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Structural properties and antioxidation activities of
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In order to investigate the solubility behavior of lignin in formic acid (FA) solution Phragmites australis
biomass was subjected to a sequential two-step formosolv fractionation using 88% FA followed by 70%
FA to obtain four specific lignin fractions, designated as IFL-88%, IFSL-70%, IFIL-70% and IFL-EtAc. The
structures of the four isolated lignin fractions were successfully characterized by gel permeation
chromatography (GPC), Fourier transform infrared (FTIR) spectroscopy, two-dimensional heteronuclear
single quantum magnetic spectroscopy  (2D-HSQC NMR),
thermogravimetric analysis (TGA), and gas chromatography-mass spectroscopy (GC/MS). Furthermore,
the total phenolic content of the four isolated lignin samples was assessed by Folin-Ciocalteu analysis.
The data from structural properties revealed that depolymerization of the isolated lignin fractions

coherence nuclear resonance

occurred via B-O-4 cleavage, accompanied by competitive condensation reaction. Interestingly, 70%
aqueous FA could separate specific lignin fractions with different antioxidant capacities of ABTS'* and
DPPH radical scavenging activity. Due to the high total phenolic hydroxyl content (25%) and low
molecular weight (Mw = 2760 Da) and polydispersity index (PDI = 1.5), IFL-EtAc lignin showed excellent

Received 3lst March 2022 antioxidant activity at the same concentration of 2.0 mg mL™! in comparison with three other isolated
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lignin fractions, and it was even equal to that of commercial antioxidant butylated hydroxytoluene (BHT).

DOI: 10.1035/d2ra02085h These findings are helpful to separate specific lignins with higher value as potential antioxidants by
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1 Introduction

Lignin, consisting of guaiacyl (G), syringy (S) and p-hydrox-
ybenzyl (H) subunits, is rich in aromatic structure, and has been
widely viewed as a potential promising natural antioxidant.*
The content of total phenolic hydroxyl groups and low molec-
ular mass of the technical lignin is greatly responsible for the
effective antioxidant activity.>* In this case, a suitable fraction-
ation process is essential for obtaining specific structural lignin
fractions. Recently, formosolv fractionation has been proved to
be a simple and economically viable approach for lignin isola-
tion from lignocellulosic biomass.**® For instance, our team
previously isolated technical lignin from Eucalyptus biomass by
70% aqueous formic acid (FA) fractionation, and 73.18% tech-
nical lignin was obtained with a molecular mass weight (Mw) of
2582 g mol . Zhang and co-workers used 88% FA to separate
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sequential two-step formosolv fractionation in lignin chemistry.

lignin from corn cob, and the isolated lignin had high molec-
ular weight due to condensation reaction during FA treatment.®
Li and co-workers reported a mild two-step pretreatment using
anhydrous FA and alkaline hydrogen peroxide aqueous solution
to separate lignin from bamboo, and the obtained lignin frac-
tion showed a slight reduction of the molecular weight and
a polydispersity of around 2.” Suriyacha and co-workers sepa-
rated lignin from sugarcane bagasse using 10-30% FA-catalyzed
organosolv process.® The use of aqueous FA in organosolv could
increase the rate of cleavage of a- and B-ether linkages in lignin
and resulted in the dissolution of lignin fragments with lower
molecular weights.”® Jin and co-workers investigated one-step
fractionation with 99% FA at elevated temperatures with short
retention time to achieve high guaiacyl lignin fractions from
corn stover.” Qiao and co-workers proposed two-step pretreat-
ment with FA (88%) followed by alkaline salt solution at room
temperature for efficient removal of lignin from corncob.*®

In regards of FA fractionation process of lignocellulose
biomass, it is generally considered that FA not only acts as
solvent reagent and acid-based catalyst, but also it seems to
react with lignin to generate formate esters.>** However, Hal-
leraker and co-workers convinced that carbon from the FA
incorporated in the carbonyl structures of the depolymerized

© 2022 The Author(s). Published by the Royal Society of Chemistry
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lignin bio-oil to form carboxylic acids, not a result of a for-
mylation reaction between lignin and FA."

The tailor-made lignin fractions from lignocellulose showed
various practical applications related to their structural prop-
erties. Lignin fraction with high heating value could be applied
for thermochemical conversion purposes.” Lignin fraction
enriched with B-O-4' group would be an ideal candidate for
production of aromatic monomers.* Lignin fraction with low
molecular weight (Mw) was potential promising for non-fuel
products in polymeric materials.” Lignin fraction with higher
Mw and cross-linked structure was suitable for the catalytic
oxidative/reductive fragmentation to produce fuel, pharmaceu-
tical precursors and chemicals.”*® Lignin fraction enriched
with reactive groups, including phenolic hydroxyl, methoxyl,
aliphatic hydroxyl and double bond in the side chain, can be
used as an efficient antioxidant."”

In order to shed light on the direct relationship between
lignin structural properties and its antioxidant activity, in this
present study, a sequential two-step formosolv fractionation of
Triarrhena lutarioriparia biomass is proposed to obtain four
specific lignin fractions with different solubility in FA solution.
As a native potential C,-plant, T. lutarioriparia grows well in wet
environments, it is plenteous along Tongting Lake with the
output of 920 000 tons per year in Hunan province, China. The
objective of this present work is to isolate specific lignin fraction
with high antioxidation capacity from T. lutarioriparia by
sequential two-step formosolv fractionation processes using
88% FA as solvent followed by 70% aqueous FA. The isolated
lignin fractions are characterized by Fourier transform infrared
(FTIR) spectroscopy, gel permeation chromatography (GPC),
thermogravimetric analysis (TGA), and two-dimensional heter-
onuclear single quantum coherence nuclear magnetic reso-
nance (2D-HSQC NMR) techniques. The aromatic monomers
derived from depolymerized lignin are also qualitatively deter-
mined by gas chromatography-mass spectroscopy (GC/MS). The
total phenolic content (TPC) is determined by Folin-Ciocalteu
(FC) assay. The antioxidant activities of all four lignin frac-
tions were monitored with DPPH and ABTS'" radical scavenging
activity using UV-VIS spectroscopy method. Based on the
experimental data, this paper aims to explore the straightfor-
ward correlation between the structural characteristics and its
antioxidant activity of the specific lignin fractions through
sequential two-step formosolv fractionation.
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2 Materials and methods
2.1 Materials

T. lutarioriparia biomass used as a feedstock was kindly
provided by Hunan Agricultural Science Academy (Changsha
City, China). The biomass was irradiated at the dose of 400 kGy
according to the method reported in our previous work.'®* The
irradiated biomass was ground by a high-speed grinder and
screened to the particle sizes of 40 mesh (i.e., 0.4 mm). The
contents of cellulose, hemicellulose and lignin in biomass
feedstock were determined to be approx. 38%, 17% and 29%,
respectively, which was measured according to standard
procedure in National Renewable Energy Laboratory (NREL)
(http://www.nrel.gov/biomass/analytical_procedures.html).
Deuterated chloroform (CDCl;), anhydrous pyridine, and
dimethyl sulfoxide-d6 (DMSO-d6) were purchased from Sigma-
Aldrich. Other reagents and solvents were purchased from
Aladdin Co., Ltd. (Shanghai, China) and used directly without
further purification.

2.2 Sequential two-step formosolv fractionation and lignin
fraction preparation

Scheme 1 shows the procedure flow of the sequential two-step
formosolv fractionation using 88% FA followed by 70%
aqueous FA for lignin fraction preparation from T. lutarioriparia
biomass.

In brief, T. lutarioriparia biomass was irradiated at the dose of
400 kGy according to the method reported in our previous work,"®
the reason why the biomass was irradiated is the fact that irra-
diation treatment could damage the stubborn structure of
biomass so that lignin would be dissolved in FA solution.® The
irradiated biomass was crushed and screened to 40 mesh. 500 g of
the pretreated powder biomass were mixed with 5 L of 88% FA
(mass/volume ratio of solid to liquid was set 1 : 10). The mixture
was reacted at 100 °C and 280 rpm for 3 h. After reaction
completion, the mixture was filtrated and washed with 88% FA
three times. The liquor from filtration and washing was combined
and then evaporated at 70 °C in vacuum to recover FA, the
recovery efficiency of FA was calculated over 90% in our experi-
ments. Until the total volume of liquor was approx. 50 mL, 500 mL
deionic water was added to precipitate lignin. Through centrifu-
gation, the solid residue was washed with water to completely
remove FA and then dried in oven at 80 °C to obtain the

Ethyl acetate
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solution

Adding water
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®
®

Lignin
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Scheme 1 Overview of lignin preparation via sequential two-step formosolv fractionation.
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precipitated lignin, which was denoted as IFL-88% (~39 g, purity
of 94%). Subsequently, the resultant IFL-88% lignin fraction (5 g)
was dissolved in 70% FA solution (500 mL) with the mass/volume
ratio of 1: 10 and stirred at 100 °C for 3 h. After reaction, the
supernatant and the insoluble lignin were separated by centrifu-
gation, the insoluble lignin was washed with deionic water several
times to completely remove FA until the solution was neutral. The
insoluble lignin fraction obtained from 70% FA fractionation was
denoted as IFIL-70%, which was dried in oven at 80 °C and stored
in a 50 mL vial for analysis. The supernatant was treated in two
ways. In one way, the supernatant was rotary evaporated to the
total volume of approx. 50 mL, and then 500 mL water was added
to precipitate lignin. This lignin fraction was named as soluble
lignin in 70% FA solution and denoted as IFSL-70%. After
centrifugation and dried in oven at 80 °C, IFSL-70% was obtained.
In another way, when the supernatant was rotary evaporated to
the total volume of approx. 50 mL, it was extracted with ten-fold
ethyl acetate (EtAc). After recovery of EtAc, lignin fraction extrac-
ted by EtAc was obtained and denoted as IFL-EtAc fraction.

2.3 Characterization of the isolated lignin fractions

2.3.1 GPC analysis. Due to poor solubility, lignin fractions
were acetylated with pyridine/anhydride (1 : 2, v/v) prior to GPC
analysis, which procedure was detailed in ref. 19. The acetylated
lignin dissolved in tetrahydrofuran (THF) was performed on
GPC equipment (Agilent 1260, USA) with a PLgel 15 pm MIXED-
E column (Agilent, USA) for average molecular weight and
molecular weight distribution. THF was used as the mobile
phase with the flow rate of 1 mL min~". The internal standard
was polystyrene (Sigma-Aldrich) with different molecular
weights (Mw = 580, 1920, 4750, 9570, 27 810 Da).

2.3.2 FTIR spectroscopy analysis. FTIR experiments were
conducted to reveal the functional groups of the isolated lignin
fractions. Briefly, approx. 1 mg of the dried lignin powder and
100 mg of dried potassium bromide (KBr) was uniformly mixed
and pressed into slice, which was tested on a Bruker TENSOR 27
FTIR spectroscopy (Bruker, Germany). Ten scans for each
sample were taken with a resolution of 0.5 cm ™' ranging from
400 to 4000 cm .

2.3.3 2D-HSQC NMR spectroscopy analysis. The accurately
detail structural information of the isolated lignin samples was
characterized by 2D-HSQC NMR (400 MHz, Bruker, Germany) at
25 °C.* Specifically, 60 mg of the acetylated lignin was dissolved
in 500 pL of dimethyl sulfoxide (DMSO-d6) and placed into
a 5 mm NMR tube for NMR analysis. The NMR assay conditions
were: The number of acquisition points was 2048 and 256 for
1TD and 2TD, respectively. The scanning time (NS) was 64, the
spectrum width (SW) was 15.9794 ppm (with 1SW and 2SW
values of 259.9935 and 15.9794 ppm, respectively), and the center
frequencies were 4.7 and 100 ppm for O1P and O2P, respectively.

2.3.4 GC/MS analysis. The aromatic monomer composi-
tions in IFL-EtAc lignin fraction was qualitatively determined on
a Trace ISQ GC/MS System from Thermo Fisher Scientific Co.
(Waltham, MA, USA) with TR-WAXMS capillary column (30 m x
0.25 mm x 0.25 um).>* GC analysis conditions were: split ratio
was 1 : 10, injector temperature was 250 °C, gas flow rate was 1
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mL min~ ' and GC oven temperature program were applied: 40 °C
for 1 min, followed by a heating rate of 15 °C.min~" from 40 °C to
250 °C and retaining at 250 °C for 10 min. MS analysis conditions
were: Inter phase valve delay was set to 5 min, MS detector was EI
source with ion-source temperature of 250 °C. MS scans were
from 33 amu to 500 amu. Compounds were identified using the
ChemsStation software and the Replib library.

2.3.5 TGA measurement. The thermal stability of the iso-
lated lignin samples was performed on A TGAQ50 thermal
gravimetric analyzer (TA instruments, USA). Approx. 5 mg of the
lignin samples pre-vacuum-dried at 40 °C for 48 h were heated
from room temperature to 800 °C at a heating rate of
10 °C min " under nitrogen atmosphere.

2.3.6 Determination of total phenolic content (TPC). The
total phenolic content (TPC) of the isolated lignin fractions was
determined by Folin-Ciocalteu (FC) method based on a redox
reaction using gallic acid as ref. 22. TPC was expressed as gallic
acid equivalents (GAE), calculated from a calibration curve with
six different concentrations (0, 0.02, 0.04, 0.06, 0.08 and 0.10 mg
mL ") of gallic acid dissolved in DMSO. TPC of the lignin
fraction was calculated by eqn (1):

GAE (mg L™)
concentration of lignin (mg L)

TPC (%) = x 100% (1)

2.4 Antioxidant activity of the isolated lignin fraction

2.4.1 ABTS'" radical scavenging assay. The ABTS assay was
performed at 734 nm on a UV-Vis spectroscopy (Youke Co.,
Shanghai, China) according to the method reported in the liter-
ature.”® Briefly, 7.4 mM ABTS stock solution was reacted with
2.6 mM potassium persulfate solution, leading to the form of the
ABTS radical cation (ABTS ™) after standing for 12-16 h at 25 °Cin
a dark place. Then, the obtained ABTS"* solution was diluted with
ethanol to the absorbance of 0.7 at 734 nm, and equilibrated at
25 °C. Lignin sample dissolved in ethanol (40 uL) was mixed with
4 mL of the ABTS"" solution and incubated for 30 min in the dark.
Ethanol solution was as the blank control. The absorbance was
recorded at 734 nm, and all measurements were performed in
triplicates. The ABTS"" radical scavenging activity was calculated
by eqn (2) using commercial antioxidant, BHT as the positive
control. The calculated ICs, value represented the concentration
inhibiting 50% of the initial ABTS"" radical.

ABTS™ radical scavenging activity (%)

_ Aconrol = Asample 10, (2)
Acomrol
where Acontrol and Agample are the absorbance at 734 nm of the
blank control and lignin sample, respectively.

2.4.2 DPPH radical scavenging activity assay. The DPPH
radical scavenging assay was measured at 517 nm on a UV-Vis
spectroscopy (Youke Co., Shanghai, China) according to the
method reported by Wei et al.>* Briefly, 0.6 mmol L™ " of DPPH
solution was prepared with ethanol and stored at 4 °C in a dark
place. Lignin sample solutions with concentrations of 0.1, 0.2,
0.3, 0.4, and 0.5 mg mL ' were prepared in 90% aqueous
dioxane solvent. Subsequently, a 200 pL aliquot of lignin sample

© 2022 The Author(s). Published by the Royal Society of Chemistry
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solution was added into 4.3 mL of ethanolic DPPH solution, and
the mixture was incubated at room temperature for 30 min in
the dark. Ethanol solution was used as the blank control. The
concentrations of DPPH radicals at 0 and 30 min were moni-
tored at 517 nm. All experiments were repeated in triplicates.
The DPPH radical scavenging activity of lignin fraction was
calculated by eqn (3). The calculated ICs, value represented the
concentration inhibiting 50% of the initial DPPH radical.
DPPH radical scavenging activity (%)
absorbance,_y min — absorbance;—3o min

= o
absorbance,—¢ min x 100%  (3)

3 Results and discussion

3.1 Lignin solubility behavior in aqueous FA solution

Fig. 1 shows the balance of IFL-88%, IFIL-70%, IFSL-70% and
IFL-EtAc lignin fractions with high purity of more than 94%.
The yield of the aforementioned four lignin fractions was
calculated as 29%, 61%, 17.1% and 19.7%, respectively. During
the first-step 88% FA fractionation, lignin could dissolve in FA
solution by acid-cleavage of a-aryl ether and aryl glycerol B-ether
of lignin.*® However, lignin soluble in 88% FA would lead to
61% insoluble precipitate in the second-step 70% FA fraction-
ation. It indicated that low concentration of FA might deterio-
rate lignin solubility. In principle, solubility behavior of lignin
in FA solution is a relatively obscure due to the complexity and
heterogeneity of lignin structure. Ma and co-workers considered
that solubility parameters of lignin in FA solution were largely
dependent on lignin structure.”® To date, lignin dissolving
behavior in FA solution cannot be accurately described through
the relationship between lignin structure and its solubility
parameters.

3.2 Characterization of the isolated lignin fractions

It has been demonstrated that the antioxidant activity of lignin
is associated with its molecular weight to some content.**

Soluble lignin

70% FA
130° C
3h

Insoluble lignin
approx. 6.1 g
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Therefore, GPC chromatographs were performed to determine
the molecular weight of the isolated lignin fractions, and
molecular weight-average (M,), molecular number-average
(M,,), and polydispersity index (PDI) are shown in Table 1. The
traces of GPC analyses are provided in Fig. S1 in the ESL.}

For sequential two-step formosolv fractionation, depoly-
merization and condensation reactions were competitively
realized. In comparison with IFL-88%, IFIL-70% shows the
higher values of M,, and M,, (Table 1). It indicates that lignin
condensation is probable the major reaction, leading to an
obvious increase in M, value from 7832 Da of IFL-88% up to
9907 Da of IFIL-70%, which is insoluble in 70% aqueous FA
solution. Lignin condensation under acidic conditions
primarily took place between the benzylic carbocations (Ca) of
side chain and the electron rich nuclei of the aromatic ring.”
However, IFSL-70% and IFL-EtAc show lower M, and M, in
comparison with IFL-88%, hinting depolymerization reaction is
in a dominant position in this case. Moreover, IFSL-70% and
IFL-EtAc also have relatively smaller PDI than FL-88%. Lignin
with smaller molecular weight and better homogeneity shows
better solubility in organic solvents, which is of great help for
further valorization.">** When lignin molecular dissolves in
aqueous FA solution, depolymerization reaction occurs to
produce aromatic monomers with lower molecular weight.?*°
However, the FA-induced depolymerization of lignin into lower
mass molecular fractions could amend the solubility and
mobility of lignin, thereby increasing the chance of their

Table 1 Molecular weight analyses of acetylated lignin samples by
GPC*

Trial Lignin samples M, (Da) M,, (Da) PDI
1 IFL-88% 3013 7832 2.6
2 IFIL-70% 3632 9907 2.7
3 IFSL-70% 2006 3123 1.6
4 IFL-EtAc 1866 2760 1.5
¢ PDI: polydispersity index.
IFL-EtAc
qani . approx. 1.97
. 10
E\.P\G'e'x yield of ~19.7%
purity of ~97%

IFSL-70%
approx. 1.71 g
yield of ~17.1%
purity of ~96%

IFIL-70%
approx. 6.1 g
yield of ~61%

purity of ~94%

Fig. 1 The resultant lignin fractions obtained from sequential two-step formosolv fractionation.
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condensation.** Therefore, sequential two-step formosolv frac-
tionation had a significant influence on the molecular weight of
lignin specimens.

The FTIR curves of the isolated lignin fractions obtained from
sequential two-step formosolv fractionation are shown in Fig. 2a.
According to the descriptions in the literature,**>* peak at
3426 cm ! is ascribed to O-H stretching vibration in aromatic
and aliphatic hydroxyl groups of the isolated lignin specimens.
Peaks at 2935 cm ™" and 2843 ¢cm™ ' represent the C-H asym-
metric and symmetrical stretching vibrations, originating from
methyl (-CHj;), methylene (-CH,-) and methine (-CH-) groups of
lignin. The absorption peak at 1724 cm ' refers to C=O0
stretching vibration. Aromatic skeleton stretching vibrations of
lignin are observed at 1602 cm™ ", 1515 cm™ ', and 1427 cm ™,
while the absorption peak at 1457 cm ™" is the C-H asymmetric
deformation vibration and aromatic vibration. Syringyl (S) units
have absorption peaks at 1327 ecm ™%, 1270 cm ™" and 1213 cm ™,
while 1120 em™" is associated with guaiacyl (G) units. Peak at
831 cm ™" is denoted as C-H out-of-plane in positions 2 and 6 of S
unit and all positions of the p-hydroxyphenyl (H) units. FTIR
results convince that G-S-H subunits are existing in the skeletal
structure of lignin from 7. lutarioriparia, although its real lignin
structure is unknown so far. Observation from FTIR results, it is
demonstrated that sequential two-step formosolv fractionation
affects mainly on the variance of reactive functional group
intensity of lignin, e.g. hydroxyl (-OH), methoxyl (-OCH,) and
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Furthermore, the thermal stability of the isolated lignin frac-
tions was characterized by TGA/DTG (Fig. 2b and c). As shown in
Fig. 2b, three stages of the decomposition can be clearly identi-
fied in the TGA curves for all lignin samples. (I) An initial stage
below 150 °C, the weight loss was attributed to the evaporation of
the residual water in the lignin. (II) The main stage between
150 °C and 500 °C during which inter-unit linkages of the lignin
breakup and monomeric phenols evaporate, leading to the major
weight loss stage. (III) The final stage above 500 °C, the weight
loss stage can be attributed to the decomposition of the aromatic
rings of the lignin molecules.** After 800 °C, the residue mass of
IFL-EtAc fractions is approx. 26%, while the residue weight of
other three lignin fractions, IFL-88%, IFSL-70% and IFIL-70%, is
approx. 35-40% after 800 °C. As seen in Fig. 2c, the maximum
decomposition temperature (Tm) of the IFL-EtAc is 367 °C,
slightly higher than that of IFSL-70% (366.8 °C), IFIL-70% (365.8
°C) and IFL-88% (345.7 °C). It was demonstrated that the thermal
stability of lignin was highly associated with the frequency of 3-O-
4 linkages in the lignin polymers.**** The higher thermal
stability, the less frequency of the f-O-4 linkages.** Due to some [3-
O-4 linkages in lignin structure cleavage during the second step
70% formosolv fractionation, the content of B-O-4 linkages
decreases in IFL-EtAc lignin fraction, leading to relatively higher
Tm value. Jin and co-workers considered that the higher Tm
value was mainly due to the higher purity of FL-EtAc lignin
fraction which generated better resistance to thermal

carbonyl (C=0), does not change lignin skeletal structure. degradation.®®
a) [ b) 1004 = IFL-88% —— IFIL-70%
——IFSL-70% IFL-EtAc
90 -| }
e ;\;\ 80
£ 2 70
% .f’a“ 60
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Fig. 2 Characterization of the isolated lignin fractions obtained from sequential two-step formosolv fractionation. (a) FT-IR curves; (b) TGA

curves; (c) DTG curves; (d) total phenolic content (TPC) determination.
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Fig. 3 Aliphatic regions (6c/6y 50-100/2.5-6.0) and aromatic regions
(6c/0y 100-170/6.0-10.0) in the 2D-HSQC NMR spectra of the isolated
lignin fractions obtained from two-step formosolv fractionation. The main
structures of isolated lignins: (A) B-O-4' structures, (A') y-acylated B-O-4'
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oxidized syringyl units, (G) guaiacyl units, (PA) p-hydroxybenzoate units,
(PB) p-hydroxybenzoate units, (pCA) p-coumarate unites.
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The TPC values for the isolated lignin fractions are analyzed
by FC assay and the results are illustrated in Fig. 2d. It is
noticeable that IFL-EtAc has the highest TPC value (~25%),
following by TFSL-70% (~23%), IFL-88% (~10%) and IFIL-70%
(~6%). Garcia et al. reported that lignin soluble in acidic
conditions should have a higher percentage of total phenols,
because they contained few impurities and a high proportion of
phenolic components resulting from cleavage of f-O-4 bonds.?

3.3 2D-HSQC NMR analysis of isolated lignin fractions

To further acquire more accurate details of the lignin structure,
the isolated lignin fractions were characterized by 2D-HSQC
NMR to reveal the aromatic units and inter-unit linkages in
lignin. According to description in the literature,**” the main
substructures of lignin in the HSQC NMR spectra were assigned
and the results are shown in Fig. 3. NMR spectra include
aliphatic regions (6¢/0y 5-100/0-5.5 ppm) and aromatic regions
(6c/0n 100-170/6.0-8.5 ppm). In the top-right corner of the
aliphatic region, signals originated from fatty acids were
observed (6¢/0y 15-30/0.5-2.5 ppm). In the aliphatic region of
HSQC spectra, B-O-4 aryl ether linkages (A), Cy-acetylated p-O-4
aryl ether linkages (A’), a-O-y and y-O-o linkages (B) are iden-
tified in the isolated lignin fractions. Signals of methoxyl groups
(-OCHy) are strongly intensive in HSQC spectra for all isolated
lignin fractions. It is interesting to observe that only signal of Ar
was observed, and the signal of A, and Ag was not identified in
the HSQC spectra. It indicates that FA can increase the rate of
cleavage of a- and B-ether linkages of lignin.® Moreover, several
previous works demonstrated the dehydration reaction at acidic
condition resulted in the formation of unsaturated bond and
the elimination of cross-signals of in 4,, Ag of HSQC spectra.’*?*’

In the aromatic regions, the typical units of guaiacyl (G),
syringyl (S), and p-hydroxyphenyl (H) are observed in the HSQC
NMR spectra, the results are consistent with these in FTIR
analyses (Fig. 2a). As observed from Fig. 3, the peak intensity of
G unit is much stronger than S unit. The reduction of signal
strength of S unit is probably ascribed to the condensation
reaction at C;5 or Cq.*” Some non-canonical structures, such as
ferulate (FA), p-hydroxybenzoate (PB) and p-coumarate (p-CA),
are also observed in the HSQC NMR spectra (Fig. 3). These
non-canonical units were also found in the lignin structure of
corn, wheat straw and reed stover.>’*° Cross-signals at around
0c/0y 106.4/6.6, 112.0/6.7 and 120.5/6.6 ppm related to the C, ¢-
position of condensed S units and C, and Cg-position of
condensed G units were markedly observed in the HSQC NMR
spectra of IFSL-70% and IFL-EtAc, which could be attributed to
the condensation reactions of the lignin during the second step
70% FA fractionation process. The process of the formation of
condensed C-C bonds is that lignin B-ether unit formed benzyl
carbocation ions at acidic conditions, which are nucleophili-
cally attacked by electron-rich aromatic rings.*” In addition, the
peak of C,-position of G unit is not detected in IFL-88% and
IFIL-70% fractions, indicating the condensation reaction easily
occurred at G units rather than S units.**> Cross-signals at
around 0¢/0y 161.9/8.2 ppm are assigned to the formate ester,
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which can be attributed to formylation reaction between lignin
and FA.*

2-methoxy-4-vinylphenol, 1-(4-hydroxy-3-methoxyphenyl)-
ethanone, vanillin, 4-hydroxy-3,5-dimethoxy-benzaldehyde, 1-
(4-hydroxy-3,5-dimethoxy phenyl)-ethanone, 2-methyl-
benzaldehyde, dibutyl phthalate, and p-hydroxy benzaldehyde.
It is reasonable to speculate that these aromatic monomers are
formed by lignin depolymerization, mostly through B-O-4
cleavage by FA-induced mechanism via a formylation, elimi-
nation and hydrolysis.** It was demonstrated that the proton-

3.4 GC/MS analysis of aromatic monomers

GC/MS analysis was performed to investigate the aromatic
monomers of IFL-EtAc extracted by ethyl acetate. As shown in
the acquired GC of Fig. 4, nine meaningful aromatic monomers
were identified by contrasting with GC/MS databases, including
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Fig. 5 Antioxidant capacities of ABTS"* and DPPH radical scavenging activity for isolated lignin fractions. (a) ABTS'* radical scavenging activity;
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induced elimination of water from the benzylic position could
form a carbonium ion at Ca of the side chain under acidic
condition, leading to the homolytic cleavage of the B-O-4
substructures.’*>

3.5 Antioxidant activity analysis of isolated lignin fractions

In order to explore the potential antioxidant capacities of the
isolated lignin fractions obtained from sequential two-step
formosolv fractionation, ABTS'* and DPPH radical scavenging
activities of the isolated lignin fractions were investigated, and
the commercial antioxidant, BHT was used as control. The
calculated ICs, values represent the concentration inhibiting
50% of the initial ABTS'" and DPPH radicals. The results are
shown in Fig. 5.

As observation in Fig. 5a, ABTS ' radical scavenging ability of
isolated lignin fractions increases with the concentration of
lignin fractions. IFL-EtAc and IFSL-70% show the highest
ABTS'" activity (99 + 0.3%) at the concentration of 2.0 mg mL "
among the isolated lignin fractions, even equal to the
commercial available antioxidant, BHT (~60%) at the same
concentration. Fig. 5b shows the calculated IC5, value of ABTS™"
analysis of isolated lignin fractions. It can be seen that IFIL-70%
has the highest IC;, value in ABTS™* analysis, 1.55 mg mL ™,
followed by IFL-88% (0.96 mg mL™ '), and IFSL-70% and IFL-
EtAc has the lowest ICs, value, 0.45 and 0.46 mg mL
respectively.

As expected, DPPH radical scavenging capability of isolated
lignin fractions is also increasing with the concentration of
lignin fractions (Fig. 5¢). As shown in Fig. 5c, the DPPH radical
scavenging activity of the isolated lignin fractions at 2.0 mg
mL ™' was decreasing by the order of IFL-EtAc (88 + 0.7%) >
IFSL-70% (83 £ 1.4%) > IFIL-70% (71 £ 2.0%) > IFL-88% (62 +
1.8%). Correspondingly, IFL-88% and IFIL-70% have the
calculated ICs, value of DPPH analysis, 0.93 mg mL " and
0.84 mg mL ™", respectively, higher than IFL-EtAc (0.38 mg
mL™") and IFSL-70% (0.35 mg mL ') (Fig. 5d). Among these
isolated lignin fractions, IFL-EtAc and IFSL-70% exhibit the
highest antioxidant activity, which is mainly ascribed to the
high total phenolic content (Fig. 2d) and reactivity methoxyl
groups (Fig. 3). Many researches have demonstrated that
phenolic hydroxyl groups can form phenoxy radicals to capture
the hydroxyl radicals, and methoxyl groups show a stabilizing
effect on the formed phenoxy radicals.**** On the other hand,
decrease in M,,, PDI and heterogeneity of lignin can increase its
antioxidant capabilities.® As seen from Table 1, IFL-EtAc and
IFSL-70% have lower M,, (2760 Da and 3123 Da, respectively)
and better uniformity PDI (1.5 and 1.6, respectively), which will
improve lignin antioxidant activity. These experimental data
indicate that IFL-EtAc and IFSL-70% have higher radical scav-
enging activity than IFIL-70% and IFL-88%.

4 Conclusions

In summary, sequential two-step formosolv fractionation of
lignin from biomass could cause lignin depolymerization in
accompanied with condensation reaction, leading to different

© 2022 The Author(s). Published by the Royal Society of Chemistry
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antioxidant activity and structural properties of the isolated
lignin fractions. GPC, FTIR, HSQC-NMR, and TGA techniques
were employed to characterize the structural properties of the
isolated lignin fractions, and nine aromatic monomers are
determined by GC/MS. Furthermore, TPC values of the isolated
lignin fractions were quantitatively measured by FC method.
These structural properties and TPC values were responsible for
the ABTS"" and DPPH radical scavenging activity of the isolated
lignin fractions. These findings suggest that sequential two-step
formosolv fractionation is an efficient approach to upgrade
lignin for downstream antioxidant applications.
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