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A facile spectrometric determination of lignin in corn straw was
constructed through dissolving the lignin—carbohydrate complex in
aqueous solution at room temperature, where NaOH/urea was
induced to prepare a transparent aqueous solution of carbohydrate-
linked lignin for quantification at 298 nm without any interference
from the carbohydrate.

Lignin is the most abundant source of renewable aromatics in
nature," and plays a key role in bridging cellulose and hemi-
cellulose of the plant cell wall.”> Besides working as a green raw
material*® for industrial adhesives, antibacterial gels,”” redox
electrodes® and energy storage materials,” the abundant functional
groups such as phenolic hydroxyl groups, methoxy groups and
carboxyl groups endow lignin with antibacterial,'® anti-ultraviolet,"*
anti-oxidation® and other biological activities."> However, as part of
lignocellulose (15-35 wt%), lignin combines cellulose and hemicel-
lulose with diverse cross-linking bonds to form a complex three-
dimensional network structure, which makes the determination and
further high value-added utilization of lignin a real challenge.

The Klason method (Fig. 1a) is the most used method for
directed quantitation of lignin, where the insoluble residue
obtained from two-step hydrolysis of concentrated/diluted acid
(acid-insoluble lignin, AIL) is quantified by a gravimetric
method and the dissolved lignin (acid-soluble lignin, ASL) is
quantified by spectrophotometry. Based on the Klason method,
two modified methods for quantification of lignin have been
widely used in the pulp/paper industry and lignocellulosic
biomass refining: the pulp and paper industry technology
association (TAPPI) method and the National Renewable Energy
Laboratory (NREL) protocol. However, these chemical processes
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NaOH/urea aqueous solution facilitates
spectroscopic quantitation of lignin in corn stalkf

a

need large amounts of samples, destroy the lignin structure and
introduce interfering substances during measurement.'?

The spectral methods for lignin detection include ultraviolet
(UV) spectroscopy,">'* infrared spectroscopy,'>'® and nuclear
magnetic resonance spectroscopy,’”*® which do not destroy the
structure of the lignin sample and only need a small amount of
lignin. The principle of lignin quantitation by UV spectroscopy
is based on the conjugated system in lignin, which has a strong
selective absorption at 205 nm and 280 nm following Lambert-
Beer’s law. However, UV quantitative analysis needs to be
carried out in a transparent solution. Meanwhile, it is normally
difficult to prepare transparent solutions of lignocellulosic
biomass in conventional solvents. Therefore, it is necessary to
develop appropriate dissolving methods for lignocellulose sam-
ples for the following spectrometric determination of lignin.

Crop straw is an important source of lignocellulose. According to
the statistics of the Food and Agriculture Organization of the United
Nations, corn straw has a global annual output of more than one
billion tons. Compared with other straws, corn stalk has higher
carbon-nitrogen ratio/hardness/calorific value and more cellu-
lose, which makes it more attractive for further utilization.**>’
Currently, besides the Klason method, near-infrared reflectance
(NIR) spectroscopy”® and pyrolysis-GC-SIM-MS*® are also used
for the determination of lignin in corn stover.
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Fig. 1 Comparison of the determination methods of lignin.
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In the study of Cai Jie et al.,*® it was found that the short-staple
cotton can be completely dissolved in a pre-cooled aqueous
solution of NaOH (7%)/urea (12%) at 3000 rpm within 5 min to
get a transparent solution (>60 g L™'). When we followed this
method to extract cellulose from corn stover, it was found that part
of the lignin in corn stover was also dissolved in this NaOH/urea
aqueous solution. Besides the dissolution of cellulose in NaOH-
based aqueous solutions,** 3% NaOH aqueous solution is a power-
ful solvent to dissolve hemicellulose.** Therefore, NaOH/urea aqu-
eous solution is a potential solvent to dissolve all of the biomass
fractions of corn stover (cellulose, hemicellulose and lignin) into a
transparent solution for the following spectrometric determination
of lignin. A method for spectrometric determination of lignin in
corn stover was established from this unexpected discovery (Fig. 1b).

Firstly, the standard lignin (Sigma-Aldrich, 471003), cellulose
(Macklin, C804602) and hemicellulose (Macklin, X820567) were
dissolved in NaOH (7%)/urea (12%) aqueous solution to prepare
a 0.1 mg mL " solution, respectively. 200 pL of the solution
(0.1 mg mL™") was transferred to a 96-well microtiter plate for
full-wavelength scanning (200-800 nm), which was recorded by a
microplate reader (SuperMax 3000FA-PLUS, Shanghai Shanpu
Biospectrum Biotechnology Co., Ltd). It was found that the lignin
solution (0.1 mg mL™') has a characteristic absorption at
298 nm (4,05 = 1.39); meanwhile, the absorbances at the same
wavelength of cellulose solution (4,95 = 0.084) and hemicellulose
(A0 = 0.089) were quite close to that of NaOH (7%)/urea (12%)
solution (background, A, = 0.080, Fig. 2). Further investigation
showed that neither cellulose nor hemicellulose has character-
istic absorbance at 298 nm (Fig. S1 and S2, ESIt). Therefore,
lignin in NaOH/urea aqueous solution has characteristic absor-
bance at 298 nm without interference from cellulose and hemi-
cellulose in the same solution.

Based on the characteristic absorption at 298 nm, a calibra-
tion curve for standard lignin in 7% NaOH/12% urea solution
was established with excellent linearity (R* = 0.9993, Fig. 3).

The corn straw was powdered and passed through a 40-mesh
sieve. The powder was mixed with 95% ethanol in a Soxhlet
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Fig. 2 Full-wavelength scanning (200-800 nm) of standard lignin, cellu-
lose and hemicellulose in 7% NaOH/12% urea aqueous solution.
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Fig. 3 Calibration curve for standard lignin (Sigma-Aldrich, 471003) in
7% NaOH/12% urea solution.

extractor and then refluxed until the extraction solution was
colorless. The pretreated powder (2 mg) was mixed with NaOH/
urea aqueous solution (4 mL) at 25 °C. After 24 h standing, the
mixture was centrifuged at 10000 rpm for 3 min, and part of
the supernatant (200 puL) was transferred to a 96-well microtiter
plate to measure the absorbance at 298 nm by microplate
reader (SuperMax 3000FA-PLUS) and then the lignin concen-
tration was calculated according to the calibration curve. All
tests were performed at least in triplicate for the following
calculation of the mean and standard deviation (Fig. 4).

The pretreated corn straw (2 mg) was mixed with NaOH
(7%)-urea (12%) aqueous solution (4 mL) in a glass vial, sealed
and placed in refrigerators at 4 °C/—20 °C/—40 °C/—80 °C, in an
oven (35 °C) or at room temperature (25 °C) for 24 h, and then
centrifuged to collect the supernatant for absorbance measure-
ment (200 pL per well) in a microtiter plate at 298 nm. All tests
were performed at least in triplicate for the following calcula-
tion of the mean and standard deviation (Fig. 5). The measured
concentration of lignin was increased with a rise of incubation
temperature. The optimal temperature is 25 °C because after
incubation at this temperature, the measured concentration
(18.77%) is very closed to the concentration from the Klason
method (18.94%), which is also consistent with data from the
literature.>*"*> In the case of completely dissolving pure cellu-
lose (>60 mg mL™") in NaOH/urea aqueous solution,* the best
ratio among NaOH, urea and water is 7:12:81, which is
consistent with our test (Fig. S3, ESIt). Meanwhile their aqu-
eous solution has to be precooled to —10 °C; therefore, low
incubation temperatures between —80 °C to 4 °C were also
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Fig. 4 Spectrometric determination of lignin in corn stalk.
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Fig. 5 Detected lignin concentration after incubation at different
temperature.

tested here. Experimental results have shown that the low
incubation temperatures decreased the measured lignin
concentration probably because the solubility of the lignin-
carbohydrate complex at low temperature is limited. Incuba-
tion of the lignin-carbohydrate complex at high temperature
can depolymerize the complex and then interfere with the
measurement of the lignin concentration; besides, the high
incubation temperature (for example, 80 °C) can deconstruct
standard lignin and interfere with its characteristic absorbance
at 298 nm (Fig. S4d, ESI¥).

Finally, in order to figure out which kind of lignin can be
completely dissolved in NaOH/urea aqueous solution, the neu-
tralization reaction was carried out to precipitate the lignin of
corn straw dissolved in NaOH/urea aqueous solution for further
"H-">C HSQC NMR analysis, and the spectrum was recorded on
a Quantum-l 400 MHz spectrometer equipped with QOT X/H-F
probe at 25 °C in DMSO-d6 (number of scans = 64, spectra
width "H = 13 ppm, center of the proton dimension = 4.7 ppm,
spectra width ">C = 165 ppm, center of carbon dimension = 74 ppm,
td in the indirect dimension = 128 (Fig. S5, ESIt)).

A typical B-O-4 linkage has been found in the side chain
region of the 2D-HSQC spectrum of the lignin-carbohydrate
complex from corn stover (Fig. 6) because the cross-signals of y-
acetylated B-O-4’ linkages (A’) (0c/0u 63.5/3.9) indicated the
unique acylation at the y-position of -O-4 linkage. Addition-
ally, compared with C,-H, correlations (A,) (0c/0u 59.9/3.40)
and Cpg-Hg correlation linked to S (Ap(S)) units in PB-O-4'
linkages (dc/0u 87.0/4.00), the signals of C,H, correlations
(A,(S)) in B-O-4’ linkages (d¢/d¢ 72.3/4.87) were relatively domi-
nant, suggesting that p-O-4’ was mainly coupled with S-units.
The signals of B-p-xylopyranoside (X), the main lignin-xylan
type, were also found at C/0H 102.2/4.28, 73.1/3.06, 74.2/3.27,
75.7/3.52 and 63.5/3.19 corresponding to their C;-H,, C,-H,,
Cs;-Hj, C,-H, and C;-Hj;, respectively (Table S1, ESIt) which
proved that the major linkage is B-O-4, which is chemically
linked to hemicellulose fraction (xylan).>®*”

This study developed a facile spectrometric method to
determine the concentration of lignin in corn straw based on
dissolving carbohydrate linked lignin in NaOH/urea aqueous
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Fig. 6 Side-chain region in the 2D-HSQC spectrum of the lignin carbo-
hydrate complex in corn straw.

solution at room temperature for recording the absorbance at
298 nm.
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