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Acetic acid lignins from Chinese quince fruit
(Chaenomeles sinensis): effect of pretreatment on

their structural features and antioxidant activities}
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In this study, three pretreatment processes were evaluated for their effects on the structural features and
antioxidant activities of lignins extracted by the acetosolv process from the fruit of Chinese quince. The
three pretreatments included dephenolization, sugar removal, and multiple processes (a combination of

both dephenolization and sugar removal). The results showed that after sugar removal pretreatment, the

carbohydrate content, the molecular weight and S/G value of the lignin fractions decreased. However,
after dephenolization pretreatment, the carbohydrate content and the molecular weight of the lignin
fractions increased. After sugar removal and dephenolization, there were increases in the temperatures
corresponding to the maximal rate of decomposition (DTGnay) in all lignin fractions. The radical

scavenging
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pretreatments and no treatment. The

index of lignin after sugar removal pretreatment was higher compared to other

results of these tests showed that sugar removal, as

a pretreatment, enhanced lignin extraction, yielding pure and highly functional lignins. Additionally,

DOI: 10.1039/c8ra04009e

rsc.li/rsc-advances

1 Introduction

Chaenomeles sinensis Koehne (common name: Chinese quince)
is widely planted in eastern Asian countries, including China,
Korea and Japan. Its fruits have been used in Chinese herbal
medicine. In previous reports, the polyphenols, flavonoids and
organic acids extracted from C. sinensis fruits have been
confirmed to have antioxidant and antiulcerative activities with
various health benefits."® However, the lignins, which are
abundant in C. sinensis fruits, have been little investigated in
terms of structural properties and antioxidant activities.
Lignin is an amorphous phenolic polymer formed by the
copolymerization of p-coumaryl, sinapyl and coniferyl
alcohol.*® Lignin fractions extracted from various lignocellu-
losic biomasses (e.g:, rice husk, sugarcane bagasse) can be used
as free radical scavengers due to their high antioxidant prop-
erties.® The major chemical functional groups in lignin can vary
depending on its genetic origin and how it is isolated. The
isolation process can change the native structure of lignin, even
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dephenolization or multiple process were beneficial to the acquisition of macromolecular lignins. All the
results provided references for the biorefinery of biomass rich in polyphenol and sugar compounds.

when the lignin belongs to the same group, as evidenced in
changes in the location and number of functional groups
(-COOH, -CO-, -OCH,, -OH).” Regarding the method of
isolating lignin from different biomasses, organosolv isolation
is one of the most promising techniques and has attracted
much attention recently.® Although various organosolvents have
been used in lignin isolation, acetic acid is primarily used
because of its lower cost and greater ease of recovery. According
to current literatures, no investigations have been undertaken
for studying the isolation of lignin from Chinese quince by
organosolvents in general, nor by acetic acid in particular.
Compared with the traditional raw materials used in the
pulp and paper industries, such as hard woods, soft woods, and
grasses, the fruits of Chinese quince have more phenolic and
sugar compounds. Chinese quince fruit has abundant phenolic
compounds (1280 mg/100 g of fresh weight), which is 20 times
higher than that in apple (61 mg/100 g of fresh weight).®
Phenolic compounds and sugar compounds in pretreated and
non-pretreated biomass have been found to have negative
effects on ethanol fermentation.' The phenolic compounds can
form complexes with proteins and inhibit cellulolytic and
hemicellulolytic enzyme activities."* Soluble sugars also inhibit
cellulases instantaneously, and it predominates other inhibi-
tors in decreasing the initial hydrolysis rate of cellulose to
glucose;' hence, the pretreatment of biomass through phenol
and sugar compounds removal is expected to reduce enzyme
loadings and therefore reduce enzyme costs for a given level of
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cellulose conversion. Moreover, both of these types of
compounds have important effects on the structure and anti-
oxidant activities of lignin during the acetosolv process. For
example, Lange and Faix reported a high Klason residue and
attributed it to condensation between lignin and polyphenols
during the acid treatment.” Removal of sugar compounds by
hot-water pretreatment can increase the amount of free
phenolic hydroxyl groups in lignin during subsequent acid
extraction.™

In previous studies, the researchers explored the inhibitory
effect of phenolic compounds and sugar compounds released
from pretreated lignocellulose on the biomass conversion.
However, until now, the effects of removing sugar and phenolic
compounds on lignin structure and antioxidant properties have
not been investigated. In the present investigation, ethanol
organosolv pretreatment below 100 °C and liquid hot water
pretreatment at atmospheric pressure were used to remove
phenolic and sugar compounds before the acetic acid isolation
of lignin from Chinese quince fruits. Secondly, the lignin frac-
tions from the various samples were characterized in order to
ascertain and understand any structural modifications caused
by the various pretreatment processes. In addition, the antiox-
idant abilities of the lignin fractions were assessed because
these properties are associated with potential industrial and
pharmaceutical applications.

2 Materials and methods
2.1 Materials

Chinese quince (Chaenomeles sinensis) fruits were freshly har-
vested from Tongbai County (32°32'N, 113°16'E) in Henan
Province, China. The ripe fruit was sliced into layers about
2 mm thick and then sun-dried. The dried samples were ground
to obtain 40-60 mesh particles. The powder was extracted by
ethanol/toluene (1 : 2, v/v) in a Soxhlet instrument, then dried at
50 °C for 10 h. Powder obtained in this way was defined as EF
(extract-free) and was used for all subsequent experiments.

2.2 Pretreatment methods

Different pretreatments can be used to remove different
compounds from the raw Chinese quince fruit pulp. Ethanol
can be used to remove phenolic compounds, while water can be
used to remove sugars. In this study, we compared the effect of
three types of pretreatment, namely, the removal of phenols,
removal of sugars, removal of both phenols and sugars.

The method used here for removing phenolic compounds is
the same as that used by previous researchers, with some
modifications.'* Briefly, the EF samples (100 g) were extracted in
300 mL 50% (v/v) ethanol at 70 °C for 4.5 h. The mixtures were
separated and 50% ethanol was used for washing the solid
residues until the solvent in the thimble became colorless. The
solid residues were washed thoroughly with water, freeze-dried
and labeled as DP (dephenolization).

The process for removing sugar compounds is as follows:
100 g of EF or DP samples soaked in 300 mL distilled water and
extracted at 85 °C for 4.5 h. Then, the solid residues were
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recovered, thoroughly washed with water, and finally freeze-
dried. EF samples subjected to the sugar removal process
were labeled as RS (sugar removal). DP samples subjected to the
sugar removal process were labeled as MP (multiple processes).
EF samples subjected to no pretreatment were labeled as UN
(untreated). Thus, there were four samples for subsequent
treatment, namely, UN (untreated), DP (dephenolization), RS
(sugar removal), and MP (multiple processes, a combination
both dephenolization and sugar removal).

2.3 Isolation of acetic acid lignin (AAL) fractions

The experiments for isolating AAL fractions were conducted in
a pressure glass reactor (volume: 500 mL) with a magnetic
stirrer. In a typical isolation experiment, the samples (20 g) were
poured into acetic acid/water (400 mL, 9 : 1, v/v) and cooked at
120 °C for 2 h. Then, the extract was filtered and concentrated to
about 5 mL under reduced pressure at 50 °C. The concentrated
solution was precipitated drop-wise in 10 volume of water. The
crude lignin was separated by centrifugation, and subsequently
dissolved in ethanol/1,2-dichloromethane solution (1 : 2, v/v).
The mixture was then centrifuged to remove insoluble
substances. The supernatant was dropped in diethyl ether, then
the precipitate was washed with petroleum ether and dried. The
lignin fractions obtained from MP, DP, RS, and UN samples
were defined as AAL-MP, AAL-DP, AAL-RS and AAL-UN,
respectively.

2.4 Characterization of AAL fractions

The carbohydrate content of the lignin fractions was analyzed
by  high-performance anion-exchange chromatography
(HPAEC). The samples were firstly hydrolyzed with 3% H,SO, at
105 °C for 2.5 h. Then the monosaccharide content of the
samples was analyzed according to the previous report.?

The molecular weights of acetylated lignin fractions were
detected by gel permeation chromatography (GPC) according to
the previous report.®

Analytical pyrolysis was performed with a CDS5000 pyrolyzer
(CDS Analytical Inc., USA), interfaced to an Agilent 6890N/5975
gas chromatograph-mass selective detector (Agilent Technolo-
gies Inc., USA). In each experiment, 500 pg lignin was placed in
the pyrolysis unit and pyrolyzed at 500 °C for 20 s. Pyrolysis
products were separated on a capillary column (HP-5MS, 30 m
x 0.25 mm x 0.25 pm). Oven temperature was programmed
from 50 °C (4 min) to 100 °C at a rate of 20 °C min~ ', and then
ramped at 6 °C min~" to 280 °C (5 min).

Fourier transform infrared spectra (FT-IR) were recorded on
a WQF-510 instrument (Beijing Rayleigh Analytical Instrument
Corp., China). FT-IR analysis was conducted between 4000 cm ™ *
and 400 cm ™.

The thermal properties of lignin fractions were determined
using a thermal analyzer (TGA-7, Perkin Elmer Cetus Instru-
ments, USA) with a heating rate of 10 °C min " under nitrogen
atmosphere. The temperature ranged from 25 °C to 650 °C.

2D HSQC NMR spectra were acquired with a Bruker Avance III
HD 400 MHz instrument (Bruker Co., Germany); 50 mg of AAL
fractions were dissolved in DMSO-d6 (0.5 mL). The F2 (*H) and F1

This journal is © The Royal Society of Chemistry 2018
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(*3C) spectral widths were 4000 and 20 000 Hz, respectively. *'P
NMR spectroscopy for the quantitative analysis was conducted
according to the published procedure.” Approximately 40 mg of
lignin fractions were dissolved in 500 pL of anhydrous
chloroform/pyridine (1 : 1.6, v/v, solvent A). Cyclohexanol (100
L, 10.85 mg mL ™", in solvent A) and chromium(m) acetylaceto-
nate (100 uL, 5.0 mg mL ", in solvent A) were added, respectively.
Finally, 100 puL of phosphorylating reagent (2-chloro-4,4,5,5-
tetramethyl-1,3,2-dioxaphospholane, TMDP) was added and
kept at room temperature for 15 min before analysis.

2.5 Antioxidant activities of acetic acid lignins

The antioxidant activities of various AAL fractions were evalu-
ated by 2,2-diphenyl-1-picryl-hydrazyl (DPPH) free radical assay
according to a previous report.'® Different concentrations (0.05,
0.1, 0.15, 0.2, 0.25, 0.5, 0.75 and 1.0 mg mL ") of lignin solution
and 0.024 mg mL~ " DPPH solution were prepared in ethanol.
Then, 150 pL of AAL lignin solutions or ethanol were reacted
with 2850 puL of DPPH solution. After reaction at 25 °C for
20 min, the ODs;5 nm Of the solution was monitored with a UV-
1100 spectrometer (Shanghai MAPADA Instruments Co., Ltd.
China). The inhibition percentage (IP) of the DPPH free radical
was measured by the following equation:

IP (%) = (4g — A1)/ Ao x 100%

where A, represents ODs15 nm, Of the blank sample, A; represents
ODs5,7 nm Of DPPH solution. The antioxidant activities of AAL
fractions were characterized using the radical scavenging index
(RSI), which was defined by the followed equation:

RSI = 1/ECs,

where ECs, is the effective concentration for achieving 50% IP.

3 Results and discussion

3.1 Isolation and carbohydrate constitution of AAL fractions

In this study, organosolv pretreatment and hot water pretreat-
ment were performed at ambient pressure and at temperatures
below 100 °C to remove phenolic compounds and sugar
compounds. The yield of lignin extracted from materials after
different pretreatments and the carbohydrate composition of
AAL fractions are detailed in Table 1. The results show that the
yields of AAL fractions extracted from pretreated materials were

Table 1 Carbohydrates associated with AAL fractions

Carbohydrate content” (%)

Yield Total sugar

Samples (%) (%) Ara Gal Glu Xyl Man Uro
AAL-MP 47.0 2.7 11.7 3.8 53 744 0.2 4.7

AAL-DP  52.2 1.3 ND? 6.4 1.7 16.8 66.2 ND
AAL-RS 49.5 0.1 ND 385 ND 614 ND ND
AAL-UN 61.7 0.5 ND 11.0 37.0 50.7 1.3 ND

“ Ara, arabinose; Gal, galactose; Glu, glucose; Xyl, xylose; Man,
mannose; Uro, uronic acid. > ND, not detected.
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lower than that from untreated samples. During the depheno-
lization pretreatment, polyphenols were removed along with
low molecular weight lignins."” Accordingly, the lignin yield
from dephenolized materials (AAL-MP, 47.0%; AAL-DP, 52.2%)
was less than that from untreated samples (AAL-UN, 61.7%).

The sugar removal as a pretreatment process is necessary for
the isolation of AAL. Since AAL was extracted with acetic acid,
pseudo-lignin could be generated during the isolation. Pseudo-
lignin can be formed by the combination of lignin and carbo-
hydrate under acidic conditions.'® The dehydration reactions of
some monosaccharides released after the hydrolysis of poly-
saccharides produces furfural and 5-hydroxymethylfurfural.*®
Pseudo-lignin was formed by further polymerization and/or
polycondensation reactions of furfural and 5-hydrox-
ymethylfurfural®® Using water-dimethyl sulfoxide (DMSO)
mixtures as the reaction medium can effectively suppress the
formation of pseudo-lignin because DMSO can inhibit 5-
hydroxymethylfurfural side reactions. In contrast, reducing the
polysaccharide content in the sample would be more effective for
the suppression of pseudo-lignin formation. The yield of AAL-RS
was lower in comparison with AAL-UN. This confirmed that sugar
removal of Chinese quince fruits in advance of AAL isolation is
helpful to suppress the formation of pseudo-lignin.

As shown in Table 1, only a small amount of carbohydrates
(0.1-2.7%) remained in the AAL fractions, and they were mainly
xylose and glucose with small amounts of arabinose, galactose,
mannose and uronic acid. AAL-RS had lower carbohydrate
content as compared with AAL-UN, indicating that a large
amount of the hemicellulose was removed from the material
during the treatment.”> However, AAL-MP had the highest
carbohydrate content, with xylose and arabinose being the
predominant sugars. This high carbohydrate content may be
due to the presence of lignin-carbohydrate complexes.* After
the dephenolization pretreatment, pectin in cell walls was
easier to dissolve and swell in the water compared to other types
of pretreatment. This could inhibit the dissolution of hemi-
cellulose in water, which may cause some lignin-carbohydrate
complexes to remain in the lignin sample.

3.2 FT-IR analysis

Fig. 1 illustrates the fingerprint region of the FT-IR spectra of
the AAL fractions. The bands are assigned according to the

W

AAL-MP

AAL-UN

Transmittance(%)

1604 1518 1425 1035

13261222 1120
1600 1400 1200 1000
Wavenumbers(cm™)

1800 800

Fig.1 FT-IR spectra of AAL fractions.
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previous report.> The esterified phenolic acid and acetyl groups
associated with xylose or uronic acid residues of hemicelluloses
give one band at 1729 ecm™'.>* The aromatic skeletal vibrations
give absorptions at 1604, 1513 and 1425 cm ™ ". The band at
1367 cm™ ' corresponds to aliphatic C-H in CHj;. The band at
1326 cm™ ' is assigned to sinapyl (S) units. The band at
1222 em ! is assigned to S and p-coumaryl units. Bands at
1120 cm™ " and 1035 cm™ ' originate from aromatic C-H bonds
in S and guaiacyl (G) units, respectively. The band at 825 cm ™" is
related to C-H out-of-plane bending of S units and p-hydrox-
yphenyl (H) units. C-H out-of-plane bending of G units is
observed at 914 cm ™.

The spectra of AAL fractions in the 1800-800 cm ™' region
were similar. However, slight variations in some peaks could
also be observed. The spectra of AAL-UN and AAL-DP exhibited
weaker peaks at 1425 cm™ ' and 1461 cm™ ' compared to AAL-RS
and AAL-MP, which are assigned to CH, and C-H deformation
vibrations in lignin, respectively. This may be related to
a greater number of CH, groups in the side chains of the G and
S units of AAL-MP and AAL-RS than in comparable units of AAL-
DP and AAL-UN (see data in Table 2).

3.3 Thermal analysis

TG and DTG curves of the various AAL fractions are shown in
Fig. 2. In the temperature range of 25 °C to 200 °C, the reactions
were all endothermic, mainly attributed to the removal of
moisture from samples. From 200-650 °C, the degradation was
accompanied by some reactions.”® AAL-DP showed the highest
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thermo-decomposition rate as compared to AAL-RS and AAL-
UN. However, AAL-MP had a large amount of carbohydrate
and low thermo-decomposition rate, which may be associated
with the structural differences in the four AAL fractions.
Because of the different pretreatment methods, lignin in
different cell walls with different structural features could be
obtained. The ether linkages such as the B-O-4 structure were
cleaved between 200 °C and 350 °C. The oxidation of lignin side
chains happened at around 400 °C. Above 400 °C, the gas
products (CH,, Hy, CO etc.) evolved from lignin pyrolysis.>” The
H, originated from the cracking and deformation of C=C and
C-H, while the CH, was released from the cracking of the
methoxy groups.

Temperatures for the highest velocity of degradation
revealed the thermal stability of different lignin samples. As
shown in Fig. 2B, the temperatures corresponding to the
maximal rate of decomposition (DTG,x) Of the AAL fractions
were observed to be 423 °C, 332 °C, 329 °C and 300 °C for AAL-
MP, AAL-DP, AAL-RS and AAL-UN, respectively. The first peak of
the DTG curve for AAL-MP was located at 329 °C, this peak
represented the decomposition of carbohydrates in LCC. The
second peak, which was located at 423 °C, mainly represented
the decomposition of lignin in LCC. It could be inferred that the
decomposition of carbohydrates and lignin in LCC happened in
succession. AAL-MP was more stable than the other samples,
and this was supported by the fact that AAL-MP had the highest
molecular weight. The maximum decomposition temperature
of AAL was increased after the sugars and phenolic compounds

Table 2 Relative abundances (%) of the lignin-derived products from Py-GC/MS of AAL fractions

Label Origin Compound AAL-MP AAL-DP AAL-RS AAL-UN
1 H Phenol 0.82 2.65 2.02 2.03
2 H 2-Methylphenol 0.32 0.52 0.55 0.71
3 G 2-Methoxyphenol 8.96 12.38 15.10 18.28
4 H 3-Methylphenol 2.04 1.98 2.27 2.22
5 H 2,6-Dimethylphenol ND* 0.14 0.13 ND
6 G 2-Methoxy-5-methylphenol ND 0.49 0.81 0.39
7 G 2-Methoxy-4-methylphenol 6.23 5.65 5.37 6.35
8 G 3,4-Dimethoxytoluene ND 0.09 0.17 1.39
9 G 1,2-Benzenediol 5.42 14.22 3.99 4.93
10 G 2-Methoxy-4-ethylphenol 5.93 4.59 3.04 2.70
11 G 2-Methoxy-4-vinylphenol 10.92 4.75 6.47 4.85
12 G 3-Methyl-1,2-benzenediol 4.70 0.67 0.76 ND
13 S 2,6-Dimethoxyphenol 17.95 26.50 27.74 31.19
14 G 2-Methoxy-4-propylphenol 1.16 ND 1.94 ND
15 G 2-Methoxy-4-(1-propenyl)phenol 0.69 1.10 0.34 0.28
16 S 1,2,4-Trimethoxybenzene 8.19 11.67 7.93 7.08
17 G 2-Methoxy-4-(1-propenyl)phenol 3.63 ND 3.04 2.90
18 S 2,6-Dimethoxyphenylacetate ND ND 2.09 0.66
19 G 1-(4-Hydroxy-3-methoxyphenyl)ethanone 1.03 0.51 0.93 0.42
20 H 2,4-Bis(1,1-dimethylethyl)phenol 0.36 ND 0.60 0.41
21 S 3,4,5-Trimethoxytoluene 6.45 4.38 5.04 5.16
22 G 1-(4-Hydroxy-3-methoxyphenyl)-2-propanone 1.37 1.21 1.70 1.29
23 S 2,6-Dimethoxy-4-allylphenol 2.46 1.68 1.37 1.18
24 S 2,6-Dimethoxy-4-allylphenol 1.47 0.92 1.09 0.89
25 S 2,6-Dimethoxy-4-allylphenol 7.81 2.97 4.41 4.05
26 S 1-(4-Hydroxy-3,5-dimethoxyphenyl)ethanone 2.09 0.93 1.10 0.65
S/IG 1.19 1.20 1.36 1.31

% ND, not detected.
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Fig. 2 Thermogravimetric (TG) and derivative thermogravimetric
(DTG) curves of AAL fractions. (A) TG; (B) DTG.

had been removed, suggesting that more stable lignin struc-
tures were formed after the pretreatment.? It was found that the
levels of solid residue at 650 °C were 35.7% for AAL-MP, 46.0%
for AAL-DP, 43.3% for AAL-RS and 46.9% for AAL-UN. The
results indicated that more condensed lignin structures were
generated in AAL-RS and AAL-DP.

3.4 Py-GC/MS analysis

Pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS) is
a reliable method for the characterization of lignin; it requires little
lignin sample and a short time for analysis.”® The total ion chro-
matograms of different samples obtained by Py-GC/MS are shown
in Fig. S1;f the identified compounds and corresponding struc-
tures are shown in Table 2 and Fig. S2,T respectively. As shown in
Table 2, thirty lignin-derived compounds were identified,
including six p-hydroxyphenyl-type compounds; sixteen guaiacyl-
type compounds; eight syringyl-type compounds. Both G and S
units with various side chains were detected, confirming the
presence of lignin. Syringyl lignin-derived compounds were the
most abundant aromatic pyrolysis degradation products in all
samples. The major pyrolytic products in untreated and pretreated
samples were derived from S units, including 2,6-dimethox-
yphenol; 1,2,4-trimethoxybenzene; 3,4,5-trimethoxytoluene; 2,6-
dimethoxy-4-allylphenol. G-type phenols could be released by the
direct breaking of the p-O-4 bond. 1,2-Benzenediol, 2-

This journal is © The Royal Society of Chemistry 2018
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methoxyphenol together with some methyl, ethyl and vinyl
analogues were typical degradation products of guaiacyl lignin in
all samples. The relative proportions of H, S and G lignins differed
in the various AAL fractions. It was obvious that 2,6-dimethox-
yphenol (13) content was reduced after the dephenolizing
pretreatment. An obvious decrease in 2-methoxyphenol (3) content
was found both in all the dephenolized samples and the samples
after sugar removal. Increases in the content of 1,2-benzenediol (9)
in AAL-DP and 2-methoxy-4-vinylphenol (11) in AAL-MP were also
found. All these differences in the content of lignin-derived
compounds indicated that the structural features of AAL frac-
tions were varied.

High levels of 2-methoxy-4-vinylphenol were detected in the
pyrolysis products of AAL samples. This may have arisen mostly
from ferulate via decarboxylation during pyrolysis and partially
from lignin;* therefore, the S/G should be estimated by
ignoring the peak area of 2-methoxy-4-vinylphenol. A decrease
in the S/G ratio was observed in pretreatment samples (AAL-MP
and AAL-DP). The results revealed the decrease in syringyl-type
lignin content in dephenolized samples and indicated that
there was an association between syringyl-type lignin and
polyphenol in Chinese quince pulp.*

3.5 GPC analysis

The molecular weight distributions of AAL fractions are shown in
Table 3 and Fig. S3.1 As shown in Fig. S3,T the maximum peaks of
AAL-MP and AAL-DP obviously shifted to the higher molecular
weight region in contrast to the peaks of AAL-UN which did not
shift. Part of the “low molecular” fractions may have been lost
during dephenolization, since Brauns' lignin dissolved in solution
when the material was extracted with neutral alcoholic solvents.*
As shown in Table 3, M,, and M,, of AAL-MP and AAL-DP were
higher than those of AAL-UN. This result could be attributed to the
solubility of low-molecular-weight lignin fractions in the 75%
ethanol during dephenolization. In addition, the high poly-
dispersities of AAL-MP and AAL-DP were consistent with the broad
peaks in the chromatogram. After sugar removal, AAL-RS exhibited
a lower molecular weight than AAL-UN. This may be due to the
reduction of linked carbohydrate chains in lignin, since lignin—-
carbohydrate linkage may increase the molar mass of the lignin by
increasing the hydrodynamic volume of lignin.** It was noteworthy
that small shoulders were visible in the low molecular region (at
M,, 500-700, 600-800 and 1000-1500) of the distribution curve of
AAL fractions. This may be related to the degradation of lignin
during acidolysis and the formation of low molecular weight
material.**

Table 3 Weight-average (M,,) and number-average (M,) molecular
weights of AAL fractions

M, M, MM, M,*
AAL-MP 9340 5860 1.6 8690
AAL-DP 6630 4070 1.6 4990
AAL-RS 5070 3420 1.5 4040
AAL-UN 5670 4020 1.4 4500

¢ Peak molecular weight.

RSC Adv., 2018, 8, 24923-24931 | 24927
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Table 4 Quantification of the AAL factions by P NMR

Functional groups

Content (mmol g~ )

AAL-MP AAL-DP AAL-RS AAL-UN

Aliphatic hydroxyl OH
Syringyl phenolic OH
Guaiacyl phenolic OH
p-Hydroxyphenyl phenolic
OH

Carboxylic OH (COOH)
Total phenolic OH

Total OH

0.92
0.57
1.36
0.05

0.08
1.98
2.98

1.47
0.56
1.42
0.11

0.16
2.09
3.72

1.33
0.64
1.57
0.08

0.17
2.30
3.80

1.34
0.48
1.61
0.08

0.35
2.18
3.87

3.6 Quantitative *'P NMR analysis

Quantitative *'P NMR spectra were obtained to explore the
structural transformations of AAL fractions during the
pretreatments, and the results are presented in Table 4. The *'P-
NMR signals resonating between 135.5 and 134.2 ppm, were
assigned to carboxyl groups. The signals of aliphatic hydroxyl
OH were detected between 148.8 and 145.9 ppm, which were
mainly derived from hydroxylated lignin lateral chains. The
signals between 143.0 and 141.4 ppm were attributed to the
syringyl phenolic OH, while those between 138.8 and 140.2 ppm
were assigned to the guaiacyl phenolic OH. The peaks in the
138.5 and 136.0 ppm range were attributed to p-hydroxy-phenyl
OH. The total phenolic OH content in AAL-RS was higher than
other AAL fractions. This suggested that more S and G-type
phenolic OH were dissociated during the process of sugar
removal due to the cleavage of B-O-4 linkages.** Since the
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phenolic OH played an important role in the antioxidant
activities, AAL-RS was superior to other samples in antioxidant
activities as revealed by the DPPH radical scavenging activities
(see Fig. 5).

3.7 2D HSQC NMR analysis

The structural characteristics of AAL-RS and AAL-UN were
described using the 2D HSQC NMR technique. The signals were
assigned according to the previous publications.*>** The HSQC
spectra of AAL-RS and AAL-UN are shown in Fig. 3, the main
substructures presented in AAL-RS and AAL-UN are shown in
Fig. 4, and the specific chemical shifts of the substructures were
listed in Table S1.f Two main regions were depicted corre-
sponding to side-chain (6c/0y 50-90/2.5-6.0) and aromatic (6¢/
0y 90-140/5.5-8.0) '*C-'H correlations. Except for the
mentioned regions, an aliphatic region (10-45/0.5-3 ppm, not
shown in figures) was observed, which revealed the presence of
branched and unsaturated fatty chains.*

Signals from methoxyl groups (OCHz, 6c/0y 56.4/3.68 ppm)
and B-0-4 ether units (6c/0y 60.1/3.29 ppm, substructure A) were
the prominent signals. Specifically, signals from B-O-4 struc-
tures were observed with their C-H correlations for a, v posi-
tions at d¢/dy 72.5/4.85 ppm, dc/dy 60.1/3.29 ppm, respectively.
Moreover, the Cg-Hjg correlations in -O-4 structures linked to G
units were also observed at /0y 83.9/4.32 ppm. Signals at 6¢/0y
86.1/4.64 ppm, 0c/0y 54.3/3.01 ppm, and d¢/dy 71.9/3.80-
4.18 ppm correlated with C,-H,, Cg-Hg, and C,-H,, of B-B (res-
inol) substructures, respectively. Besides these linkages, C,-H,
correlations (6¢/0y 63.9/3.99 ppm) in the phenylcoumaran

ppm ppm
A OCH; e By B -, By
Ay =60 60
=D !
=70 =70
" N Ni 7
A(z By BY
=80 - 80
=A3(G) "
.Ba Ba
I T I T T T T T T T I T
55 50 45 40 35 3.0 ppm 55 50 45 40 35 3.0 ppm
ppm ppm
C D
=100 =100
V@SZ,O
=110 G; =110
i
=120 Gs =120
=130 <Hz6 =130
T I T T I T T T
75 7.0 6.5 6.0 ppm 75 7.0 6.5 6.0 ppm

Fig. 3 2D HSQC spectra of AAL-UN and AAL-RS obtained from Chinese quince fruit. The side-chain region: (A) AAL-UN; (B) AAL-RS. The

aromatic region: (C) AAL-UN; (D) AAL-RS.
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Fig. 4 Main substructures presented in AAL-UN and AAL-RS: (A) B-O-4 aryl ether substructures; (A’) y-acylated B-O-4 aryl ether substructures;
(B) resinol substructures; (C) phenylcoumaran substructures; (H) p-hydroxyphenyl units; (S) syringyl units; (G) guaiacyl units.

substructure were also found in the spectra. It was worth noting
that the C,~H,, correlation in the y-acylated B-O-4 substructure
(A7) was observed at 6c/0y 63.8/4.28 ppm in the spectrum of
AAL-RS.

The composition of lignin was revealed by the aromatic
region of the HSQC spectra. In the aromatic region, the signals
from G, S and H units can be clearly observed in the HSQC
spectra, suggesting that lignin from Chinese quince fruit is
G-S-H type. The S units showed a remarkable signal for the
Cy6~Ha (S2,6) at 0c/0y 104.5/6.64 ppm. The C-H correlations
from G units for the G,, G5 and Gg positions were at 112.4/
6.93 ppm, 115.9/6.70 ppm, and 119.4/6.74 ppm, respectively. G,
was the condensed lignin structure. The p-hydroxyphenyl units
were recognized by the correlation for C, 6-H, ¢ at 0c/0y 129.4/
7.21 ppm.

Quantitative analysis of the lignin structures is important for
investigating lignin. The semi-quantitative method based on
2D-HSQC spectra was commonly used in the quantitative
analysis of lignin. The relative abundance of lignin structures
was calculated basing on the peak area normalization method.*”
As listed in Table 5, the relative content of the B-O-4 substruc-
ture (45.95%) was most abundant in AAL-UN, followed by B-
B (30.27%) and B-5 (23.77%) substructures. As compared with
AAL-UN, AAL-RS demonstrated a lower relative proportion of B-
B substructure and a higher relative proportion of B-5
substructure. No obvious differences in the content of B-O-4
substructures were found between AAL-UN and AAL-RS,
revealing that less serious degradation occurred during the
pretreatments. The S/G ratios of the AAL-UN and AAL-RS, based
on NMR data, were 1.90 and 1.66, respectively; these ratios were
higher than the results obtained from the Py/GC-MS. This may

This journal is © The Royal Society of Chemistry 2018

be associated with the demethoxylation of syringyl (S)-type
compounds during pyrolysis; demethoxylation could have led
to the formation of monomethoxyphenols (i.e. guaiacyl units)
and thus, could have effectively decreased the S/G ratio.*®

3.8 Assessment of antioxidant activity

The antioxidant activities of various AAL fractions were evalu-
ated as the capacity to scavenge DPPH free radicals, and the
results are shown in Fig. 5. All the lignin fractions exhibited
antioxidant capability, and their DPPH inhibitory effect
increased with increasing solution concentration.

Some studies have reported that low molecular weight lignin
has high antioxidant activity, which is attributed to the exten-
sive formation of new aromatic hydroxyl groups during lignin
depolymerization. Carbohydrates linked adjacent to the lignin
can generate hydrogen bonding with lignin phenolic groups,
which may diminish the antioxidant capacity of the lignins.*
The radical-scavenging index (RSI) values of AAL-MP, AAL-DP,

Table 5 Quantification of substructures from AAL fractions by 2D-
HSQC NMR

Percentage (%)

Lignin inter-unit linkages AAL-UN AAL-RS
B-O-4 Aryl ethers (A) 45.95 45.50
B-B (Resinols) (B) 23.77 15.75
-5 (Phenylcoumarans) (C) 30.27 38.76
S/G ratio” 1.90 1.66

“ S/G ratio was obtained by the equation: S/G ratio = 0.5 IS, ¢/IG.
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AAL-RS and AAL-UN were 3.45, 4.55, 5.56 and 5.00, respectively.
Obviously, AAL-RS had significantly higher antioxidant activity
than AAL-MP, AAL-DP, and AAL-UN. This may be due to the
lower molecular weight and carbohydrate content of AAL-RS as
compared with other samples.*® It was worth noting that the RSI
value of AAL fractions from Chinese quince fruits was higher
than that of lignin fractions in the previous report.** These
results indicated the good antioxidant activity of the AAL frac-
tions from Chinese quince fruits.

Some reports have revealed the lignin structure-antioxidant
activity relationship.***> Non-etherified phenolic hydroxyl
groups, ortho-methoxy groups and CH, groups in the a-position
in the side chains had a positive effect on antioxidant activity,
while the a-carbonyl groups in the aliphatic chain drastically
decreased the radical scavenging activity of lignin. The influ-
ence of a carbon double bond conjugated with an aromatic ring
on antioxidant activity was negative, while the influence of
a double bond between the outermost carbon atoms was posi-
tive. In this sense, AAL-MP presented more lignin-derived
compounds with a double bond or a carbonyl group in the
side-chain of phenylpropane units (structures 11, 15, 17 or 19,
26 in Fig. S27), in comparison with other samples. AAL-RS had
a higher RSI value as compared with AAL-DP (4.55 and 5.56,
respectively). This can be attributed to the fact that AAL-RS has
relatively more phenolic structures with ortho-methoxy groups
(structures 3, 6, 7, 13, 14, 16 exhibited in Fig. S21), more CH,
groups (structures 7, 10, 14, 22, 23, 24, 25 exhibited in Fig. S27)
and a double bond between Cg and C, (structures 23, 24, 25
exhibited in Fig. S27).

Some studies have demonstrated that lignins do not irritate
the eyes or skin when used as topical formulations for eye and
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Fig. 5 Antioxidant activities against DPPH (A) and RSI value (B) of the
AAL fractions.
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skin irrigation.” Some reports suggest that the lignin in dietary
fiber can inhibit the growth of cancer cells by suppressing the
activity of enzymes related to the generation of superoxide
anion radicals.* The relatively strong antioxidant properties of
lignin from Chinese quince fruit, as shown in the present study,
suggests that it has potential applications in the nutraceutical
and cosmetic industries.

4 Conclusions

Different pretreatment processes (dephenolization, sugar
removal, multiple processes) were applied to Chinese quince
fruit pulp before lignin extraction by acetic acid. The influence
of different pretreatments on the structural features and anti-
oxidant activities of the extracted lignin fractions was evaluated.
All pretreatments reduced the yield of lignin. In addition, after
sugar removal, both the carbohydrate content and molecular
weight of the extracted lignins decreased, while dephenoliza-
tion and multiple processing resulted in a higher carbohydrate
content and molecular weight, as compared to the untreated
sample. After pretreatments, all lignin fractions had a higher
DTGnax than the untreated sample. Sugar removal enhanced
the antioxidant activity of lignin fractions but resulted in
a slight decrease in the S/G ratio. Removing sugar was necessary
for yielding lignins of high purity and functionality from the
fruit of Chinese quince. Dephenolization or multiple processes
(a combination of both dephenolization and sugar removal)
before lignin extraction were helpful for obtaining high
molecular lignin fractions. The study provides a reference for
biomass refining.
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