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Furfural, a versatile platform compound, is produced from the hydrolysis of pentose

(hemicellulose) in lignocellulosic biomass. The manufacturing of furfural results in the

production and accumulation of cellulose- and lignin-rich furfural residue, simultaneously.

Reasonable and effective utilization of furfural residue would provide both environmental

and economic benefits. In this work, alkali cooking technology was applied to extract

lignin from industrial furfural residue. The effects of different alkali treatment conditions

on the composition and chemical structure of extracted lignin and solid residue were

studied. The results showed that extracted lignin contained abundant guaiacyl (G),

syringyl (S), and p-hydroxyphenyl (H) structural units, among which the G-type lignin

structural unit accounted for the main proportion. The extracted lignin samples were rich

in hydroxyl, and the highest content of hydroxyl was 4.02 mM/g under the condition of

T3 (135◦C−0.35M). An oxidize resistance test showed that extracted lignin showed a

high inhibition effect on DPPH. The increase of lignin content in solid residue was due to

the carbonization of cellulose into a lignin-like substance under the condition of a high

temperature alkali treatment. This alkali cooking technology is suitable for extracting lignin

from furfural residue, which has a promising application as a potential antioxidant in the

food and cosmetic industry.

Keywords: furfural residue, alkali treatment, lignin, cellulose, chemical structure

INTRODUCTION

Furfural, a versatile industrial chemical, is regarded as a renewable, indispensable platform
compound that is used for organic synthesis, solvents, petroleum refining, and pharmaceuticals.
In general, furfural is derived from the dehydration of pentose (hemicellulose) in corncob, bagasse,
rice husk, and other agricultural waste (Sun et al., 2008). The demand of market and industrial
development drives the huge production of furfural, as about 12–15 t of furfural residue is produced
for each ton of furfural production (Sun et al., 2008; Wang et al., 2019). At present, furfural residue
is mostly used in the fields of heat generation, soil improvement, plant cultivation, and activated
carbon synthesis (Ren et al., 2009; Wang et al., 2017), which is based on the overall utilization of
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GRAPHICAL ABSTRACT | Extraction of lignin from industrial furfural residue by alkali cooking technology.

furfural residue solid waste, regardless of its composition and
content. However, furfural residue is rich in cellulose (30
wt%) and lignin (63 wt%), each component having promising
applications for the production of biofuels, chemicals, and
materials (Wang et al., 2019). Furthermore, industrial furfural
residue is a kind of organic waste with a high salt content and
acidity, while the massive accumulation and unreasonable use
would result in serious environmental pollution. Therefore, the
reasonable and effective utilization of furfural residue would
provide both environmental and economic benefits.

Most research has focused on the physical, chemical, and
biological treatment of furfural residue to obtain cellulose for
further utilization. However, the separation and utilization of
lignin from furfural residue is scarce because of its complex
structure. Lignin is a biopolymer with a three-dimensional
network structure formed by three phenylpropane units,
including p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S).
Lignin in furfural residue has the potential to be used as a
reinforcing agent, antioxidants, a mineral powder binder, scale
inhibitor, corrosion inhibitor, and in pharmaceuticals. At present,
the main industrial methods to obtain lignin are dilute acid
pretreatment, alkali pretreatment, ionic liquid treatment, and
organosolv methods. The G and S-type lignin is extracted and
purified by citric acid treatment from pulping black liquor (Liu
Z. et al., 2009). Structural changes of corn stover lignin were
studied during acid pretreatment, and the results showed that the
condensation reaction became the main reaction of lignin at high
temperature, which limited the depolymerization and subsequent
utilization of lignin (Moxley et al., 2012). Olive residue lignin was
extracted by ionic liquid triethylammonium hydrogen sulfate in
Cequier’s report, and the recovery yield of lignin reached 40%
(Cequier et al., 2019). Two organosolv methods involving formic
acid/acetic acid and sulfuric acid/ethanol solvent mixtures were
investigated for lignin extraction from banana rachis biomass
residue, and the obtained lignin fraction had a higher purity

of 76.5 and 71.0% (Tiappi et al., 2019). Nitsos explored the
characteristics of lignin isolated from spruce and birch with
the use of alkaline or ethanol organosolv pretreatment, and the
result showed that the molecular weight of alkaline lignin was
higher than that of organosolv lignin (Nitsos et al., 2016). In
summary, the cleavage of the C–O bond of lignin occurred
in dilute acid treatment, and then the C–C bond was formed,
which is more difficult to depolymerize. This phenomenon
poses a huge challenge to the subsequent depolymerization and
high value utilization of lignin. Although the higher yield and
purity of lignin could be obtained by ionic liquid and organic
solvent methods, the two methods are difficult to adapt to
industrial production. In addition, in recent years, the acid-
free pretreatment has attracted more interest to further improve
lignin properties for high-value utilization (Tao et al., 2012). The
condensation of lignin in raw materials could be avoided and
high-performance lignin products could be obtained using alkali
treatment technology, which is conducive to the utilization and
development of lignin downstream industries. As an effective and
simple way of lignin depolymerization, homogeneous alkaline
catalysis technology has attracted the attention of researchers.
Among them, alkaline cooking is a pulping method with NaOH
as the catalyst and anthraquinone as the auxiliary catalyst to
depolymerize lignin through the whole lignocellulosic biomass
(Karp et al., 2014). Thring et al. proposed that up to 30% of small
phenolic molecules could be achieved by the depolymerization
of Alcell lignin with NaOH (Thring, 1994). Shabtai, Chornet,
and Johnson reported that abundant small molecules were
obtained by alkali depolymerization of lignin, and then the
aromatics fuels such as gasoline were prepared by catalytic
hydrogenation, realizing the high value utilization of lignin in
the field of biofuel (Vigneault et al., 2007). Miller et al. reported
the effect of alkaline strength on the depolymerization of lignin,
and the results showed that strong alkali (NaOH, KOH) could
produce more small molecular, than weak alkali (LiOH) (Miller
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et al., 1999, 2002). Katahira et al. systematically studied the
structure and properties of lignins obtained from the alkali
extraction residue derived after the acid and enzyme hydrolysis,
deacetylation disk mill treatment, and deacetylation twin-screw
treatment. Different raw materials and alkali treatment methods
would lead to different depolymerization degrees and small
molecule types of lignin (Katahira et al., 2016). High quality
lignin could be obtained through alkali treatment technology,
which is conducive to the utilization and development of
downstream industries.

In this work, alkali cooking technology was applied to extract
lignin from industrial furfural residue (Graphical Abstract). The
treatment condition was investigated as follows: 165◦C−0.35M
NaOH-60min (T1), 135◦C−0.35M NaOH-60min (T2) and
135◦C−0.20MNaOH-60min (T3). The structure and properties
of lignin were comparatively studied under different alkaline
cooking methods to examine the impact of alkali severity, and
the treated solid residues were also investigated. The structural
properties of extracted lignins and treated solid residues
were determined using elemental analysis, gel permeation
chromatography (GPC), fourier transform infrared (FTIR)
spectroscopy, 2D HSQC NMR spectra, quantitative phosphorus
spectrum (31P NMR), gas chromatography-mass spectrometry
(GC-MS), and oxidation resistance test.

MATERIALS AND METHODS

Materials
Furfural residue was obtained from the Henan biotechnology
company (Henan, China), a solid residue was produced in
the preparation of furfural from corncob by sulfuric acid
hydrolysis. Furfural residue was washed to neutral, with
a large amount of deionized water before being used, and
then dried in an oven at 60◦C for 12 h. The component
content of the dried furfural residue was measured by
NREL method (Zhang et al., 2010). The furfural residue
contains 29.56% cellulose, 62.97% lignin, and 7.47% others.
Deuterium pyridine, cyclohexanol, deuterium chloroform,
2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (TMDP),
1,1-diphenyl-2-trinitrophenylhydrazine (DPPH), and 2,6-di-
tert-butyl-4-methylphenol (BHT) were purchased from Mecklin
Reagent Co., Ltd. (Shanghai, China). Sodium hydroxide, sulfuric
acid and tetrahydrofuran were purchased from Guangzhou
Chemical Reagent Co., Ltd. (Guangzhou, China). All reagents
were of analytical pure grade, without any treatment before
being used.

Separation and Recovery of Lignin From
Furfural Residue
Furfural residue and a certain concentration of NaOH aqueous
solution were fully stirred according to the solid-liquid ratio of
1:20 g/mL, and then transferred to a 100mL Parr reactor (YZPR-
100, Shanghai Yanzheng Instrument Co., Ltd.). The mixture was
treated at a certain temperature for 60min. After the reaction, the
mixture was filtered. The filtrate was added to acid to precipitate
lignin. The solid residue was washed repeatedly to neutral by a
large amount of deionized water, and then dried in an oven at

60◦C for 12 h. Based on the previous work and the screening of
experimental data (Moghaddam et al., 2017), the alkali treatment
conditions were determined with the yield of three components
as the goal. In order to investigate the impact of the severity
of alkali treatment on the extraction of lignin, three different
reaction conditions were selected: 165◦C−0.35M NaOH-60min
(T1), 135◦C−0.35M NaOH-60min (T2), and 135◦C−0.20M
NaOH-60min (T3). At the same time, in order to compare the
structure of lignin in the black liquor during the pulping process,
soda lignin was also extracted from corncob. Corncob was mixed
with an aqueous sodium hydroxide (1MNaOH) solution and the
mixture was reacted at 170◦C for 90min in a 100mL Parr reactor
according to the solid-liquid ratio of 1:20 g/mL.

The precipitation process of lignin by adding acid was as
follows (Figure S1): the pH value of the reaction liquid was
adjusted by 2MH2SO4 solution to precipitate the alkali extracted
lignin. The steps were as follows: 2M H2SO4 solution was added
to the alkali treatment solution until the pH value was about 4.5,
and stirred at room temperature for 15min. Then 2M H2SO4

solution was added until the pH value was about 3, and the alkali
treatment solution was vibrated in an air constant temperature
oscillator (THZ-C, Jiangsu Taicang experimental equipment
factory) at 65◦C for 30min. The solid and liquid mixture were
filtered and separated after the vibration was completed. The
solid mixture was washed to neutral with deionized water and
then dried in a vacuum drying oven at 40◦C for 24 h. The dried
solid was the precipitated lignin.

Characterization of Lignin
Component Analysis
The contents of the cellulose, hemicellulose, and lignin in the
sample were measured by the standard method (NREL) of
American Renewable Energy Laboratory (Zhang et al., 2010).
0.3 g of the sample was mixed with 3mL of 72 wt% H2SO4

solution and reacted at 30◦C for 60min. Eighty four milliliter
of deionized water was then added to the mixture. The mixture
was transferred to a high-temperature autoclave (DSX-280kb24,
Shanghai Shenan medical instrument factory) and reacted at
121◦C for 60min. After the reaction, the solid mixture and
liquid were separated by G3 filter. The sugar content of liquid
was detected after being filtered by a 0.22µm aqueous filter
membrane. The solid was dried to a constant weight and
calcined in a muffle furnace at 575◦C for 6 h. The reduced
mass was the content of acid insoluble lignin. The acid soluble
lignin was calculated by the absorption value of ultraviolet
spectrophotometer at 205 nm. The total amount of lignin was the
sum of acid soluble lignin and acid insoluble lignin. Cellulose and
hemicellulose were calculated according to the following formula:

Cellulose (%) =
CGlu × 86.73 L× 0.90

1000 × Sample weight (g)
× 100% (1)

Hemicellulose (%) =
CXyl+Ara × 86.73 L× 0.88

1000 × Sample weight (g)
× 100% (2)

CGlu and CXyl+Ara represent the concentrations of glucose,
xylose, and arabinose, mg/L, respectively; 0.90 and 0.88 are the
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coefficients of the conversion of cellulose and hemicellulose into
glucose, xylose, and arabinose, respectively (Zhang et al., 2010).

The yield of extracted lignin samples was calculated according
to the following formula (3):

YieldLignin (%) =
WLignin

WFR
× 100% (3)

YieldLignin, WLignin, and WFR represent the yield of extracted
lignin, the mass of extracted lignin, the mass of furfural residue.

Molecular Weight Analysis
The 10mg lignin sample was dissolved in 10mL tetrahydrofuran
and the mixture was filtered by an 0.22µm organic filter
membrane. The filtered liquid was injected into the gel
chromatograph (Agilent 1260, USA) to determine sample
molecular weight. The column was PL-gel 5µm 103 Å and PL-
gel 3µm Mixed-3 (Series connection), the mobile phase was
tetrahydrofuran, the flow rate was 1 mL/min, and the standard
sample was 800–49,400 g/mol polystyrene.

Functional Group and Element Analysis
The infrared spectrum was determined by TENSOR27 (Bruker
company Germany). A certain amount of sample was mixed with
potassium bromide according to the mass ratio of 1:100. The
scanning range was 4,000–400 cm−1. The contents of carbon
(C), hydrogen (H), nitrogen (N), sulfur (S), and oxygen (O) in
the lignin samples were determined by element analyzer (Vario
EL cube, Germany). At the same time, according to the alkane
formula CnH2n+2 and the relative content of elements, the C9

expression of lignin samples were calculated (Moghaddam et al.,
2017).

2D HSQC NMR Spectra Analysis
More detailed chemical structure information for lignin samples
could be provided by 2DHSQCNMR spectra. The lignin samples
were analyzed on a 600 MHz Bruker AVANCE III (Karlsruhe,
Germany) spectrometer. Thirty milligram of lignin was dissolved
in 1-mL DMSO-d6, and then transferred to an NMR tube
for testing. The spectrum width of the hydrogen spectrum
and carbon spectrum were 5,000 and 20,000 kHz, respectively.
The total number of samples collected in the one-dimensional
hydrogen spectrum was 1,024, and the relaxation time was
1.5 s. The total number of acquisition points of one-dimensional
carbon spectrum was 256 and the cumulative number is 64
times. The software used for data processing was mestrenova
6.1.1. It should be noted that the 2D HSQC NMR spectra of
corncob and the furfural residue were tested according to the
reference (Kim et al., 2008a). Eighty milligram of the sample,
after full milling, was swelled in 0.75mL DMSO-d6. The data was
measured according to the above set parameters.

Quantitative Phosphorus Spectra Analysis
According to the reference (Granata and Argropouls, 1995;
Akim et al., 2001), the content of hydroxyl in lignin samples
were determined by quantitative phosphorus spectroscopy (31P-
NMR). Twenty milligram of the lignin sample, 100 µL solution
B, and 0.5mL solution A were mixed. After full dissolution,

0.1mL solution C was added, and then 0.1mL of phosphating
agent (TMDP) was added until the above mixture mixed well.
The mixture was measured immediately after 15min. Solution A
was a mixture of deuterium pyridine and deuterium chloroform
with the volume ratio of 1.6:1. Solution B was internal standard
reagent, which was made using the following method: 54.25mg
of cyclohexanol was accurately weighed and then fixed with 5mL
solution A. Solution C, as a relaxation agent, was a 5 mg/mL
chromium acetylpyruvate solution.

Pyrolysis Analysis
The fast pyrolysis of lignin samples was performed using a high
temperature Tandem u-Reactor RX-3050TR pyrolyzer, and the
pyrolysis products were characterized by gas chromatography-
mass spectrometry (GC-MS, Agilent 7890B/5977A, USA). The
0.50-mg lignin sample was pyrolyzed at 500◦C. The initial
temperature was set at 50◦C and maintained at this temperature
for 1min. The temperature then rose to 280◦C at 6◦C/min and
was maintained at this temperature for 5min. The pyrolyzed gas
was put into gas chromatography for detection under helium
purging. The carrier gas flow was 50 mL/min, and the split
ratio was set as 30:1. After pyrolysis, the mass spectrum peaks
were compared with the results in the National Institute of
Standards and Technology (NIST), and the identified chemicals
were analyzed quantitatively according to the literature.

Oxidation Resistance Test
According to Lu et al. (2012), DPPH (1,1-diphenyl-2-
trinitrophenylhydrazine) was used to determine the antioxidant
capacity of lignin. Different amounts of lignin were dissolved in
a 0.1-mL water/dioxane (1/9, V/V) mixture to prepare 0.05–5
mg/mL of lignin solution. 3.9mL DPPH ethanol solution (25
mg/L) was then added to the above solution. The absorption
of the sample at 517 nm was determined by ultraviolet visible
spectrophotometer (UV-1800, Shimadzu, Japan). The inhibition
rate of lignin on DPPH was calculated according to the following
formula (4):

DPPH inhibition rate (%) =
A0 − A1

A0
(4)

A0 was the absorbance of the control sample, A1 was the
absorbance after reaction with lignin.

Characterization of Solid Residues
Component Analysis
The solid residues obtained by different alkali treatment
conditions were defined as R1, R2, R3, and R4, respectively. The
procedure for determining the lignin composition were the same
as those for the above extracted lignin samples. The yield of solid
residues was calculated according to the following formula (5):

YieldSR (%) =
WSR

WFR
× 100% (5)

YieldSR, WSR and WFR represent the yield of solid residue, the
mass of solid residue, the mass of furfural residue.
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Functional Group Analysis
The infrared spectrum of corncob, furfural residue, and the solid
residue were determined by attenuated total reflection fourier
transform infrared spectroscopy (ATR-FTIR). The infrared
spectrum of the sample was determined by vertex 70 (Bruker
company, Germany). A certain amount of the sample was mixed
and ground with KBr according to themass ratio of 1:100. Thirty-
two scans were performed at a resolution of 2 cm−1 with a
scanning range of 4,000–400 cm−1.

Solid State NMR Spectra Analysis
The solid-state NMR spectra (CP/MAS 13CNMR) of the samples
were determined by the 400M Bruker NMR (AVANCE III HD
400). The 4-mm rotary tube was used, and the speed was 5 kHz.
The contact time and pulse delay time were 1.5ms and 3.16,
respectively (Dong et al., 2013).

RESULTS AND DISCUSSION

Composition Analysis
The element content, empirical formula, and C9 form structural
formula of corncob furfural residue and NaOH extracted lignin
samples were studied (Table 1). The C9 form structural formula
indicated that the sample was a hydroxyphenyl structure, which
was calculated from six carbon benzene rings and three carbon
propane side chains. The components content of corncob,
furfural residue and extracted lignin samples were also measured
(Table 2). As shown in Table 1, compared with corncob, the

TABLE 1 | Elemental analysis and formula of corncob, furfural residue, and

extracted lignin samples.

Samples N% C% H% O% Empirical formal C9 formula

Corncob 0.26 41.42 7.26 51.05 C3.45H7.26O3.19N0.019 C9H18.94O8.32N0.05

FR 0.36 54.65 6.39 38.59 C4.55H6.39O2.41N0.026 C9H12.64O4.77N0.05

T1 0.79 54.67 6.74 38.28 C4.55H6.74O2.39N0.056 C9H13.31O4.72N0.11

T2 0.82 54.72 7.04 37.96 C4.56H7.04O2.37N0.058 C9H13.89O4.68N0.11

T3 0.78 55.87 7.13 36.22 C4.65H7.13O2.26N0.056 C9H13.78O4.37N0.11

Soda lignin 0.26 59.64 7.44 32.66 C4.97H7.44O2.04N0.019 C9H13.48O3.70N0.03

FR, furfural residue.

content of hydrogen (H) and oxygen (O) in furfural residue
were significantly reduced, because corncob was composed of
three major components: cellulose (C6H12O6), hemicellulose
(C5H10O5), and lignin (C10H14O). In view of the structural
formula of the three components, the proportion of hydrogen
and oxygen in cellulose and hemicellulose were relatively high,
and the proportion of carbon in lignin was relatively high.
Combined with the thermal stability of these three components
and the proportion of the content in biomass, the decrease of H
andO content in furfural residue was attributed to the conversion
of hemicellulose into furfural (Gallo et al., 2013), which was in
accordance with the fact that no xylan was detected in furfural
residue (Table 2). Compared with furfural residue, the content
of carbon (C) and hydrogen (H) in the alkali extracted lignin
sample were increased, while the content of oxygen (O) was
decreased. According to the proportion of C, H, and O elements
in the three components, the alkali treated lignin samples didn’t
contain or contained a small amount of xylan and glucan (T1 and
soda lignin contained a small amount xylan and glucan, Table 2),
which showed that cellulose and hemicellulose were completely
removed from lignin. The content of hydrogen in the lignin
samples was higher than that in the furfural residue, meaning that
the lignin samples may contain relatively high hydroxyl content.

The yield and component content of lignin samples obtained
by alkali cooking technology were shown in Table 2, T1 and soda
lignin contained 6.7 and 0.5% cellulose, while no cellulose was
detected in other lignin samples (T2 and T3), which may be
related to the more lignin-carbohydrate complex (LCC) in alkali
extract liquor of corncob and furfural residue. LCC and lignin
with a highermolecular weight were easily extracted by a stronger
alkali solution (Zhu, 2008). The content of acid insoluble lignin
in soda lignin was higher than that in other samples. The cell
wall of corncob was easily damaged by strong alkaline treatment,
and more lignin with a high molecular weight was dissolved to
form soda lignin (Phongpreecha et al., 2017). Moreover, another
reason was that H2SO4 was industrially used to remove the most
hemicellulose and a part of lignin from corncob, so furfural
residue was lower for acid insoluble lignin. The lignin content of
furfural residue after alkaline cooking treatment also confirmed
this phenomenon. The yields of lignins obtained from T1, T2,
and T3 were in the order of T1 > T2 > T3. The high yield of
lignin was obtained by severe alkali treatment of furfural residue.

TABLE 2 | Yield and chemical composition of corncob, furfural residue and extracted lignin samples.

Samples Yield (%) Component (%)

Cellulose Hemi. AIL ASL Ash

Corncob – 34.10 ± 0.99 31.92 ± 0.15 10.85 ± 0.25 5.95 ± 0.08 1.46 ± 0.04

FR – 29.56 ± 0.80 – 62.97 ± 0.45 1.50 ± 0.03 2.86 ± 0.06

T1 27.73 ± 0.08 6.71 ± 0.12 – 80.92 ± 0.32 3.12 ± 0.11 0.11 ± 0.02

T2 26.62 ± 0.45 – – 79.43 ± 0.37 3.34 ± 0.06 –

T3 22.94 ± 0.17 – – 78.31 ± 0.09 3.72 ± 0.11 –

Soda lignin 14.34 ± 0.07 0.52 ± 0.05 1.21 ± 0.06 91.82 ± 0.09 4.01 ± 0.07 0.72 ± 0.07

“–”, not detected; Hemi., hemicellulose; AIL, acid insoluble lignin; ASL, acid soluble lignin; FR, furfural residue.
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It could be explained that the higher molecular weight lignin
was dissolved with harsh alkali treatment conditions, further
accumulated and precipitated in the acid precipitation method,
thus more acid insoluble lignin was obtained. The order of
the molecular weight of lignin samples was T1 > T2 > T3,
which also showed that lignin with a larger molecular weight
could be dissolved in a strong alkaline environment (Table 3)
(Thring, 1994; Phongpreecha et al., 2017). The precipitation of
the above alkali extracted lignin was related to the molecular
weight of lignin. A large amount of alkali soluble lignin could
not be precipitated due to its small molecular weight. Only a
small amount of highmolecular weight lignin extracted by strong
alkaline conditions could be precipitated (Zhu, 2008). Therefore,
a higher lignin yield could be achieved under stronger alkali
treatment conditions.

Functional Group Analysis
In order to better understand the structure changes of samples
during the preparation of furfural, the attenuated total reflection
(ATR) of corncob and furfural residue are shown in Figure 1A.
The vibration peak at 896 cm−1 is the characteristic peak of
the β- glucoside bond (Sun et al., 2012), which was obviously
weakened after acid treatment, indicating that cellulose was
destroyed or degraded during the preparation of furfural from
corncob catalyzed by strong acid (H2SO4). Hemicellulose is
a kind of polymer composed of many monosaccharides, its

TABLE 3 | Molecular weight distribution of the extracted lignin samples.

Sample Mw Mn Mw/Mn

T1 2,273 950 2.39

T2 1,894 895 2.12

T3 1,600 864 1.85

Soda lignin 1,952 846 2.31

infrared characteristics come from the C=O stretching vibration
in acetyl and carboxyl groups. The vibration peak of corncob
at 1,725 cm−1 assigns to the C=O stretching vibration in
hemicellulose, the vibration peaks at 1,371 and 1,248 cm−1

assign to the C–O stretching vibration in polysaccharide, and
the C–O stretching vibration in hemicellulose acetyl, and the
vibration peak at 996 cm−1 is the typical absorption peak of the
arabinose based xylan structure, which disappeared or weakened
after acid treatment. The C–O stretching vibration appeared
at 1,025 cm−1 and decreased sharply to 1,158 cm−1. The
changes of the above vibration peaks indicated that hemicellulose
was degraded to a large extent (Rahimi et al., 2016). After
acid treatment, the vibration peak of furfural residue at 1,057
cm−1 belongs to C=O and OH vibration. Lignin is a kind
of aromatic polymer with many complex functional groups.
In Figure 1A, the vibration peak at 1,513 cm−1 belongs to
the aromatic skeleton vibration of lignin, and the vibration
peak at 1,602 cm−1 assigns to the stretching vibration of the
aromatic skeleton and C=O. After acid treatment, the two
vibration peaks increased significantly, which was attributed
to the increase of lignin relative content in corncob after
the conversion of hemicellulose to furfural (Liu L. et al.,
2009; Xu et al., 2015), indicating that the residual solid
residue of corncob, after the preparation of furfural by acid
catalysis, contained lignin and retained the basic structure
of lignin.

The infrared spectra of alkali extracted lignin samples are
shown in Figure 1B. The infrared spectra of lignin samples
under different alkali treatment conditions were very similar.
The three main characteristic peaks of the lignin structure, such
as 1,601, 1,509 and 1,424 cm−1, were obviously present in the
infrared spectra of lignin samples, indicating that the basic lignin
structure existed in the samples. The vibration peak at 1,695
cm−1 belongs to the C=O stretching vibration in the non-
conjugated ketone or carbonyl compounds (Yang et al., 2013).
The vibration peak intensity of the lignin samples was similar,

FIGURE 1 | ATR spectra of corncob, furfural residue (A) and extracted lignin samples (B).
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FIGURE 2 | 2D-HSQC NMR spectra and the main structures of the corncob (A) and furfural residue (B).

indicating that the lignin obtained from corncob and furfural
residue were oxidized, and a similar degree was observed (Yang
et al., 2013). The vibrations at 1,601, 1,509, 1,456, and 1,424 cm−1

are attributed to the vibration of lignin aromatic skeleton and C–
H deformation vibration (Xu et al., 2013; Rodríguez-Gutiérrez
et al., 2014). Compared with the vibration peak of the lignin
sample in furfural residue, the signal peak of the soda lignin
sample was stronger, which indicated that the soda lignin sample
contained a greater benzene ring structure. The signal peaks at
1,329 and 1,116 cm−1 are derived from the C–H vibration in
syringyl based structural units (Villaverde et al., 2009). These
characteristic peaks disappeared or weakened in lignin samples,
indicating that there was a relatively rich syringyl in soda lignin.
In addition, the signal peaks at 832 and 1,035 cm−1 belong
to the C–H vibration in the p-hydroxyphenyl structural unit.
The signal peak at 1,162 cm−1 is the characteristic peak of p-
hydroxycinnamic acid. The vibration at 1,262 cm−1 is related
to the C=O stretching vibration in the guaiacyl structural
unit. The peak at 1,211 cm−1 belongs to the vibration of
C–C, C–O, and C=O in the condensed guaiacyl structural unit
(Barsbay and Güner, 2007; Miao et al., 2014).

2D HSQC NMR Spectra Analysis
The 2D HSQC NMR spectra and the main structure of corncob
and furfural residue are displayed in Figure 2, and the assignment
of signal peaks of lignin and carbohydrate in 2D HSQC NMR
spectra are summarized in Table 4. The 2D HSQC NMR spectra
of Figure 2A shows that the carbohydrate found in corncob was
mainly xylan, and the signal peak of cellulose was weak or even
disappeared, which was due to the decrease of the fluidity of
crystalline cellulose in the corncob and the overlap of some signal
peaks (Kim et al., 2008b). The signal peaks of X2, X3, X4, and X5
in corncob are attributed to C2/H2, C3/H3, C4/H4, and C5/H5
in β-D-xylopyranoside of corncob xylan. The signal peaks at
X2’and X3’ are derived from the partial acetylation of C2 and
C3 in xylan (Rencoret et al., 2009). The signal peaks of other
carbohydrates including X1, X1’, and GL1(hem) belong to β-D-
xylopyranoside, 2-O-acetyl-β-D-xylopyranoside, and C1/H1 in
(1→3)+(1→6)-β-D-glucopyranoside (Van Erven et al., 2017).
The 2D HSQC NMR spectrum of furfural residue was obviously
different from that of corncob, and the results are illustrated
in Figure 2B. The signal peaks of xylose (X1, X2, X3, X4,
X5) or acetylated xylose (X1’, X2’, X3’) disappeared completely
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TABLE 4 | Assignment of 13C/1H correlation of signals in the 2D HSQC NMR

spectra.

Label δC/δH Assignment

LIGNIN SIGNALS

–OCH3 55.6/3.73 C/H in methoxyls

Aβ(s) 85.9/4.12 Cβ/Hβ in β-O-4’ substructures linked to a S

unit (A)

S2,6 103.8/6.69 C2/H2 and C6/H6 in etherified syringyl units (S)

S’2,6 106.4/7.19 C2/H2 and C6/H6 in α-oxidized syringyl units

(S’)

FA2 111.4/7.32 C2/H2 in ferulates (FA)

PCAβ/FAβ 113.5/6.27 Cβ/Hβ in p-coumarates (PCA) and ferulates

(FA)

H3,5 114.5/6.62 C3/H3 and C5/H5 in p-hydroxyphenyl units (H)

G6 118.7/6.77 C6/H6 in guaiacyl units (G)

PCA3,5 115.5/6.77 C3/H3 and C5/H5 in p-coumarates (PCA)

FA6 123.3/7.20 C6/H6 in ferulates (FA)

H2,6 128.0/7.05 C2/H2 and C6/H6 in p-hydroxyphenyl units (H)

PCA2,6 130.8/7.46 C2/H2 and C6/H6 in p-coumarates (PCA)

PCAα/FAα 144.4/7.45 Cα/Hα in p-coumarates (PCA) and ferulates

(FA)

CARBOHYDRATE SIGNALS

Gl6(I+R) 60.6/3.60

and 3.80

C6/H6 in (1→ 4)-β-D-glucopyranoside (I+R)

Gl6(NR) 62.7/3.35

and 3.47

C6/H6 in β-D-glucopyranoside (NR)

X5 62.8/3.20

and 3.86

C5/H5 in β-D-xylopyranoside

Gl4(NR) 70.1/3.02 C4/H4 in β-D-glucopyranoside (NR)

X2 72.6/3.02 C2/H2 in β-D-xylopyranoside

Gl2(I) 73.2/3.05 C2/H2 in (1→ 4)-β-D-glucopyranoside (I)

X2’ 73.1/4.25 C2/H2 in 2-O-acetyl-β-D-xylopyranoside

X3 73.7/3.23 C3/H3 in β-D-xylopyranoside

Gl3(I) 74.6/3.35 C3/H3 in (1→ 4)-β-D-glucopyranoside (I)

X3’ 74.7/4.41 C3/H3 in 3-O-acetyl-β-D-xylopyranoside

X4 75.3/3.52 C4/H4 in β-D-xylopyranoside

Gl5(I) 76.4/3.15 C5/H5 in (1→ 4)-β-D-glucopyranoside (I)

Gl4(I) 80.5/3.32 C4/H4 in (1→ 4)-β-D-glucopyranoside (I)

αGl1(R) 92.1/4.92 C1/H1 in α-D-glucopyranoside (R)

βGl1(R) 96.5/4.25 C1/H1 in β-D-glucopyranoside (R)

X’1 99.3/4.50 C1/H1 in 2-O-acetyl-β-D-xylopyranoside

X1/X’1 101.6/4.29 C1/H1 in β-D-xylopyranoside +

3-O-acetyl-β-D-xylopyranoside

Gl1(I+NR) 102.6/4.31 C1/H1 in (1→ 4)-β-D-glucopyranoside (I+NR)

Gl1(hem) 103.0/4.25 C1/H1 in

(1→ 3)+(1→ 6)-β-D-glucopyranoside (in

hemicelluloses)

I, internal units; R, reducing end units; NR, non-reducing end units.

in furfural residue, because hemicellulose was hydrolyzed and
dissolved during the preparation of furfural from corncob. There
were some carbohydrate signal peaks in furfural residue, which
came from cellulose or modified cellulose. GlI, Gl(R), and Gl(NR)
belong to unchanged cellulose or cellulose containing reducing
and non-reducing end groups in furfural residue, respectively

(De Menezes et al., 2017). These changes indicated that the
cellulose of corncob was modified or degraded in the production
process of furfural.

Figure 3 presents the 2D HSQC NMR spectra of alkali
extracted lignins and soda lignin. In Figure 3, the H, S, G, and
PCA structural units were mainly distributed in the aromatic
regions of these lignin samples. Although clear signals of lignin
units were observed in the aromatic regions, no signals were
detected in the lignin linkages regions. The reason is as follows:
the signal of lignin linkages regions and side chain structure were
lost due to the serious damage caused by alkali treatment, while
the strong signals of lignin were observed because the benzene
ring structure of lignin was not damaged. The signal peaks at
δC/δH 106.4/7.19 were observed in all lignin samples, which
belong to the oxidation structure (S’) of the S structural unit
at C2,6/H2,6, indicating that the structure of lignin samples was
partially oxidized (Kaparaju and Felby, 2010). The signal peaks
of the lignin samples at δC/δH 114.9/6.77 belong to the C3,5/H3,5

structure in the H structural unit, and were also related to C5/H5
in the G unit and C3,5/H3,5 in PCA. C2,6/H2,6 in H structural
units were also observed at δC/δH 127.9/7.19. In addition, the
signal peaks at 110.8/6.97, 114.5/6.70, and 119.0/6.78 of δC/δH
belong to C2/H2, C5/H5, and C6/H6 structures in the G-type unit
(Mousavioun and Doherty, 2010; Rönnols et al., 2015), indicating
that G-type units existed in all lignin samples and the content
was relatively rich, which was closely related to the types and
characteristics of raw materials. The lignin samples extracted
from furfural residue contain abundant G, H, S units, and the
S-type unit was easy to oxidize.

Quantitative Phosphorus Spectra Analysis
The quantitative phosphorus spectra of alkali extracted lignins
and soda lignin are illustrated in Figure 4. Based on the analysis
of quantitative phosphorus spectra, the functional groups on
the lignin samples of TMDP phosphating were quantified
(Table 5). From Table 5, there was no significant difference
between the hydroxyl content of the soda lignin sample and
that of the alkali extracted furfural residue lignin, and the
hydroxyl content of lignin from T3 was significantly higher than
that of soda lignin. The order of hydroxyl content in lignin
samples was T3 > T2 > T1, which was due to the different
severities of the alkali treatment conditions. Compared with
soda lignin, the hydroxyl content of guaiacyl (non-condensed)
in the alkali extracted lignin samples decreased while that of p-
hydroxyphenyl increased. Moreover, with the harsh conditions
of alkali extraction, the hydroxyl content of guaiacyl (non-
condensable) in the obtained lignin samples decreased more and
more seriously, which was related to the loss of methoxyl in
the guaiacyl structural units during alkali extraction (Rönnols
et al., 2015). However, compared with the soda lignin sample, the
content of carboxyl and hydroxyl groups in the alkali extracted
lignin samples increased significantly, which may be related to
the oxidation of lignin in the production process of furfural or
the impurities of fatty acids in lignin (Constant et al., 2016).
Thus, the highest content of hydroxyl in the lignin samples was
4.02 mM/g under T3, which was higher than that in the soda
lignin samples (3.41 mM/g). Therefore, lignin samples with rich
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FIGURE 3 | 2D-HSQC-NMR spectra of the extracted lignin samples.

hydroxyl content could be obtained from furfural residue in
the appropriate alkaline extraction condition. The lignin could
be used as additives of some antioxidants (Mousavioun and
Doherty, 2010), which is of great significance for the efficient
utilization of lignin in furfural residue.

Pyrolysis Analysis
The samples of corncob, furfural residue, and extracted
lignin were analyzed by pyrolysis gas chromatography-mass
spectrometry (PyGC-MS). The degradation products and relative
abundance of lignin samples are listed in Table S1. It is obvious
that the main small molecules produced in the pyrolysis of lignin
samples were p-hydroxyphenyl (H), syringyl (S), and guaiacyl
(G). The relative contents of phenols derived from lignin and
the contents of H, G, S, and S/G are listed in Table S1. The
high content of 4-vinylguaicol was produced in the pyrolysis
of corncob, furfural residue, and lignin samples, which had a
significant impact on the content of the G unit in the pyrolysis
products. However, it should be noted that 4-vinylguaicol was
mainly derived from the decarboxylation of ferulic acid in
gramineous materials (Del Río et al., 2012; Río et al., 2015). In

other words, this part of the guaiacyl structural unit was from
ferulic acid. Therefore, this part of guaiacyl could not be used
as a part of the G-type structural unit to calculate the ratio of
H, G, S. After the removal of 4-vinylguaicol, the ratio of H, G,
S and the ratio of H, G, S containing 4-vinylguaicol are also listed
in Table S1. Obviously, there were significant differences in the
composition of lignin in different samples. Taking 4-vinylguaicol
into account, corncob and furfural residue contained abundant
G-type unit (46.5 and 49.3%). After 4-vinylguaicol was not
considered, the G-type structural unit in corncob decreased
to 30.5%, which confirmed that 4-vinylguaicol was released
from the G-type structural unit and ferulic acid. However, the
change of the G-type structural unit in furfural residue was not
significant at 41.5%, implying that there was an abundant G-
type structural unit in furfural residue, which could also be seen
from 2D HSQC NMR spectra. Many small phenolic molecules
were released from lignin samples, according to the degree of
treatment, and the contents of H, G, and S were obviously
different. As the treatment conditions become more and more
severe, the content of the H-type unit increased gradually, and
the proportion of the G-type unit and S-type unit decreased,
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FIGURE 4 | 31P-NMR spectra of the extracted lignin samples.

which may be related to the removal of methoxyl in the G-type
and S-type units under severe conditions (Harman-Ware et al.,
2013). The content of the G-type unit of lignin samples under T1,
T2, and T3 was 29.9, 36.9, and 42.3%, respectively. The results
of Py-GC/MS showed that similar S/G (1.0–1.1) values and a
high proportion of the G-type unit were present in the three
lignin samples. Therefore, the extracted lignin could be applied
in many chemical fields based on the chemical properties. Lignin,
which contains a lot of hydroxyl, could be used to scavenge free
radicals, develop antioxidant products, and to provide reactivity
for the synthesis of phenolic resin. Lignin with a large number
of G-type units could activate the benzene ring, which has
potential in the synthesis of benzene ring structures containing
methoxy groups.

Antioxidant Analysis
Figure 5 displays the inhibition of different lignin samples on
DPPH. The clearance rate of lignin samples to DPPH was
significantly related to its concentration. The inhibition rate
of DPPH increased with the increase of lignin concentration.
Among them, the antioxidant activity of the lignin sample
extracted under T3 was the best one, and the scavenging rate
of the DPPH radical was 91.5%. The order of the antioxidant
strength of samples was as follows: T3 > soda lignin > T2 >

T1 > BHT > furfural residue > corncob, shown in Figure 5.
Obviously, the antioxidant activity of lignin samples obtained by
alkali extraction was higher than that of commercial antioxidant

TABLE 5 | 31P-NMR results of the extracted lignin samples (mM/g).

Assignment δ P-NMR Soda Furfural residue treatment

T1 T2 T3

Aliphatic OH 149.0–146.0 0.62 0.24 0.17 0.57

Syringyl OH 144.7–142.1 0.70 0.53 0.60 0.80

Condensed

guaiacyl OH

142.1–141.5 0.14 0.16 0.17 0.27

Non condensed

guaiacyl OH

140.2–138.8 0.90 0.71 0.72 0.86

p-hydroxyphenyl

OH

138.4–137.1 0.44 0.54 0.66 0.65

Carboxylic acid

OH

135.5–134.0 0.61 0.88 0.89 0.87

Total OH 3.41 3.06 3.21 4.02

Soda, soda lignin.

BHT, which was related to the hydroxyl content in lignin
samples by alkali extraction, and the conclusion was consistent
with the results of the phosphorus spectrum test. However, the
oxidation resistance of corncob and furfural residue was weak,
which may be related to the characteristics of the sample itself
and the undissolved lignin. Therefore, lignin samples extracted
under different alkali conditions have a promising application as
potential antioxidants in food and cosmetics.
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Solid Residue Analysis
Component Analysis
The components of corncob, furfural residue, and the alkali
treated solid residue were analyzed, and the results are shown
in Table 6. Obviously, 77.25% glucan was observed in the alkali
treated corncob solid residue, and the yield of the solid residue
was 28.11%. The glucan content was significantly higher than
that of the corncob and furfural residue because lignin in the
raw material was removed by alkali extraction. However, after
alkali treatment of furfural residue, the content of glucan in solid
residues were 7.89, 10.55, and 12.70%, and the corresponding
yields were 63.4, 64.7, and 75.4 under T1, T2, T3. This result
showed that the content of glucan in alkali treated furfural
residue was significantly reduced, and with the severity of alkali
treatment, the content of glucan in furfural residue decreased.
This results were contrary to the increase of glucan content
in alkali treated corncob, which was attributed to the removal
of hemicellulose in the process of preparing furfural by acid
catalysis. The removal of hemicellulose further resulted in the
exposure of cellulose to the alkali solution, so partial cellulose

FIGURE 5 | Scavenging activity of lignin samples compared with commercial

antioxidants for DPPH radical.

was degraded into small molecules in the reaction solution (Yang
and Pei, 2001). In addition, the increase of acid insoluble lignin
content in solid residue was mainly due to the carbonization of
partial cellulose into lignin-like substances under the condition
of high-temperature alkali treatment. Furthermore, the harsh
alkali treatment conditions lead to the aggravation of cellulose
carbonization (Hoekman et al., 2011). As shown in Table 2,
the dissolution rate of lignin also increased when increasing
the severity of reaction conditions. The dissolution rates of
lignins were 27.7, 26.6, and 22.9% under T1, T2, and T3,
while the content of acid insoluble lignin in solid residues
were 82.41, 74.78, and 70.43%, respectively (Table 6), which also
indicated that some lignin-like black carbon may be produced
under the condition of a high-temperature alkali treatment.
These results showed that the removal of lignin by alkaline
cooking technology was not suitable for cellulose utilization from
industrial furfural residue.

The total mass balance of extracted lignin samples and alkali
treated solid residues in the separation and recovery process is
shown in Table 7. The reduction of total mass after separation
was mainly due to the hydrolysis of cellulose in the reaction
solution and the carbonization of cellulose to form lignin-
like substances. The components of solid residue were mainly
cellulose and lignin-like substances generated by cellulose.

Functional Group Analysis
The infrared spectra of solid residues extracted from furfural
residue under different alkali treatment conditions are shown in
Figure 6. There was a similar structure in solid residues under

TABLE 7 | The total mass balance of extracted lignin samples and alkali treated

solid residues in the separation and recovery process.

Yielda (%)

Sample Lignin Solid residues Total (%)

T1 27.73 ± 0.08 63.42 ± 0.07 91.15

T2 26.62 ± 0.45 64.73 ± 0.09 91.35

T3 22.94 ± 0.17 75.41 ± 0.10 98.35

Soda lignin 14.34 ± 0.07 28.12 ± 0.1 42.46

aThe yield of lignin and solid residues were based on the mass of furfural residue.

TABLE 6 | Chemical composition of the corncob, original and alkali treated furfural residues.

Component (%)

Sample Yield (%) Cellulose Hemicellulose AIL ASL Ash

Corncob – 34.10 ± 0.99 31.92 ± 0.15 10.85 ± 0.25 5.95 ± 0.08 1.46 ± 0.04

FR – 29.56 ± 0.80 – 62.97 ± 0.45 1.50 ± 0.03 2.86 ± 0.06

R1 63.42 ± 0.07 7.89 ± 0.08 – 82.41 ± 0.80 0.14 ± 0.01 3.36 ± 0.11

R2 64.73 ± 0.09 10.55 ± 0.11 – 74.78 ± 0.10 0.18 ± 0.01 3.44 ± 0.70

R3 75.41 ± 0.10 12.70 ± 0.11 – 70.43 ± 0.10 0.21 ± 0.02 0.32 ± 0.01

R4 28.12 ± 0.1 77.25 ± 0.12 10.35 ± 0.1 0.63 ± 0.02 0.31 ± 0.01 –

“–”, not detected; AIL, acid insoluble lignin; ASL, acid soluble lignin; FR, furfural residue.
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different alkali treatments. The absorption peaks at 1,587 and
1,510 cm−1 are attributed to C=C stretching vibration on the
skeleton of the lignin benzene ring, which indicated that there
were lignin-like structure substances in solid residues. Vibrations
at 2,899, 1,425, 1,371, 1,159, 1,106, 1,027, and 896 cm−1 are
related to the cellulose in solid residues. Among them, the
vibration at 1,425 cm−1 is attributed to the asymmetric bending
vibration of C–H in methyl –CH3 and methylene –CH2. The
absorption peak at 1,371 cm−1 is –CH bending vibration and C–
O stretching vibration in cellulose (Ma et al., 2015). The strength
of characteristic peaks (1,425, 1,159, 1,027, and 896 cm−1) of
cellulose in furfural residue solid residue was significantly lower
than that of cellulose in corncob solid residue, indicating that

FIGURE 6 | FT-IR spectra of the alkali treated furfural residue.

partial cellulose in furfural residue was degraded, dissolved,
or carbonized into lignin-like structure substances, which was
consistent with the results of the component analysis in Table 6.
Moreover, the characteristic peak intensity of lignin (1,587 and
1,510 cm−1) in the furfural solid residue was significantly higher
than that in corncob solid residue, implying that the lignin of
corncob was effectively dissolved in the alkali solution, but the
lignin dissolution of furfural residue was poor, and could even
not be dissolved.

Solid State NMR Spectra Analysis
The structure of corncob, furfural residue, and solid residue was
analyzed by solid-state NMR spectra, and the results are shown
in Figure 7. Compared with untreated corncob and furfural
residue, the relative strength of the cellulose signal peak in
alkali treated solid residue was weakened, and the lignin signal
peak was enhanced, which was consistent with the results of
the component and functional group analysis. The intensity
of signal peaks at 89.1 or 88.9 ppm was weakened, indicating
that the crystalline cellulose in furfural residue was destroyed
and the relative content of cellulose was reduced under alkali
treatment. The decrease of signal peak at 83.4 or 84.2 ppm
showed the decrease of amorphous cellulose, which was due to
the destruction of the cellulose structure by alkali treatment,
indicating that partial cellulose had undergone a peeling reaction
and gradually dissolved into small molecules (Liu et al., 2006a).
The signal peaks at the chemical shifts of 126.9 or 128.9 ppm and
148.3 or 147.5 ppm are attributed to the carbon in the benzene
ring structure of lignin and the carbon in the β-O-4 structure of
the syringyl group, respectively (Liu et al., 2006b). The signal peak
at 56.4 ppm is attributed to the carbon of the methoxy group in
the lignin aromatic structure (Dong et al., 2013). Compared with
the untreated corncob and furfural residue, the signal relative
intensity of lignin or lignin-like substances in the solid residue

FIGURE 7 | 13C CP/MAS NMR spectra of corncob, alkali treated corncob, original (A), and alkali treated furfural residue (B).
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was enhanced, indicating that the relative content of lignin-like
substances increased after alkali treatment, which was related to
the carbonization of partial cellulose.

CONCLUSION

This study has provided insightful information on the
composition and structural characteristics of alkali extracted
lignin from furfural residue and its solid residue. The basic
structural units (G, S, and H) were present in extracted lignin, in
which the G-type unit accounted for the main proportion. The
hydroxyl content was rich in lignin, and the highest hydroxyl
content was 4.02 mM/g by T3. Moreover, the alkaline cooking
treatment had little influence on the structure of the obtained
lignin, and the extracted lignin had a great inhibition effect
on DPPH free radicals, which give them special properties for
different applications, particularly as potential antioxidants in
food and cosmetic industry.
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