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Abstract

As a simple and effective biorefinery method, deep eutectic solvent (DESs) treat-
ment was proposed to isolate lignin from lignocellulose. In this study, choline chlo-
ride/lactic acid (ChCl/Lac) was applied to extract high-purity and antioxidative
lignin. Under the optimized conditions (120 °C for 12 h), the lignin profiling indi-
cated that the recovered lignin had a high purity (94.18%), low molecular weight
(Mw 1967 g/mol), and excellent thermal stability as compared with milled wood
lignin. The lignin samples were characterized by using Fourier transform infra-
red spectrometry and nuclear magnetic resonance (NMR) spectra. In addition, the
NMR spectra indicated the functional groups of the lignin extracted via DESs were
less damaged and the backbone structure was not significantly modified. To further
determine the potential application of DES-Lignin, the antioxidant activity was eval-
uated by radical scavenging ability. The IC50 values of a treatment time of about
12 h was 0.174. As expected, DES-Lignin showed obvious advantage in oxidation
resistance. In short, the proposed process was considered as a promising biorefinery
strategy for lignin first production.

Introduction

With the depletion of fossil fuels and the aggravation of environmental pollution,
lignocellulosic biomass as a renewable and green resource has attracted more
attention in the field of transportation fuels and commercial chemicals produc-
tion (Dwivedi et al. 2009). Lignocellulose has a complex structure, which con-
sists of lignin, hemicellulose, and cellulose. Compared with cellulose, lignin

P< Zhong Liu
mglz@tust.edu.cn

P4 Lanfeng Hui
hlfeng @tust.edu.cn

Extended author information available on the last page of the article

@ Springer


http://orcid.org/0000-0001-8350-5634
http://crossmark.crossref.org/dialog/?doi=10.1007/s00226-021-01300-x&domain=pdf

1042 Wood Science and Technology (2021) 55:1041-1055

is considered to be a kind of underutilized component that could be converted
into industrial products in biorefinery (Inkrod et al. 2018). Lignin, an aromatic
polymer compound, consists of three alcohol precursor monomers of guaiacyl
(G), sinapyl (S), and p-hydroxyphenyl (H), which could be developed as a kind
of potential natural antioxidant because it contains abundant active functional
groups (Del Rio et al. 2015; Salanti et al. 2010). Therefore, it is necessary to find
a low-cost and environmentally friendly solvent to break the linking bonds among
the lignocellulose components for extracting high-purity lignin.

The study found that ionic liquids exhibit the great advantage of destroying the
crystal structure of cellulose and removing lignin/hemicellulose from the ligno-
cellulose (Yang et al. 2019). However, high price and toxicity restricted the ionic
liquids application to industrial production. Deep eutectic solvent (DESs) is a
kind of eutectic liquid composed of hydrogen bond acceptors and hydrogen bond
donors, providing similar performance to ionic liquids. In a recent study, DESs
was synthesized with choline chloride (ChCl) and lactic acid (Lac) that exhib-
ited the highest selectivity for extracting lignin from lignocellulose under rela-
tively mild conditions (Wang et al. 2019). For this solvent, Lac as a conventional
biomass-derived chemical could be produced by the fermentation of biomass,
and ChClI as a kind of low-cost, environment friendly chemical that can also be
extracted from biomass resources. Hence, DESs has a great potential value owing
to its low cost, higher selectivity and nontoxicity (Abbott et al. 2004). Compared
with other organic solvents, the novel DES system has the advantage of sepa-
rating lignin of high purity, low molecular weight and intact structure, which is
good for value-added utilization of lignin in the biorefinery (Lynam et al. 2017).
To further understand DES-Lignin, it is necessary to study its internal basic
structure and compare it with MWL which can well represent the original lignin
structure (Rencoret et al. 2015). Due to the rich active groups in lignin, especially
phenolic hydroxyl groups, it has significant advantages in scavenging of free radi-
cals. Therefore, more attention should be paid to value-added utilization of DES-
Lignin, especially in terms of antioxidant activity, that can be used as a natural
preservative for food and cosmetics (Liu et al. 2020).

To the authors™ knowledge, there are few studies on the morphological structure
and value-added utilization of lignin from Cunninghamia lanceolata by using DES
treatment. The previous researchers were mostly concentrated on hardwood or her-
baceous biomass, and they ignored the lignocellulose of softwood. Therefore, the
purpose of this work is to explore the morphological structure and the antioxidant
activity performance of DES-Lignin from Cunninghamia lanceolata. The DES
system was synthesized by mixing ChCl and Lac to extract high-purity lignin. Fur-
thermore, the antioxidant capacity of DES-Lignin is based on the 1,1-diphenyl-
2-picrylhydrazyl (DPPH) free radical scavenging test. In this work, the structural
and morphological transformations of the DES-Lignin and MWL were fully char-
acterized and analyzed using FTIR, gel permeation chromatography (GPC), nuclear
magnetic resonance (NMR), and thermal gravimetric analyzer (TGA) techniques.
It is expected that the above research could provide some valuable information for
researchers in terms of the structural and antioxidant activity of DES-Lignin in
biorefinery.

@ Springer



Wood Science and Technology (2021) 55:1041-1055 1043

Materials and methods
Materials

The Cunninghamia lanceolata chips were obtained from Shandong furniture com-
pany (Linyi, Shandong, China). Wood chips were washed three times by distilled
water then air-dried for 7 days. The chips were ground into powder of 40—60 mesh
and extracted with ethanol/toluene (1:2, v/v), followed by vacuum drying for 24 h at
80 °C. The composition analysis of Cunninghamia lanceolata is shown in Table 1.
All chemicals were purchased from Sinopharm Chemical Reagent Co., Ltd.

Isolation of MWL

About 100 g of oven-dried powder was evenly placed in ZrO, containers and the
sample was milled by using a planetary ball mill. Each sample was ground for 24 h
with 1 h breaks, then 1 h working, followed by extraction with dioxane/water mix-
ture (85/15, v/v) for about 72 h based on previous literature method (Huang et al.
2011; You et al. 2013).

DES treatment

The DES preparation was carried out as follows: ChCl and Lac were well mixed
with different molar ratio, and then the solvent was heated in an oil bath at 60 °C for
60 min to form a transparent homogeneous liquid. The separation of DES-Lignin
was based on previous literature method (Li et al. 2017). In each group of experi-
ment, 2.5 g of extractive-free powder and DESs were mixed with a solid/liquid ratio
of 1/30 (g/g) in round-bottomed flask, followed by heating in an oil bath at 120 °C
and stirring at 300 rpm for 12 h. After the treatment procedure, the mixture was fil-
tered with a G2 funnel to separate the DESs soluble and the solid residue, followed
by rinsing the solid residue with deionized water until the solid fraction recovered
was a lighter shade. The surplus eutectic solvent which remained in filtrate was
removed by rotary evaporator, and then deionized water was added to 500 mL to

Table 1 Composition analysis

. Component Content (wt.%)
of materials
Glucose 47.29+1.25
Xylose 18.91+£0.54
Mannose 1.97+0.13
Galactose 0.58+0.11
Arabinose 0.39+0.05
Acid insoluble lignin 19.26 +0.76
Acid soluble lignin 3.35+0.21
Ash 1.35+0.11
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precipitate for 12 h. Finally, the DES-Lignin was obtained by filtration and freeze-
drying for 24 h. Every sample was tested at least three times and the average value
was taken and reported.

Solid residue yield was calculated as follows:

Mass of the solid residue after DESs treatment
Mass of the initial sample M)

DES-Lignin yield was calculated as follows:

Mass of the lignin extracted after DESs treatment

Mass of the lignin in the dry sample 2

Lignin extracted by DESs

To evaluate the efficiency of the treatment, choline chloride/lactic acid (ChCl/
Lac) was applied to produce DES-Lignin under the conditions of 120 °C with dif-
ferent molar ratios and time. The DES-Lignin yield and solid residue yield were
analyzed and are shown in Fig. la, b. As shown in Fig. la, the amount of lignin
yield increased with increasing molar ratio, while the DES-Lignin yield reached a
maximum at a mole ratio of 1:10. The yield of lignin and solid residue was 61.23
and 51.26%, respectively. With excessive lactic acid ratio, the yield of lignin showed
a downward trend. As shown in Fig. 1b, with the extension of extraction time, the
lignin yield increased with increasing time. While the solid residue showed an oppo-
site trend in the treatment. When the reaction time extended to 12 h, the yield of
lignin and solid residue was 81.73 and 42.58%, respectively. As extraction time pro-
longed, the lignin yield showed a slight increase and the solid residue decreased.

704 [ 0zs-Lignin 90 b [l 0ES-Lignin
) Il soic residue Il soiid residue | _

604
704
_ 9 ol
E 404 ; 504
& ]
2130 5 401
304
204

1: 2 1: 4 1: 6 1: 8 1: 10 1:12 4 8 12 16 20 24
Molar ratio Time (h)
(a) (b)

Fig.1 DES-Lignin yield and solid residue yield after treatment. a Effect of different molar ratios at 120
°C, 6 h; b Effect of different time at 120 °C, 1:10
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Thus, a treatment with a molar ratio of 1:10 and extraction time of 12 h was suffi-
cient for high lignin yield.

Characterization of lignin

The chemical compositions of lignin samples extracted from Cunninghamia lan-
ceolata were determined using the typical procedure of National Renewable Energy
Laboratory (Sluiter et al. 2008). The molecular weight distribution of the lignin
samples was determined by gel permeation chromatography (Agilent, Santa Clara,
CA, USA). FTIR spectra were collected by a Bruker ALPHA FTIR spectrophotome-
ter (Karlsruhe, Germany). Lignin and oven-dried KBr were pressed into transparent
films with a ratio of 1/100 mg. The spectra were collected in a range of 500-4000
cm™! at 4 cm™! resolution, and 64 scans. The '*C-NMR spectra were collected on
a Bruker AVANCE III HD 400 MHz. Approximately, 80 mg of oven-dried lignin
sample was fully dissolved in 0.5 ml of dimethyl sulfoxide-d6 and then injected in an
NMR tube and analyzed for 2 h. 2D-NMR spectra were analyzed using an Advance
IT 400 MHz spectrometer (Brucker Daltonic Inc, Bremen, Germany). 80 mg of oven-
dried sample was dissolved in 0.5 ml of dimethyl sulfoxide-d6 and then injected in
an NMR tube and analyzed for 12 h at 25 °C. The thermal stability was investigated
using a thermal gravimetric analyzer (TGA) (DTG-60, Shimadzu, Japan).

Assessment of antioxidant capacity

Evaluation of the antioxidant capacity of DES-Lignin was carried out by ultravio-
let spectrophotometry and involving the consumption of the free radical originating
from DPPH in ethanol solution at different concentrations of lignin (Li et al. 2012;
Lu et al. 2012). The desired lignin was fully dissolved in dioxane/H,O (v/v), and
afterward the concentration of DPPPH was adjusted to 25 mg/ml with ethanol. The
lignin solution was mixed to DPPH solution (1/1, v/v) and reacted in a dark place
at 25 °C for 30 min. After the treatment procedure, the absorbance of the solution
was measured at 517 nm using an ultraviolet spectrophotometer. The DPPH radical
inhibitory activity was calculated as follows:

DPPH radical — inhibitory activity(%) = (A0 — A1)/A0 3)

AQ: the absorbance of sample without lignin; A1: the absorbance of lignin.

Results and discussion
Purity analysis of the lignin
To investigate the purity of the DES-Lignin and MWL, the chemical composition of
acid soluble lignin (ASL), acid insoluble lignin (AIL) and other main chemical com-

positions were determined and are listed in Table 2. The results indicated that 0.86% of
glucose (Glu), 0.34% of xylose (Xyl), and 0.21% of arabinose (Arab) were retained in
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Table 2 Purity of the lignin samples extracted from Cunninghamia lanceolata

Sample Glu Chemical compositions

Xyl Arab AIL ASL  Lignin purity*  Ash

DES-Lignin  0.86+0.06 0.34+0.05 0.21+0.03 9132 2.86 94.18+0.96 0.41+0.02
MWL 1.23+0.09 0.76+0.08 023+0.02 89.81 236 92.17+0.82 0.43+0.02

Lignin purity was calculated from the sum of AIL (%) and ASL (%)

DES-Lignin. In contrast, 1.23% of Glu, 0.76% of Xyl, and 0.23% of Arab were retained
in MWL. The ash of two lignin samples was 0.41 and 0.43%, respectively. The lignin
purity analysis showed that the two lignin samples both had a high purity (>90%).
The purity of MWL was 92.17%. However, the DES-lignin showed a higher purity
(94.18%) and less carbohydrate than MWL. Therefore, high-purity lignin can success-
fully be selectively fractionated by deep eutectic solvents under the conditions of 120
°Cfor 12 h.

Molecular weight of lignin

During isolation and extraction process, depolymerization of lignin occurred in the
treatment. Lignin macromolecules were degraded into lower molecules under the
action of eutectic solvents (Lou et al. 2019). The number-average molecular weights
(Mn) and weight-average molecular weights (Mw) for the two lignin samples are shown
in Table 3. The Mw and Mn of DES-Lignin were 1967 and 1261 g mol~!, much lower
than that of MWL of 5817 and 4308 g mol~!, respectively. Furthermore, the polydis-
persity index (PI) of DES-Lignin and MWL was 1.56 and 1.35, respectively. Poly-
dispersity of the DES-Lignin was slightly higher than that of MWL, but both lignin
samples had a narrow molecular weight distribution (PI<2.0) that could provide con-
venience for the downstream application.

FTIR spectra analysis

FTIR is a basic and effective method to analysis different functional groups of lignin
(Bauer et al. 2012). A comparison between DES-Lignin and MWL samples showed
that the common features and particular vibrations of the fingerprint region were quite
similar. It indicated that the DES treatment process had no obvious negative effect on
the main functional groups, and the obtained lignin structure was rather complete. The
infrared spectra of two lignin samples are illustrated in Fig. 2, and the bands were based

Table 3 Molecular weight of

o . Sample Mw Mn PI (Mw/Mn)
lignin fractions
DES-Lignin 1967 1261 1.56
MWL 5817 4308 1.35
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on previous literature reports (Liu et al. 2018a; Sun et al. 2014; Xu et al. 2019). The
absorbance peaks at 1642 cm™! were assigned to carboxyl group and unconjugated car-
bonyl stretching. The typical lignin pattern bands at 1506, and 1456 cm™! correspond to
vibrations of aromatic rings. The absorbance band at 1455 and 1424 cm™! was assigned
to methoxyl groups (Wang et al. 2020). The absorbance peak at 1365 cm™! corre-
sponds to the presence of syringyl and non-condensed guaiacyl ring breathing with a
C-O stretch, and the peak at 1263 cm™' corresponds to C=0 stretch bending signals
of guaiacyl ring. The signals corresponding to G-type units (1263 cm™) presented a
higher intensity than those of the S-type units (1365 cm™), so the spectrum of lignins
displayed classical features of softwood lignin of the G,S type (Liu et al. 2018b).

13C-NMR analysis

To investigate the structural features of lignin, the linkages in the structure of DES-
Lignin and MWL were analyzed by '*C-NMR technology. The '*C-NMR spectra
of samples are presented in Fig. 3, and the positions of signals are listed in Table 4.
The lack of peaks between 90 and 100 ppm demonstrated the absence of carbohy-
drates in lignin samples and this also verified the above chemical compositions anal-
ysis. The aromatics carbons of lignin signal emerged at 102-160 ppm in the '3C-
NMR spectrum (Capanema et al. 2005). The strong intensity signals of the G units
emerged at 150-149.5 ppm (C-3 etherified), 147 ppm (C-4 etherified), 134.5 (C-1),
104 ppm (C-6) and 105 ppm (C-2). The S units were observed by peaks at 154-152
ppm (C-3 C-5 etherified) and 147-148 ppm (C-3 C-5 non-etherified), 125.5 ppm(C-
4), and 105-104 ppm (C-2 C-6) (Jiang et al. 2018). The signals of the G and S units
of lignin samples were clearly detected in the '*C-NMR spectra, which elucidated
the backbone structures of isolated lignin known as G, S-type (Xu et al. 2006). In
addition, the peaks of f—O—4 were proven by the signals at 73 ppm and 61 ppm
which correspond to C,, C4 and C,, respectively. The trace caused by ~OCH; can
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Fig.2 FTIR spectra of lignin fractions
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Fig.3 '>C-NMR spectra of lignin fractions

Table 4 Signal assignment in

I3C-NMR spectra Signal (ppm) Assignment
167 Cy, PC ester
154-152 C-3/C-5, S etherified
147-148 C-4 G etherified, C-3

C-5 S non-etherified

145 C-4 G non-etherified
130 C-2/C-6 PC ester
125.5 C-1, PC ester
116 C-3/C-5, PC ester
115 C-3/C-5, H etherified
105-104 C-2/C-6, S etherified
61 C, in p-0-4'
56 —OCH; in S and G
25.5-29 a, f methylene groups

be proven by the signals at 56.4 ppm in lignin samples. At the same time, two peaks
emerged at 53.8 and 53.3 ppm, which were attributed to f—f and -5’ structures.

2D-NMR analysis

2D-NMR is an effective technology to enhance the understanding of lignin structure.
Therefore, the DES-Lignin and MWL fractions were further analyzed by 2D-NMR
for more complete structural information. The sidechain (6C/60H 50-90/2.5-5.5)
and the aromatic (6C/0H 90-150/5.5-8.0) regions of the HSQC NMR spectra of
these two lignin fractions are shown in Fig. 4 and the main lignin structure units
are shown in Fig. 5. In the side chain region, the signals were mainly generated
from methoxy group and p—O—4' structure (substructure A) in the lignin fractions
(Zikeli et al. 2016). The C,—H,, corresponding to f—O—4' substructures appeared at
6C/6H71.8/4.81 for structures linked to G lignin units. The C4-Hj correlations con-
firmed at 6C/6H 83.9/4.18 and 6C/6H 85.6/4.12 for p—O—4 structures linked to G
and S units, respectively. Additionally, C,~H, and C,~H, correlations in the resinol
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Fig.5 Main structures observed in lignin fractions

substructures B were observed at 6C/6H 53.3/3.15, and 71.5/4.23 and 3.83, respec-
tively. The spirodienone substructure C was confirmed by the C;~H, and C,-H, cor-
relation at 5C/6H of 53.5/3.40, and 63.8/3.50.

As for the aromatic regions of the lignin, the S lignin units presented a rather
weak signal for the C, s—H, ¢ correlation at §C/6H 104.1/6.78 (S, ), Likewise, the
signal of C,¢-H,¢ was observed at 5C/6H 106.8/7.16 and 7.51 (S',¢) (Hu et al.
2011). However, the G lignin units presented a higher intensity signal for the
C,—H, (6C/6H 111.6/7.02, G2), Cs—H5 (6C/6H 116.1/6.85, G5), and C4—Hg (6C/6H
120.6/6.88, G6). Furthermore, the C,sH, linkages in p-coumarate substructures
were verified by the signals at 6C/6H 130.0/7.46 (PB, ). Therefore, G lignin occu-
pied a major position in the separated lignin.

The main structures identified by 2D-NMR spectra of lignin: (A) p-aryl-ether
units (f—O0—-4); (B) resinol substructures (f—f'); (C) phenylcoumaran substructures
(B-5"); (G) guaiacyl unit; (S) syringyl unit; (S') oxidized syringyl units with a ketone
at C,; (PB) p-hydroxybenzoate substructures.

Thermal stability analysis
Lignin pyrolysis is considered to be one of the most feasible methods to convert

lignin into bioenergy and industrial chemicals (Manara et al. 2014). Results of the
thermogravimetric (TG) and differential thermogravimetric (DTG) analysis are
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shown in Fig. 6. The TG represents the relationship between the weight loss of
lignin samples and the degradation temperature, and DTG shows the corresponding
weight loss rate of each obtained sample. The first phase of weight loss before 160
°C was due to moisture evaporation and loss of some organic constituents (Sun et al.
2013). The second phase between 160 and 500 °C was the main degradation stage,
where a sharp downward curve of TG emerged with increasing temperature, which
can be attributed to the cleavage of the interunit linkages such as f—O—4 and f—f
of lignin and the evaporation of monomer phenol (Tejado et al. 2007). The maxi-
mum rate of mass loss occurred at 376 °C. As for pyrolysis stage phase, the TG
curve of lignin degraded slowly until it remained steady when the temperature raised
above 500 °C. The quality loss of lignin was mainly attributed to the degradation of
branched chain and aromatic structure to alcohols and aldehydes. At the final tem-
perature, the residue solid yields of DES-Lignin were 38.25%, and 40.63% of MWL.

Antioxidant activity against DPPH radical

Evaluation of the antioxidant activity of lignin is based on free radical scaveng-
ing ability test (Dizhbite et al. 2004; Sun et al. 2014), and the curves of antioxi-
dant activity against DPPH and radical scavenging index (RSI) value are shown in
Fig. 7. The 50% inhibition percentage (IP) concentration of lignin was calculated
and defined as IC50. As presented in Fig. 7, all lignin samples showed strong scav-
enging effect on DPPH radicals. In the present study, when the reaction time was
extended to 12 h, the antioxidant activity of DES-Lignin started to be higher than
that of commercial antioxidants (butylated hydroxyanisole, BHA). The IC50 values
of treatment time of about 12 h, 16 h, 20 h, 24 h were 0.174, 0.163, 0.157 and 0.147,
as compared to 0.180 for BHA, respectively. The data suggested that the lignin
samples had higher antioxidant activity than BHA. Lignin with a higher content of

1004 — DES-Lignin L 0.0
90+ L05
80 =
] F-10 O
Q 101 2
= E --1.5
O V)
4 =
- 60 o
1 --2.0
50
i L-25
30 -3.0

L A e L e R T e T T
100 200 300 400 500 600 700 800
Temperature (°C)

Fig.6 Thermogravimetric analysis of lignin fractions
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Fig.7 Antioxidant activity againstDPPH radical of DES-Lignin. The treatment conditions: temperature,
120 °C; mole ratio, 1:10

condensed G-OH showed excellent antioxidant activity (Sun et al. 2018). The results
showed that the type of phenolic hydroxyl groups played a pivotal part in antioxi-
dant activity of lignin. DES-lignin with excellent antioxidant properties could be
used as natural preservative for food or cosmetics.

Conclusion

In this work, Cunninghamia lanceolata was subjected to DESs to isolate high-purity
lignin and evaluate its antioxidant activity. Due to the mild treatment process, the
extracted lignin had a relatively complete structure, and the backbone character-
istics were not significantly modified. The result showed that the yield of isolated
DES-Lignin is 81.73% under optimal conditions (120 °C, 1:10, 12 h). At the same
time, DES-Lignin had a low molecular weight (Mw 1967 g/mol) and higher purity
of 94.18% than MWL (92.17%). It was observed that the lignin had similar struc-
tural characteristics to MWL, and the main interaction units were mainly f—O—4 aryl
ether. Moreover, DES-Lignin showed excellent performance in scavenging free radi-
cals, indicating that it could develop to a kind of potential natural antioxidant as a
preservative for food and cosmetics.
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