alternative to
mineral acids because they are environmentally friendly, and they do
not produce harmful reaction by-products. Additionally, the use of
organic acids positively contributes to the circular economy, since these
acids can be obtained from biomass or as by-products of other processes.
Studies revealed that some organic acids can improve the filtration
process during lignin precipitation [33,35]. Moreover, the precipitation
with organic acids generates carbon dioxide that can be captured and
used as precipitation agents as well [35]. In this sense, Da Silva et al.
2019 [33] evaluated the replacement of sulfuric acid by several organic
acids (acetic, citric and lactic acid) in the precipitation of a kraft black
liquor and observed that the organic acids yielded higher-purity lignin
extracts with equivalent or better antioxidant activity.

Besides the raw material source, the precipitation yields and
composition of the obtained extracts also depend on the process con-
ditions, such as ionic strength of black liquor, black liquor concentration
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in lignin and carbohydrates, pH and temperature. Typical conditions
applied are temperatures between 45 and 75 °C and pH from 11 to 2
[32,34]. Lower temperature and final pH, along with higher ionic
strength of the solution allow maximum precipitation yields. Most of the
reported studies have shown complete precipitation at pH ~4 [35].

The present work proposes the alkaline extraction of sugarcane by-
products (SCB and SCS) using mild conditions, and precipitating the
solubilized components (mostly lignin and hemicellulose) with greener
approaches (methane sulfonic acid, formic acid and lactic acid) for
replacing traditional mineral acids, as well as for obtaining bioactive
extracts. As far as we know, this is the first study comparing the impact
of different greener solvents on the precipitation of SCB and SCS black
liquors and antioxidant activity of the obtained extracts. All the
precipitated extracts were characterized in terms of lignin, cellulose,
hemicellulose, inorganics content, molecular weight distribution, and
glass transition temperature. The mineral sulfuric acid was also tested
for comparison purposes. Because extracts from different biomasses,
including sugarcane, have been reported as potential natural radical
scavengers [37,38], the antioxidant activity of the studied extracts was
assessed.

2. Material and methods
2.1. Raw material

Sugarcane bagasse (SCB) and straw (SCS) used in this work were
kindly provided by Raizen (Brazil), air-dried overnight in an oven at
40 °C, milled (Retsch model SM100) and sieved to remove fines (fraction
> 160 pm) (Retsch AS 200 basic).

2.2. Alkaline extractions and black liquor precipitation

Alkaline extractions of milled and sieved SCB and SCS were per-
formed with 6 % w/w sodium hydroxide in Schott bottles for 1 h at 90 °C
(controlled by a water bath (Julabo SW22)), employing a liquid-solid
ratio of 15. After the extraction, the solid phase was separated from
the liquor, washed thoroughly with deionized water until neutral pH
and dried at room temperature until equilibrium. The obtained black
liquor was precipitated with mineral acids (sulfuric acid (SA) and
methane sulfonic acid (MSA)) and organic acids (lactic acid (LA) and
formic acid (FA)). For that, a solution of 6 M of the precipitating agent
was prepared and the precipitation was conducted as described in
literature [39] with minor changes, at 45 °C up to final pH of 4. The
mixtures containing the precipitated extracts were separated by centri-
fugation (Thermo Scientifc Heraeus Megafuge 16R) and washed firstly
with acidified water (pH value of 3) and then with deionized water.

2.3. Characterization of raw and extracted biomasses

The water content and inorganics were gravimetrically determined
at 105 °C (Venti-Line) and 550 °C (Nabertherm), respectively, until
constant weight. The crucibles were previously calcined overnight at
550 °C. All samples were analyzed at least in duplicate.

2.3.1. Quantification of total lignin and carbohydrates

Samples were submitted to acid hydrolysis for acid insoluble and
soluble lignin and total carbohydrates content determination as
described in literature [40]. Briefly, 3 mL of sulfuric acid 72 % w/w was
added to about 0.3 g of sample. The mixture was placed in water bath at
30 °C for 1 h and, afterwards, was incubated in an autoclave at 121 °C
for 1 h after being diluted with deionized water up to 4 %. The solution
was cooled down and filtered through sintered glass filter crucibles
previously calcined at 550 °C. The acid insoluble lignin was determined
after drying the glass filter crucibles at 105 °C. After dilution of the
filtrate samples, the acid soluble lignin was quantified by spectropho-
tometry at 205 nm (Shimadzu UV Visible Spectrophotometer)
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employing the absorption coefficient of 110 dm® g~ ecm™!. The total
carbohydrates content in the filtrate solution was quantified by high
performance liquid chromatograph (HPLC) equipped with refractive
index detector employing an Aminex HPX 87H column 300 x 7.8 mm
(Bio-rad laboratories). The chromatograms were run in isocratic mode at
0.6 mL min~* and 50 °C. The mobile phase employed was 5 mM sulfuric
acid solution and volume injection was 10 pL. All samples were analyzed
at least in duplicate.

2.4. Characterization of black liquors

Total non-volatile solids and inorganics content were gravimetrically
assessed at 105 °C and 550 °C, respectively, until constant weight.
Lignin concentration was spectrophotometrically determined at 280 nm
(Shimadzu UV Visible Spectrophotometer) after adequate dilution
employing a calibration curve obtained with a kraft standard lignin
(Sigma-Aldrich, CAS 8068-05-1, purity >95 %) dissolved in 0.1 M so-
dium hydroxide solution. Apparent density was measured by weighting
a known volume of liquor and pH value using a pH meter (Mettler
Toledo).

2.5. Characterization of the lignin extracts

Extracts were characterized regarding total lignin, carbohydrates
and inorganics, as previously described. The attenuated total reflectance
- Fourier transform infrared spectroscopy, molecular weight distribution
and glass transition temperature were assessed as described below.

2.5.1. Attenuated total reflectance - Fourier transform infrared
spectroscopy (ATR-FTIR)

ATR-FTIR (Perkin Elmer Frontier) by direct transmittance in a single-
reflection ATR System was performed for the extracts to analyze main
functional groups of lignin. Spectra were recorded between 550 and
4000 cm ™! with 16 scans and resolution of 4 cm ™.

2.5.2. Molecular weight determination by gel permeation chromatography
(GPC)

Molecular weight determination was performed on an Agilent 1260
Infinity II system equipped with UV detector and quaternary pump. It
was used two Agilent gel columns placed in series: Oligopore column
300 x 7.5 mm with nominal particle size of 6 pm and Mesopore column
300 x 7.5 mm with nominal particle size of 3 pm that measure molecular
weights up to 4500 g mol~! and 25,000 g mol !, respectively. A guard
column Oligopore 50 x 7.5 mm was placed prior to the columns.
Detection was performed at 268 nm and the volume of injection was 20
pL. GPC analysis was performed in isocratic mode employing dime-
thylformamide with 0.5 % w/v of lithium chloride [41]. Chromatograms
were run at 70 °C and flowrate of 0.8 mL min~!. About 5 mg mL™! of
each standard or sample was dissolved in mobile phase solvent, stirred
until complete dissolution and filtered through 0.45 pm syringe filter
before injection. Calibration curve was performed with 10 polystyrene
molegular weight standards (Agilent) ranging from 162 and 9570 g
mol ™.

2.5.3. Differential scanning calorimetry (DSC)

DSC (Netzsch-Geratebau GmbH DSC 204 F1 Phoenix®) was
employed to determine de glass transition temperature (Tg). About 5 mg
of sample was hermetically sealed in aluminum pans with pierced lids
and analyzed under nitrogen atmosphere at a heating rate of 10 °C
min~! from 30 °C to 550 °C. Inert atmosphere was maintained by

purging nitrogen gas at a flow rate of 40 mL min~'.
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2.5.4. Antioxidant activity

2.5.4.1. 2,2'-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid (ABTS)
assay. The antioxidant activity was assessed according to the method
described in literature [42] with some modifications. The concentration
of ABTS radical was adjusted with methanol to an initial absorbance of
0.700 (£0.020) at 734 nm. To 200 pL of this solution of ABTS was added
15 pL of sample or Trolox (positive control) or solvent (blank) in a 96-
well plate. The mixture was incubated for 5 min at room temperature
in the dark, and the absorbance at 734 nm was measured in a microplate
reader. The radical stock solution was freshly prepared, and all the an-
alyses were performed in triplicate. Samples were prepared by dissolv-
ing 10 mg of each extract in 1 mL of methanol, sonicated for 30 min,
centrifuged at 15000 rpm for 5 min and the soluble fraction was
gravimetrically determined. The percentage results of scavenging ac-
tivity were calculated as % inhibition using the following Eq. (1):

(A. — Ay)

c

%Inhibition = x 100 (€D}

where, A, is the absorbance of control and Ay is the absorbance of the
sample. The results were expressed as IC50 (i.e. the concentration of the
sample required to inhibit 50 % of the ABTS radical).

2.5.4.2. 2,2-Diphenyl-1-picrylhydrazyl (DPPH) assay. The ability of the
extracts to scavenge the DPPH radical was determined by the method
described in literature [43] with minor modifications. For the DPPH
assay, 175 pL of DPPH methanolic solution (600 pM) were added to 25
pL of each extract or butylated hydroxytoluene (BHT) or solvent (blank).
Samples preparation was performed as previously described for the
ABTS assay. After 30 min in the dark at room temperature, the inhibition
of the DPPH radical was measured at an absorbance of 515 nm. The
antioxidant activity was expressed as a percentage DPPH inhibition
following Eq. (1). All experiments were performed in triplicate. The
results were expressed as IC50 (i.e. the concentration of the sample
required to inhibit 50 % of the DPPH radical).

3. Results and discussion
3.1. Alkaline extraction

The physical and chemical characterization of the raw material - SCB
and SCS - was performed and the results are shown in Table 1. The SCB
showed a higher content of cellulose and lower content of hemicellulose
and total lignin than SCS (Table 1), being in line with the compositions
reported in literature [9-12,44]. The raw materials were submitted to
the same alkaline treatment and the respective extracted biomass ob-
tained were characterized (Table 1). It was observed a low solubilization
of cellulose (<1 %), and high solubilization of hemicellulose and total
lignin (above 65 %). In the case of the SCS, the extraction of hemicel-
lulose and total lignin was higher than for SCB (Table 1).

In this work, SCB solubilization yield (44.0 %) was within the range
of values found in the literature for different soda extraction conditions
(23-49 %) [23,24,26,27,45]. Herein, lignin is the major compound
removed (72.8 %) agreeing with other studies using sodium hydroxide
concentrations above 1 % (67-90 %) [23,24,26-28,46]. Hemicellulose
removal (65.5 %) is slightly higher than others reported in the literature
for sodium hydroxide concentrations above 1 % (19-58 %)
[23,24,26-28,46]. The solubilization and delignification yields ach-
ieved for SCS were 53 % and 81 % were achieved, respectively (Table 1).
The hemicellulose removal was slightly higher than that of SCB (73 %),
whereas the cellulose removal was similar (below 1 %). Regarding the
results obtained for cellulose, they were lower than expected consid-
ering those reported in similar studies for SCB (19-36 %) and SCS (0.8
and 35 %) [15,26-28]. This can be explained, at least in part, to the prior
hydrothermal pretreatment employed that can disrupt the fibrous
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Table 1
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Chemical composition (%wt, oven dried basis) of raw SCB and SCS and respective extracted biomass obtained after alkaline pretreatment.

Cellulose Hemicellulose Total lignin Inorganics  Cellulose removal  Hemicellulose removal  Lignin removal  Solubilization yields

Raw SCB 37.9+04 327106 25.5+ 0.7 3.8+£0.9 - - - -

(xylans 28.2 + 0.7) (KL 22.9 £+ 0.4)
Raw SCS 349+0.6 33.7+0.3 26.5 + 0.2 3.6 +£0.2 - - - -

(xylans 28.3 + 0.3) (KL 23.5 + 0.1)
Extracted SCB" 69.5 + 3.6 194+ 1.5 12.4 + 0.8 2.74+0.1 b 65.5 +£ 0.2 72.8 £ 0.2 44.0 + 0.4

(xylans 17.6 + 1.7) (KL 11.2 +0.4)
Extracted SCS" 74.8+3.2 181+1.4 11.0+ 1.4 2.7 £0.4 08+1.9 73.8 £ 0.5 80.7 £ 0.4 53.1 £0.9

(xylans 15.4 + 1.4) (KL 8.9 +1.2)

SCB - sugarcane bagasse; SCS — Sugarcane straw; KL — Klason lignin (insoluble lignin).

2 Expressed in w/w pretreated biomass.
b Residual removal.

matrix and induce a boosting effect in the carbohydrates removal during
the alkaline pretreatment.

3.2. Composition of black liquors

The composition of both black liquors was similar in terms of total
non-volatile solids, inorganics content, and lignin and carbohydrates
concentrations (Table 2). Although more compounds were solubilized in
the SCS (23 %) as compared to the SCB (15 %) (Table 1), the compo-
sition of both black liquors is similar suggesting the occurrence of ma-
terial losses during the liquid-solid separation stage of SCS process.
Density (1.01 4+ 0.02-1.03 £ 0.02 g mL’l) and pH values (12.86-13.97)
were similar for both liquors (Table 2).

3.3. Alkaline black liquor precipitation with different solvents

3.3.1. Yields and composition of the sugarcane extracts

Different acid precipitation agents (mineral and organic) at a con-
centration of 6 M were employed to evaluate their influence in the
precipitation yields and extract composition. Precipitation yields and
extracts compositions vary among both biomasses (Fig. 1) and the
precipitating agent employed. The precipitation yields for SCB ranged
from 9 to 15 %; LA allowed the highest value, followed by FA, SA and
MSA. For SCS, lower precipitation yields were obtained (<1.1 % W/Wraw
biomass) With FA showing the best result followed by LA, MSA and SA. To
the best of our knowledge, no precipitation yields are reported in liter-
ature for sugarcane SCS. For both SCB and SCS, slightly higher precip-
itation yields were obtained employing the organic acids.

In the extraction step, the solubilization yield was higher for SCS (53
%) than for SCB (44 %) along with higher hemicellulose and lignin re-
movals, whereas in the precipitation step, with an aqueous acid solution,
the efficiency of the precipitation stage was much lower for SCS.
Different results were also observed by da Silva et al. 2010 [10] after
applying the same milling procedure and enzymatic hydrolysis condi-
tions to SCB and SCS. The different performance behaviors during the
extraction and precipitation step can be explained by the physical-
chemical structural differences of biomasses [8,24] as, for instance,
the different guaiacyl and syringyl unit proportions and different

Table 2

Sugarcane bagasse (SCB) and straw (SCS) black liquors composition in terms of
non-volatile solids (Crs), inorganics content (Caspes), soluble lignin concentra-
tion (Cignin) and carbohydrates (Cgygars)-

SCB scs
Crs (gL7H) 98.4 + 4.6 101.7 + 3.8
Cashes (8L 66.9 + 1.9 68.5 + 2.9
Cuignin (§ L") 11.6 + 1.2 11.7 £ 0.2
Csugars” (@ L7Y) 17.6 + 2.6 20.0 + 3.6
Density (g mL ™) 1.03 + 0.02 1.01 + 0.02
pH value 13.07-13.97 12.9-13.1

# About 90-93 % are xylan and arabinan.
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Fig. 1. Composition of the lignin bioactive extracts obtained with different
precipitating agents for sugarcane bagasse (SCB) and straw (SCS) expressed as
% weight per extract weight and respective precipitation yields expressed as %
weight of extract per weight of sugarcane (SC). SA-sulfuric acid; LA-lactic acid,
FA-formic acid and MSA-methane sulfonic acid.

abundance of the interunit linkages reported [8]. In this regard, the
introduction of a prior pre-treatment (e.g. hydrothermal) or using other
precipitation methodologies (e.g. acid concentration, temperature, final
pH value or adjustment of the ionic strength) must be found for SCS in
order to obtain an economical feasible process [32,34].

Overall, SCB lignin extracts were similar in composition and are
mainly composed of total carbohydrates (61-70 %, with xylan as the
major component), lignin (22-30 %) and inorganics (1.6-2.6 %). In
contrast, the composition of the SCS extracts was influenced by the
applied acid. Comparing both biomasses, the performance of SA 6 M
solution in terms of precipitation capacity of total carbohydrates, lignin
and inorganics is similar. Regarding the remaining extracts from SCS,
the total carbohydrates (22-26 %), lignin (28-36 %) and inorganics
(16-17 %) content are similar among the precipitating agents LA, FA
and MSA, but different compared with SA.

3.3.2. Attenuated total reflectance - Fourier transform infrared
spectroscopy (ATR-FTIR)

Figs. 2 and 3 display the ATR-FTIR spectra of the different SCB and
SCS lignin extracts. For extracts from SCB liquor, similar ATR-FTIR
spectra were observed and no differences in chemical structure were
identified according to the precipitating agent employed. All samples
showed a broad band between 3650 cm ™! and 3050 cm ™" attributed to
hydroxyl groups in phenolic and aliphatic structures. The region be-
tween 3000 cm ! and 2830 cm ™! corresponds to C—H stretch in methyl
and methylene groups and methoxyl groups, being similar for all sam-
ples. Aromatic skeletal vibrations are assigned to bands 1594 cm™!
(characteristic of condensed G-units), 1504 cm’l, 1459 cm ™! and 1423
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SA6M

MSA6M

LA6M

Transmitance (%)

FABM

4000 3650 3300 2950 2600 2250 1900 1550 1200 850 500
Wavenumber (cm)
Fig. 2. ATR-FTIR spectra of sugarcane bagasse lignin extracts. Precipitating

agents: Sulfuric acid (SA), lactic acid (LA), formic acid (FA) and methane sul-
fonic acid (MSA).

SA6M

MSABM

LA6M

Transmitance (%)

FA6M

4000 3650 3300 2950 2600 2250 1900 1550 1200 850 500
Wavenumber (cm)

Fig. 3. ATR-FTIR spectra of sugarcane straw lignin extracts. Precipitating
agents: Sulfuric acid (SA), lactic acid (LA), formic acid (FA) and methane sul-
fonic acid (MSA).

cm™L. The presence of lignin is found in the bands 1594 cm ™" attributed
to aromatic skeletal vibration characteristic of condensed G-unis, 1324
em ™! related to aryl ring breathing with C—O stretch characteristic for
syringyl ring plus guaiacyl ring condensed and 1216 cm ™ attributed to
guaiacyl units (condensed > etherified guaiacyl units, not relevant
band). The presence of p-coumaric esters (typical for GSH lignins) is
shown by the presence of the shoulder at 1163 cm ™! (not relevant) and
975 cm™ L. These bands are very similar for all samples. The band 833
cm ! is assigned to C—H out of plane in positions 2, 5 and 6 of S-units
and all positions of H-units. In all samples, the polysaccharides presence
is well noticed due to high intensity bands between 1200 cm ™! and
1000 cm ! associated to hemicellulosic moiety [7]. High intensity peak
in 1035 cm ™! is attributed to stretching and bending vibrations of C—O,
C—C, C-OH and C-O-C. The presence of arabinosyl sidechains is iden-
tified by two low intensity shoulders in 1078 cm™! and 975 cm ™!, and
896 cm ! is characteristic of p-glycosidic linkages between the sugar
units.

SCS extracts have a typical lignin-carbohydrate complex with the
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presence of the main functional groups identified in the region
1600-900 cm ™}, being also noticeable the large amount of carbohy-
drates assigned to the bands 1030 cm ™! and 890-910 cm ™. This last
observation agrees with the obtained physico-chemical composition.
The SCS sulfuric acid 6 M extract had a similar ATR-FTIR spectra
with the same functional groups and intensity to SCB extracts. On the
contrary, the other SCS extracts have the same functional groups in the
region 1600-900 cm ™! but with differences in band intensities. It was
observed a reduction of OH groups (region 3600-3050 cm 1) and higher
intensity of bands in region 3000-2860 cm * related to CH groups. The
intensity of peaks in this region increased in the order MSA < LA < FA.

3.3.3. Molecular weight and glass transition temperature

Table 3 shows the molecular weights and polydispersity of the ex-
tracts employing different acid agents and the corresponding glass
transition temperatures (Tg). In general, higher molecular weights were
obtained for SCB extracts, regardless of the precipitating agent. In both
biomasses, SA was the precipitating agent generating lower molecular
weight extracts (17,737 + 1811-19,870 + 1990, for SCS and SCB ex-
tracts, respectively). For the development of composite materials Tg is
an important property defining the transition between a glassy and rigid
state from a flexible and rubbery state. This property varies according to
biomass source, pretreatment and purification methodologies, molecu-
lar weight, hydroxyl groups content, lignin content and G/S unit con-
tents. The lignin extracts with higher Tg generally indicates higher
molecular weight, guaiacyl units (more reactive than syringyl units) and
hydroxyl group contents [47,48].

In this work, it was not possible to determine the Tg for extracts
obtained from SCS with MSA and FA since no inflection point was
detected. The obtained Tg values ranged from 161 to 175 °C, being in
line with those reported in the literature after kraft process and acid
precipitation (alkaline pretreatment) [47]. It is stated that the Tg value
of native lignins is between 65 and 105 °C and after kraft pretreatment
and precipitation it increases to 124-174 °C [47]. Moreover, the high
content of carbohydrates also contributes to the increase of the Tg value
of the sample [47,49]. The present study allowed confirming that, SCB
extracts with higher molecular weights and carbohydrates showed
higher Tg as well.

3.3.4. Antioxidant activity

The antioxidant activity of SCB and SCS lignin extracts was evaluated
using the ABTS and DPPH methods and the results are presented in
Table 4. Data showed that, depending on the precipitating agent,
different inhibitions are achieved demonstrating its relevance for the

Table 3

Sugarcane bagasse (SCB) and straw (SCS) lignin extracts: weight-average mo-
lecular weight (Mw), number-average molecular weight (Mn), polydispersity
(PD) and glass transition temperature (Tg).

Biomass  Precipitating MW (g Mn (g PD Tg
agent mol 1) mol 1) (o)
SCB Sulfuric acid 19,870 + 14,483 + 1.37 £ 171
1990 1478 0.02 +8
Lactic acid 26,003 + 18,949 + 1.37 + 175
400 444 0.01 +2
Formic acid 23,007 + 16,465 + 1.40 + 168
2442 1977 0.02 +1
Methane sulfonic 23,638 + 17,147 + 1.30 £ 161
acid 1016 703 0.02 +1
SCS Sulfuric acid 17,737 + 12,171 + 1.46 + 165
1811 1592 0.04 +6
Lactic acid 19,375 + 13,636 + 142 £ 165
1070 926 0.02 +6
Formic acid 19,261 + 13,466 + 1.43 £ “
446 275 0.02
Methane sulfonic 19,805 + 13,815 + 1.43 £ “
acid 1071 852 0.02

% Not possible to determine.



LF. Mota et al.

Table 4

Antioxidant activities of soluble fractions of sugarcane bagasse (SCB) and straw
(SCS) lignin extracts, and reference antioxidants butylated hydroxytoluene
(BHT) assessed by the ABTS and DPPH assays.

Biomass Precipitating agent IC50 (mg mL’l)
ABTS DPPH

SCB Sulfuric acid 7.128 £ 0.212 >10
Lactic acid >10 >10
Formic acid 1.601 + 0.018 2.631 £+ 0.031
Methane sulfonic acid >10 >10

SCS Sulfuric acid 3.348 + 0.066 4.394 + 0.159
Lactic acid 4.458 + 0.060 6.137 £ 0.259
Formic acid 2.752 £ 0.331 3.534 £ 0.159
Methane sulfonic acid 2.248 + 0.029 5.356 + 2.259

BHT IC50 (mg mL 1) = 0.288 + 0.004 and 0.297 + 0.004, for ABTS and DPPH
radicals, respectively.

bioactivity of the sugarcane extracts. FA extracts from SCB showed the
highest inhibition of both radicals (IC50 = 1.601 + 0.018 mg mL ! and
2.631 + 0.031 mg mL %, for ABTS and DPPH radicals, respectively). In
the case of SCS, the highest inhibitions were also achieved by the FA
extracts (IC50 = 2.752 + 0.331 mg mL ! and 3.534 + 0.159 mg mL_l)
followed by MSA extracts (IC50 = 2.248 =+ 0.029 mg mL ™! and 5.356 +
2.259 mg mL™Y).

4. Conclusions

Different organic solvents were applied as greener alternatives to
replace the mineral acid traditionally applied (sulfuric acid) in the re-
covery of lignin bioactive extracts from SCB and SCS.

FA, LA and MSA generated SCB and SCS extracts with similar lignin,
carbohydrates and inorganic contents, except for SCS extract obtained
with SA, which had higher carbohydrates content (61 %) than the
remaining SCS extracts (22-33 %). Overall, FA was the most auspicious
organic precipitating agent for obtaining bioactive extracts from SCB
and SCS. This study proved the influence of the precipitation agent not
only on the composition of SCS and SCB extracts as well as on their
antioxidant potential for food and cosmetic applications.
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