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ABSTRACT

This study aims to examine the characteristics of two solid lignin fractions isolated
from wheat straw using alkaline and acidic deep eutectic solvents (DESs). The chemical
properties and morphological characteristics of the two lignin fractions were evaluated
by measuring their purity, elemental composition, molecular weight and particle size
distributions, and microstructure. Their chemical structure was evaluated using DRIFT
spectroscopy, GPC, TGA, 3C NMR, *'P NMR, and HSQC NMR. Our findings showed
that the lignin isolated using alkaline DES was less pure and had smaller particle size,
higher molecular weight, and thermal stability compared to the lignin isolated using
acidic DES. Their lignin structure was also determined to be different due to varying
selective fractures on the linkages of lignin. These results suggest that the DES treatments
could selectively extract lignin from wheat straw with different yields, composition,
morphology, and structure, which could then provide a theoretical basis for the selection
of DESs for specially appointed lignin extraction.

Keywords: Wheat straw, Alkaline and acidic DESs, Lignin, Morphological

characteristics, Structural features

INTRODUCTION

Wheat straw has been considered as one of the most abundant lignocellulosic
agricultural residues in the world, having an annual production of more than 800 million
tons globally'-2. This residue ends up commonly to open-field burning, landfilling, or
incineration®. It is rarely used, e.g., in the pulping industry, due to environmental issues
and challenges associated with the alkali chemical recovery. Furthermore, current

treatments of wheat straw have been reported to cause air pollution as it releases
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significant quantities of greenhouse gases, particulates, and smoke, which can pose a
direct threat to human health®.

Similar to other lignocellulosic biomasses, wheat straw is composed of three major
components, and these are cellulose (28.8-51.5 %), hemicellulose (10.5-43 %), and
lignin (5.4-30 %); trace amounts of extractives and high levels of silica-containing ash
(2-15 %) are also noted>. The composition can vary, all depending on the species,
growing regions, and the different fractions of wheat straw. Because of its high
carbohydrate content, wheat straw has been considered as a potential resource for ethanol
biorefinery. According to the base case model, 0.2 billion liters of denatured ethanol can
be produced per year using approximately 900,000 tons per year of wheat straw
feedstock’. In addition to carbohydrates, wheat straw is also identified as a highly
potential source of lignin. However, the lignin derived specifically from wheat straw is
still underutilized in high-end applications; however, it can be facilitated by tailoring the
characteristics of lignin fraction, which are strongly attributed to the isolation techniques.

Lignin consists a complex class of cross-linked phenolic polymers existing in plant
cells®. It provides plant cells their strength and hardness, and it has the ability to prevent
biological damage and water erosion. It is also known to have antibacterial, anti-oxidative,
and flame-retardant properties. In nature, lignin is considered the second largest
renewable polymeric bioresource after cellulose and the only non-petroleum resource that
can provide notable amount of renewable aromatic compounds. The prerequisite for
effective utilization of lignin is its efficient separation from the cellulose and
hemicellulose matrix of plant raw materials, including its feasible composition and
structural characteristics for further processing. At present, the conventional separation

and extraction methods adopted for lignin mainly include alkali treatment®, acid
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hydrolysis/thioacid hydrolysis'®, enzymatic hydrolysis'!, glycerol method!?, ball-
milling'3, pyrolysis'*, hydrothermal treatment!>, steam explosion'®, organic solvent
extraction!’, ionic liquid extraction'8, etc. However, most of these previously established
lignin isolation methods have been associated with disadvantages due to high energy
consumption, environmental problems, undesirable alteration of lignin properties, low
lignin extraction rate, or high costs.

Recently, a new class of green chemicals, i.e., deep eutectic solvents (DESSs), has
been harnessed to biomass processing. The DESs have been determined to consist a
eutectic mixture formed typically from a quaternary ammonium or metal salt and a
hydrogen bond donor. DESs are often considered as a sub-class of ionic liquids; however,
compared to traditional ionic liquids, DESs are of advantage due to its simple preparation,
high abundance of raw materials, low price, environmental friendliness, and
biodegradability. Previous DESs have also been used in the removal of lignin and
fractionation of other components from biomasses'*2*. It has been shown that DESs can
be used for efficient lignin removal, in order to obtain a high-quality lignin®*-?’. We
previously used six different deep eutectic solvent (DES) treatments—five acidic (natural
organic acid—choline chloride) and one alkaline (K>COs—glycerol)—to compare the
delignification and nanofibrillation of agricultural by-products®®. However, the properties
of lignin fractions are known to be strongly associated with the chemical characteristics
of used solvent systems; furthermore, the characteristics and differences of lignins
separated using different DESs remain to be poorly understood. Specifically, there is
scarcity on studies examining the fractionation of biomasses using alkaline DESs.

In this work, acidic and alkaline DESs were used in isolating lignin fractions from

wheat straw. The separated lignins were characterized by field emission scanning electron
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microscopy (FESEM), transmission electron microscopy (TEM), gel permeation
chromatography (GPC), diffuse reflectance infrared Fourier transform spectrometry
(DRIFT), thermogravimetric analysis (TGA), and nuclear magnetic resonance (NMR) in
terms of their physical properties, chemical composition, and structural characteristics in
order to provide a relevant research basis for the separation and high-value utilization of

lignin.

MATERIALS AND METHODS

Raw materials and chemicals

The wheat straw (Chile) was oven-dried and milled to a particle size of
approximately 1 millimeter. The sample initially contained 22.1 wt% lignin, 39.8 wt%
cellulose, 18.0 wt% hemicelluloses and ash 4.5 wt%. Choline chloride (99 wt%) was
obtained from Algry Quimica, S.L. (Spain), while glycerol (98 wt%), lactic acid (90 wt%),
ethanol (96 wt%), and HCI (37 wt%) were purchased from VWR (Finland). Lastly,
K2COs (99 wt%) was obtained from Honeywell (Germany). It should be noted that
deionized water was used all throughout the experiments.
Preparation of DES-isolated lignin

Alkaline DES (K2COs-Gly) was prepared by mixing potassium carbonate and
glycerol at a molar ratio of 1:5, while acidic DES (Lac-ChCl) was prepared by mixing
lactic acid and choline chloride at a molar ratio of 2:1. Mixtures were heated in an oil bath
at 100 °C under constant stirring until homogeneous and transparent liquid solution is
formed. Approximately 10 g of dry wheat straw (based on the oven-dried mass) was
added into the DES, with 15 g of deionized water, and the suspension (3 wt%) was let to

stir at 100 °C for 16 h. The reaction was then stopped with the addition of 100 ml ethanol.
5
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DES, which contained the dissolved lignin, was separated from the solid fraction by
filtration, and deionized water was then added to the mixture to precipitate lignin at room
temperature. The alkaline DES filtrate was acidified to pH 3 using HCI before adding
deionized water. The precipitated lignin was centrifugated and washed twice with
ethanol-water solution (1:10) and dried at 50 °C overnight. The lignin samples extracted
by alkaline DES (K>CO3-Gly) and acidic DES (Lac-ChCl) were abbreviated as KGL and
LCL, respectively. The oven-dried KGL and LCL were used for all quantitative and
qualitative analyses performed on this study. Acidic DES supernatant was reused and
recycled three times back to the reaction with a new batch of wheat straw. Ethanol was
then removed from DES by vacuum rotary evaporation at 40 °C, after which the water
was evaporated in an oven at 105 °C for 24 h. The regenerated DES was directly reused
for the next wheat straw treatment cycle. These reaction conditions have been described
in detail in our previous work?®.
Purity of lignin fractions
Klason lignin and acid-soluble lignin

Klason lignin content, i.e., the acid-insoluble lignin from the hydrolysis, was
determined gravimetrically using NREL methods®. Acid-soluble lignin in the
hydrolysate was quantified using ultraviolet spectroscopy (Shimadzu UV-1800, Japan) at
215 and 280 nm*°.
High-performance anion-exchange chromatography (HPAEC)

To determine the carbohydrate and lignin composition, the lignin samples were
hydrolyzed using sulfuric acid, and the concentration of monosaccharides was determined
using HPAEC with pulse amperometric detection (Dionex ICS-5000 equipped with a

CarboPac PA20 column). The polysaccharide content in the samples was then calculated
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from the corresponding monosaccharides using an anhydro correction of 0.88 for
pentoses and 0.9 for hexoses®!'. Approximately 100 mg of each sample was weighted into
a hydrolysis tube, 1 ml of 72 wt% sulfuric acid was then added, and samples were pre-
hydrolyzed at 30 °C in water bath for 1 h. Then, samples were transferred into a 50 ml
volumetric flask, with the addition of 28 ml ultra-pure water. Flasks were sealed with
aluminum foil and autoclaved for 60 min at 120 °C. After hydrolysis, the samples were
cooled and filtered using 0.45 um GHP filters. The hydrolysis was performed as five
replicate analyses. Hydrolyzed samples were diluted 50-fold using ultra-pure water, and
internal standard (deoxy-glucose for monosaccharide and fucose for uronic acid analysis)
was added for HPAEC analysis.
Elemental and X-ray photoelectron spectroscopy (XPS) analyses
Elemental analysis

An elemental analyzer (CHNS/O FLASH 2000 Series) was used to determine the
contents of C, H, N, and S. The samples were weighted in tin capsules, placed inside an
auto-sampler, and then dropped into a reactor, which was kept at 960 °C. At this high
temperature, organic compounds were converted into elemental gases, which, after
reduction, were separated in a chromatographic column and detected using thermal
conductivity detector (TCD). The content of O was determined via pyrolysis using silver
capsules in the same analyzer. Results were calculated via Certified Elemental
Microanalysis standards using K factor (CHNS/CHNS-O Standards Kit: Cystine,
Sulphanilamide, Methionine and BBOT: Catalogue Code. Thermo: 33840010).
XPS analysis

The elemental and chemical data of lignin samples were provided using a Thermo

Fisher Scientific ESCALAB 250Xi, equipped with a monochromatized Al Ko x-ray
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source (1486.68 eV) operated at 300 W. An electron flood gun with ion bombarding was
used for charge compensation. Samples were then pressed on the indium film and
analyzed in a high vacuum chamber pressure at 5 x 10 mbar. An analyzer pass energy
of 20 eV and 150 eV and a step size of 0.1 eV and 1 eV per step were utilized to obtain
the high- and low-resolution spectra, respectively. The composition of the surface region
(< 5 nm) was determined based on the ratio of the peak areas corrected by the sensitivity
factors of the corresponding elements. Due to sample charging, the spectra were corrected
using the C 1s hydrocarbon component at 284.8 eV. Avantage Software (UK) was utilized
in processing the data. Quantitative analysis of each element was calculated from the peak
areas.
Molecular weight distribution and particle size distribution
GPC analysis

The molecular weight distribution of lignin samples was measured using gel
permeation chromatography. Agilent 1260 series chromatograph equipped with Phenogel
5 um 10* A, Phenogel 5 um 10° A, and Phenogel 5 um 50 A columns (Phenomenex) was
utilized. Dimethylformamide with 0.05 wt% of LiBr was also used as a mobile phase with
a flow rate of 0.5 ml/min. The columns were operated at 35 °C. Detection was carried out
using a variable wavelength detector at wavelength 280 nm. The calibration was then
conducted with polyethylene glycol/oxide standards (EasyVials PEO/PEG, Agilent
Technologies), which were detected using refractive index detector. For the
measurements, lignin samples were dissolved in dimethylformamide containing 0.05
wt% of LiBr. Lignin concentrations of the measured samples were of 1 g/L.

Before sampling, lignin samples were acetylated®. In brief, lignin (40 mg) was

dissolved in a 1:1 (v:v) acetic anhydride/pyridine mixture (2 ml). The reaction was carried
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out under nitrogen atmosphere at 50 °C for 24 h. Precipitated acetylated DES-lignins were
then obtained by adding ethyl ether (200 ml), followed by centrifugation. The precipitate
was then washed thrice with ethanol and twice with ethyl ether to ensure the complete
removal of acetic acid and pyridine from samples and then dried at 40 °C.

Particle size analysis

The particle size and size distribution of lignin samples were determined using a
laser diffraction particle size analyzer (LS 13 320, Beckman Coulter, Brea, CA, USA).
Before measuring, each lignin sample was dispersed in deionized water under ultrasound
for 6 min. The mean diameters of samples were then calculated from three replicate
measurements.

FESEM and TEM

The visual appearance of the lignin particles was characterized by combining
FESEM and TEM. Generally, FESEM provides information on the sample surface and its
shape, while TEM provides information on the internal structure of the samples, such as
crystal structure, morphology, and stress state.

The surface features of lignin samples were obtained using a field emission scanning
electron microscopy (Zeiss Sigma HD VP, Oberkochen, Germany) at 5 kV acceleration
voltage. All samples were then sputter coated with 5-nm-thick platinum, prior to imaging.
The Feret’s diameter of lignin particles was calculated using ImageJ software. The
morphological characteristics of lignin samples were also analyzed with transmission
electron microscope using the JEOL JEM-2200FS (JEOL Ltd., Tokyo, Japan). Around 7
pL (0.001 wt% in water) of diluted sample solutions was dropped on top of a carbon-
coated copper grid and was further air-dried at room temperature. The high-resolution

images were observed using a Quemesa CCD camera with 200 kV accelerating voltage.
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DRIFT

The chemical features of lignin samples were analyzed using a Bruker Vertex 80v
spectrometer (USA) at room temperature. Around 40 scans per spectra were recorded in
a diffuse mode from 600 to 4000 cm ! at a resolution of 2 cm™!. The background was also
collected and removed from the measurements prior to analysis.

TGA

The thermal stabilities of lignin samples were determined using a thermogravimetric
analyzer (Netzsch STA 449F 3, Germany) under nitrogen with a constant rate of 60 ml/min.
Approximately 5 mg of each oven-dried sample was carried by an aluminum oxide pan
and was further heated from room temperature to 800 °C, with a heating rate at 10 °C/min.
NMR analysis
B3C nuclear magnetic resonance ('>3C-NMR)

The DES-lignins (100 mg) were dissolved in 0.6 ml of DMSO-d6 at 25 °C. A total
of 40 pl of chromium (IIT) acetylacetonate (0.01 M) was added to facilitate the relaxation
of magnetization. '3C-NMR experiments were carried out on 14.1 T Bruker Avance III
600 spectrometer, which was equipped with a 5-mm broadband (BB) probe operating at
150.9 MHz for carbon. Experiments were conducted at room temperature, and the
positions of the peaks were referenced to the residual solvent peak of DMSO-d6 at 39.52
ppm. *C spectra were then recorded using inverse gated proton decoupling sequence
(Bruker standard sequence “zgig30”). 3 C-NMR spectra were obtained using a 36 kHz
(239 ppm) spectral width, 66k data points, and 21000 scans with a 30-degree tip angle.
Measured FIDs were processed via 10 Hz line broadening. Other necessary parameters
were optimized to ensure a flat baseline, and, if needed, baseline was corrected before

analysis. Relaxation delay was set to at least five times the longest spin-lattice relaxation

10
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time (7).
3P nuclear magnetic resonance (*’P-NMR)

The quantitative *'P-NMR spectra of lignin samples were collected as described
previously®>. A total of 500 pL of the solvent mixture solution composed of
pyridine/deuterated chloroform (1.6:1, v:v) was prepared. The solvent solution was then
used to prepare the internal standard solution containing 20.5 mg/ml of cyclohexanol and
relaxation reagent consisting of 5.6 mg/ml of chromium (II) acetylacetonate. A total of
20 mg of each lignin sample was dissolved in 200 pL pyridine/deuterated chloroform
solvent solution, which has been previously prepared. Around 100 pL of the cyclohexanol
solution and 100 pL of the chromium (III) acetylacetonate solution were added
respectively, followed by 100 pL 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane
reagent and then left under ultrasound until lignin has completely dissolved. The 500 pL
mixture solution was transferred into NMR tubes for subsequent determination. The
quantitative *'P-NMR experiments were performed on 9.4 T Bruker Avance III 400
spectrometer equipped with a 5 mm BB probe operating at 162 MHz, and the 3'P spectra
were recorded with inverse gated proton decoupling sequence with a full 90-degree tip
angle at room temperature. The final spectra were recorded with 100 ppm spectral width
(16 kHz) and were centered close to an interesting region that lies roughly in between 130
ppm and 160 ppm. A total of 6000 scans were acquired and 66k points collected. Sharp
peak arising from cyclohexanol peak signal was observed at 144 ppm, which can be used
as a reference for other assignments. Compared to previous literature, the spectra are
shifted by roughly 1 ppm to upfield. For more precise quantification of hydroxyl groups,
deconvolution of each peak was performed.

Two-dimensional heteronuclear single quantum coherence nuclear magnetic

11
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resonance (HSQC NMR)

The DES-lignins (100 mg) were dissolved in 0.6 ml of DMSO-d6 at 25 °C. A total
of 40 ul of chromium (III) acetylacetonate (0.01 M) was added in order to facilitate the
relaxation of magnetization. HSQC NMR experiments were performed on 9.4 T Bruker
Avance IIT 400 spectrometer, equipped with a 5 mm BB probe operating at 400 MHz.
Sufficient amounts of dummy scans were applied in order to reach a steady state and
avoid sample heating during the experiment at room temperature. Data consisting 4096
by 256 points were then collected. Spectral widths were determined to be 12 ppm for 'H

centered at 4.7 ppm) an ppm for centered at ppm).
dat4.7 d 200 for 1°C d at 100

RESULTS AND DISCUSSION

Chemical composition and purity of the lignin fractions

Lignin fractions consisting of solid, brownish particles were obtained from the wheat
straw using alkaline and acid DES treatments. The original wheat straw was determined
to contain 22.1 wt% of lignin, 39.8 wt% of glucans, 18.0 wt% of xylans, and 4.5 wt% of
ash?8. The contents of Klason lignin (acid-insoluble lignin, AIL) and acid-soluble lignin
(ASL) and ash content of separated lignin fractions are summarized in Table 1. The total
lignin content and purity of lignin fraction (KGL, 74.8 %) from alkaline treatment was
found to be obviously lower than that (LCL, 83.5 %) from acidic treatment in the used
conditions. However, the yield of KGL (7.8 %) was higher than that of LCL (6.1 %),
presumably due to high ash content of alkaline lignin. In addition, KGL contained more
carbohydrates than LCL, with the overall carbohydrate content being still relatively low
(< 3.5 wt%) and being mainly derived from sugars associated with hemicelluloses (D-
xylose, L-arabinose, and L-galactose)*. These carbohydrates are likely attributed to

lignin-carbohydrate complexes (LCC), which were determined to hardly cleave during

12
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DES treatment under the described conditions. The typical lignin products (e.g., diluted
acid lignin, steam explosion lignin, mechanical milling lignin) obtained, e.g., from the
papermaking industry, always contain a significant amount of residual carbohydrates or
process chemicals. In traditional alkaline cooking of grasses, SiO> usually exists in black
liquor in the form of NazSiOs. Similarly, the high ash content of KGL was associated with
alkaline-soluble silicates, which exist inherently in the wheat straw biomass®>%'.
Elemental analysis and XPS analysis

The elemental composition of the lignin fractions is presented in Table 2. The lignin
samples mainly consisted C and O, and only a small amount of N and negligible amount
of S were detected. Because the elemental analyzer converts organic compounds into
elemental gases, the main inorganics attributed to residual ash, especially that of SiO2in
the KGL, was not detected, leading to the obvious lower total element content of KGL
compared with that of LCL. The presence of trace nitrogen indicated that some protein or
other nitrogen impurities were present in both lignin fractions. The slightly higher N
content observed in the LCL can be likely attributed to the choline chloride used in the
DES.

Quantitative X-ray photoelectron spectroscopy (XPS) was determined to have the
ability to effectively determine the surface composition of lignin samples and changes in
the elemental composition, and it provides information about the chemical linkages. The
results of elemental compositions calculated from XPS of KGL and LCL are summarized
in Table 2. The O/C value commonly shows the proportional amount of lignin, and the
O/C ratio of lignin varies from 0.25 to 0.40, depending on the raw material and the
separation method used?3. The ratio of the atomic concentration of O/C was calculated to

be at 0.46 for KGL and 0.34 for LCL, respectively. Obviously, the O/C ratio of the LCL
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was closer to the theoretical O/C value of pure lignin (O/C = 0.33)*°, which revealed a
high purity of LCL lignin and was confirmed also with the results of carbohydrate content
analysis (Table 1). Presumably, the high SiO2 content of KGL has increased its O/C ratio.
Consistently, the amount of Si in KGL sample was much higher than that in LCL sample
(Table 2), and this was in good agreement with the purity analysis (Table 1). It has
previously been reported that silicon co-precipitate under alkaline conditions with lignin
oligomers and polymers rather randomly*°.

The fitting data of the core level of C 1s and O 1s spectra peak areas of the KGL and
LCL samples are shown in Figure 1, and the relative surface functional group
compositions based on the binding energies of C 1s and O 1s single peaks are listed in
Table 3. The binding energy distributions are based on previous reports**4!. The analysis
of these spectra clearly illustrates some significant changes in the chemical structure of
lignins from the acidic and alkaline DES treatments. LCL was determined to consist
higher amount of groups associated with C—O—C, C—OH, Ph=0, Ph—C=0, and O-O,
while KCL was reportedly rich in groups associated with C—C, C—H, Ph—OH, and C—O.
The results have confirmed good correlation with the structures of isolated lignins and
residual carbohydrates84°,

Molecular weight and particle size distributions

The average molecular weight distribution curves of KGL and LCL are presented in
Figure 2a. The weight-average (Mw) and number-average (Mn) molecular weights and
the polydispersity indexes (PDI, Mw/Mn) of DES-lignin samples calculated from their
chromatograms are summarized in Table 4. The PDI of KGL (4.08) was determined to
be higher than that of LCL (3.09), which indicated that the molecular weight of KGL was

more heterogeneous. Both the weight- and number-average molecular weights of KGL
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were higher than that of LCL (Table 4), revealing more effective depolymerization and
fragmentation of macromolecular structure of lignin under acidic conditions. The results
also indicated that LCL had a lower molecular weight compared to MWL, alkaline, and
acetic acid lignin®. In addition, both KGL and LCL showed higher molecular weight
dispersion (PDI). It has previously been suggested that the cleavage of ether linkages in
the acidic DES plays an important role in the depolymerization of lignin, which promoted
its separation from biomass®*. Overall, DESs have provided a mild acidic and alkaline
medium to facilitate the cleavage of unstable ether linkages, resulting in the formation of
low molecular weight lignin fragments*.

As indicated in Figure 2b, both lignin fractions consisted of microparticles. The
mean diameter of KGL lignin particles was approximately 2.83 pum, while the LCL
consisted of particles having the mean diameter of around 4.25 um. In general, the LCL
fractions consisted of larger and more aggregated particles than those of KGL fraction.
Both samples had a broad particle size distribution, which clearly indicated the diversity
of aggregation during the precipitation process.

Visual appearance of the lignin particles

In order to elucidate the effect of alkaline and acidic DES treatments on the
morphology of lignin particles, the lignin samples were analyzed using FESEM and TEM,
as shown in Figure 3 (a—d). Both lignin fractions showed a hierarchical sub-structure, but
the surface morphology of KGL and LCL was deemed quite different. The surface of
KGL sample was found to be extraordinarily rough in the micron-scale, while the surface
of LCL sample was much more uniform and moderately smooth (Figures 3a and b). It
was obvious that the particles of both KGL and LCL consisted of small nano-sized entities,

which were all aggregated together; however, the size of individual particle of KGL was
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found to be greatly larger than that of LCL, as presented in Figures 3c and d. The KGL
particle size ranged from 70 nm to 110 nm in Feret’s diameter, while LCL particles’
diameter ranged from 35 nm to 65 nm. The size of lignin particles might have been
affected by many factors, such as the isolation processes, the purity of lignin, and the
surface charge of particles. The anionic charges of KGL and LCL were 0.266 and 0.036
meq/g, respectively, which were detected using polyelectrolyte titration (Mitek PCD 03).
However, even though the surface charges of the two lignin particles were quite different,
whether it is the main factor affecting the size of the lignin particles has not yet been
determined.

The TEM images (Figures 3e and f) revealed that the KGL and LCL particles were
roughly spherical, but almost indistinguishable because they appeared to melt together.
The aggregation and coalescence were due to the formation of solid bridges connecting
the lignin particle groups as the lignin particles contained or were in contact with a small
amount of the solvent*!.

TGA of the lignin fractions

The TG and DTG (the first derivative of TG, representing the corresponding weight
loss rate) curves of KGL and LCL are shown in Figure 4a. The data of raw material (wheat
straw) is also shown for comparison. Overall, the continuous pyrolysis of lignin was
observed at broad temperature range of 130-780 °C. The TGA curves of both lignin
samples have presented similar three-stage thermal decomposition processes despite their
different characteristics. The minor weight loss from room temperature to 150 °C was
mainly due to the evaporation of water, including free and bound water, and partly from
the dehydration reaction**. This indicated that the two lignin samples, KGL and LCL, had

almost the same properties in the first pyrolysis stage.
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The second, more pronounced, pyrolysis stage appeared between 150 °C and 480 °C,
and it was likely ascribed to the degradation of carbohydrates, phenols, alcohols, and
aldehydes into CO, CO», and CH4*. At this stage, the maximum weight loss rate of LCL
was 0.27 %/min at around 252 °C and 0.25 %/min at approximately 357 °C, respectively.
The highest weight loss rate of KGL was 0.17 %/min at 249 °C and 0.21 %/min at 327 °C,
respectively. These results indicated that KGL was determined to be more stable than LCL
over this temperature range. The first notable peak of weight loss rate of LCL was slightly
narrower than that of KGL, which suggested that the weight loss rate of the former was
faster. This might be attributed to lower molecular weight of LCL, which was consistent
with the molecular weight analysis results (Table 4 and Figure 2a).

The third, and slower, pyrolysis stage occurred after 480 °C. Here, both lignins had
almost identical mass loss rate. Both lignins resulted in a notable amount of ash residue,
accounting for about 45 wt% of KGL and 35 wt% of LCL, respectively. The higher ash
content of KGL was determined to be related to high silicon amount as confirmed also by
elemental analysis and XPS results (Table 2).

By contrast, the thermal decomposition of wheat straw also occurred in three weight
loss steps. The first weight loss step corresponding to the remove of the moisture of wheat
straw occurred from room temperature to 200 °C. The second weight loss step occurred
at the temperature range between 200 and 400 °C, which was significantly faster than the
pyrolysis of KGL and LCL. This is because wheat straw contains the more easily
pyrolyzed extractives, cellulose and hemicellulose compared with KGL and LCL. The
third weight loss step of wheat straw observed after 400 °C is similar to the pyrolysis of

KGL and LCL. This step corresponds to the pyrolysis of lignin and charring of the residue.
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The amount of ash residue from wheat straw was 35 wt%, which was similar to the
content from LCL but significantly less than that from KGL.
DRIFT and NMR analysis of lignin fractions

DRIFT was used to demonstrate the structural differences in the functional groups
of lignin isolated by DES treatments. The characteristic peaks of KGL and LCL in the
region of 400-4000 cm™ are shown in Figure 4b. The data of raw material (wheat straw)
is also shown for comparison. Band shapes of both KGL and LCL spectra had
substantially similar general appearance, except for some insignificant shifts of some
peaks, indicating only minor differences in the backbone structure of lignins. However,
the peak intensities of many bands have altered. A wide absorption band appearing at
3428 cm™ was ascribed to the stretching vibration of O—H from aromatic or aliphatic
structure. The typical characteristic bands appearing at 1604 cm™, 1513 cm™, and 1425
cmt were attributed to the vibrations of the phenylpropane skeleton. In addition, the
vibrations of the alkane C—H at 2925 cm™ and 1463 cm™ were observable, and an intense
absorption band at 2852 cm™ was assigned to methoxyl C—H deformation stretching. All
those bands have presented the typical signal pattern expected for lignin structure®. In
contrast, the DRIFT of wheat straw cannot provide additional information due to the
heterogeneous structures of different components.

The strong absorption at 1711 cm™ of KGL and 1739 cm™ of LCL arose from the
carbonyl group associated with non-conjugated ketone and carboxyl group stretching,
while the subdued absorption at 1656 cm™ indicated conjugated carbonyl. It has been
reported that the B-O—4 cleavage results in Hibbert’s ketone under acidic conditions. 6%
This is supported by the fact that a large number of non-conjugated carbonyl groups

attributed to the formation of Hibbert's ketone in the acidic DES treatment were detected
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in LCL by DRIFT. This result was further confirmed in the subsequent NMR analyses,
which proved that the B—O—4 bonds were cleaved during acidic DES treatment. A stronger
peak of LCL associated with non-conjugated groups suggested that acidic DES promoted
more breakage of p—O—4 bonds compared with alkaline DES. Moreover, the peaks
intensity associated with phenolic and primary aliphatic OH groups of lignin, at 1367 cm”
Land 1049 cm’, respectively, were stronger with LCL. These results indicate that the
content of phenolic and primary aliphatic OH groups in LCL was higher than that in KGL.
The higher content of phenolic OH groups in LCL was due to the cleavage of p—O—4
bond caused by acidic DES treatment. The formation of Hibbert's ketone detected by
subsequent NMR analysis also proved this result. The content of primary aliphatic OH
groups in KGL was lower than that in LCL, which was due to the loss of primary aliphatic
OH groups caused by alkaline DES treatment. This is a similar effect that is noted in the
soda pulping.*®

The chemical structure of KGL and LCL was further analyzed using quantitative *C,
31p and HSQC NMR. The *3C and 3P NMR spectra of the lignin samples are shown in
Figures 5 and 6, respectively. Summary of the major structural parameters are presented
in Table 5. The signals between 71 and 83 ppm correspond to the spectral region of Ca
and CPB in p—O—4 in the 13C NMR spectra. The signals of KGL were much stronger than
that of LCL, suggesting a large amount of ether linkages present in KGL. This result was
also supported by the DRIFT analysis, indicating more pronounced cleavage of p—O—4
bond with acidic DES treatment in LCL. In addition, the amount of primary (60—68 ppm
in 33C NMR spectra) aliphatic hydroxyl group was higher in LCL than that of KGL.
However, the number of secondary (72—75 ppm in *C NMR spectra) aliphatic hydroxy!

groups in LCL was as expected smaller than that of KGL, which was also confirmed by
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DRIFT.

The quantitative 3P NMR spectra of lignin samples (Figure 6) show the signals of
various hydroxyl groups. Generally, the main hydroxyl groups present in lignin are the
aliphatic hydroxyls. The data of 3P NMR (Table 5) shows that both KGL and LCL had
the following order of hydroxyl contents: aliphatic OH > phenolic OH > carboxylic OH.
The major phenolic hydroxyls in both KGL and LCL appeared to be Cs substituted and
guaiacyl OH. Syringyl OH and p-hydroxyphenyl OH were also detected in both lignins
in large amount, which is consistent with the general characteristics of wheat straw lignin.
Another striking observation is the higher phenolic hydroxyls in LCL compared to KGL,
which confirms the more pronounced cleavage of ether linkages during acidic DES
treatment.

To better understand the differences between alkaline and acidic DES treatments,
HSQC NMR was conducted to check on the structural characteristics of KGL and LCL.
Lignin has been identified as a polymer assembled by phenylpropane units linked by ether
(C-0-C) and carbon-carbon (C-C) bonds, which make up its complex entity. The
characteristic linkages between phenylpropane units are listed in Figure 7. As expected,
the LCL possessed only minor amount of the B—O—4 ether linkages (A), which are found
to be abundant in the intact, natural lignin. This finding also confirmed the cleavage of
ether linkages as also proven by DRIFT, 3C NMR, and 3P NMR. The HSQC NMR
spectra in Figure 7 also illustrated that carbon-carbon (C—C) bonds such as the -5 (B)
and p—p (C) linkages remained the predominant interunit linkages in both KGL and LCL.
Appreciable amount of Hibbert’s ketone was also detected in LCL, which further verified
the cleavage of p—O—4 linkages by acidic DES treatment. Overall, the analyses suggested

that the reaction mechanism of acidic degradation of lignin in DES was similar to lignin
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acidolysis catalyzed by HCI**, These results confirmed that acidic DES treatment can
potentially be harnessed to selectively cleave ether bonds and relatively little affect the
C—C linkages, which is quite different from alkaline DES treatment. However, the precise
mechanism behind lignin degradation in the DES requires further investigation.

To summarize, KGL and LCL presented different lignin compositions and average
molecular weight distributions. The lower average molecular weight of LCL was
associated with the promoted depolymerization of lignin in the acidic DES treatment and
was further confirmed by DRIFT, ¥¥*C NMR, and HSQC NMR spectra. In addition, an
appreciable amount of Hibbert’s ketone was detected in LCL using HSQC NMR,
indicating that the degradation of lignin in the acidic DES followed similar reaction
mechanism to lignin acidolysis. The KGL had lower particle size and higher thermal
stability than that of LCL. The visualization of the lignin particles showed also differences
between KGL and LCL lignins. The differences in morphology and structure provide a
theoretical basis for the respective high-value applications of lignin fractions. For
example, KGL with a small particle size and high surface might be used as an efficient
absorbent, while the LCL with a lower molecular weight might have more potential for

the synthesis of soluble derivatives.
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Table and Figure Captions

Table 1. The chemical composition and purity of lignins from alkaline and acidic DES
treatments (KGL and LCL, respectively).

Table 2. Elemental compositions of KGL and LCL determined by elemental analysis and
XPS analysis.

Table 3. The functional groups of KGL and LCL classified on the basis of the C 1s and
O 1s peaks.

Table 4. Weight-average (Mw) and number-average (Mn) molecular weight and the
polydispersity index (PDI) of KGL and LCL.

Table 5. Quantitative *C and *'P NMR analysis of KGL and LCL.

Figure 1. Core-level XPS spectra C 1s and O 1s for KGL and LCL.

Figure 2. Molecular weight (a) and particle size distributions (b) of KGL and LCL.
Figure 3. FESEM (a—d) and TEM images (e—f) of KGL (left) and of LCL (right). Scale
bar at upper row is 2 um, in the middle 200 nm, and at the bottom row 500 nm.

Figure 4. TG-DTG curves (a) and DRIFT spectra (b) of KGL, LCL and wheat straw (WS).
Figure 5. 13C NMR spectra of KGL and LCL.

Figure 6. 3'P NMR of KGL and LCL. (a) The full region of interest of the lignin KGL.
(b) The full region of interest of the lignin LCL. The integration regions are highlighted
by blue dashed lines. (c) Deconvoluted spectrum of an overlapping region of KGL lignin.
(d) Deconvoluted spectrum of an overlapping region of LCL lignin. In the deconvoluted
spectra, the black solid line corresponds to the experimental spectra, the blue dotted
corresponds to the deconvoluted peaks, and the red dashed line corresponds to the sum of

the deconvoluted peaks. Some peaks are cut (~) to illustrate the features better.

Figure 7. HSQC NMR spectra of KGL and LCL.
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Table 1. The chemical composition and purity of lignins from alkaline and acidic DES treatments

(KGL and LCL, respectively).

DES-lignin samples

KGL LCL
AIL [%] 73.0+2.0 823+1.3
ASL [%] 1.8 +0.1 1.2+0.1
Ash [%] 15.0+0.4 0.7+0.2
Lignin purity®[%] 74.8 83.5
Lignin yield® [%] 7.8+0.6 6.1£0.6
D-Glucose [%] 0.65 £ 0.01 0.77 £ 0.01
D-Xylose [%] 1.14 +0.02 1.02+£0.01
L-Arabinose [%] 0.67 £0.01 0.75+0.05
L-Galactose [%] 0.52+£0.01 <0.10
D-Mannose [%] 0.1 £0.00 <0.10
Carbohydrates® [%] 33 2.9
Polysaccharides?[%] 2.9 2.6

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

® Yields of lignin samples were based on the weight of the oven-dried wheat straw (obtained

lignin/original biomass).
¢ Total yield of monosaccharides.

d Calculated from the corresponding monosaccharides.
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Table 2. Elemental compositions of KGL and LCL determined by elemental analysis and XPS

analysis.

DES-lignin samples Cc H O N S Si O/C Total
KGL

(Elemental analysis) [%] 50.20+0.49 570+0.08 2260+039 110+001 <010 — — 796
(XPS) [atomic %] 62.47 1.18 28.75 — — 759 046 —
LCL

(Elemental analysis) [%] 60.80+£0.20 6.10+0.02 29.60+2.10 160+0.01 <010 — — 981
(XPS) [atomic %] 73.38 1.7 24.75 — — 017 034 —
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Table 3. The functional groups of KGL and LCL classified on the basis of C 1s and O 1s peaks.

Relative content of each linkage peak

DES-lignin C 1s (%) 0 1s (%)

Samples G C? Cs* 0,¢ O* Osf
(284.8¢V) (286.32¢eV) (287.45eV) (531.75eV) (532.7¢eV) (533.16 eV)

KGL 77.15 15 7.86 4.76 9.22 86.01

LCL 60.62 34.41 4.97 19.81 10.55 69.64

8 C—C or C—H linkages

® C—O—C and C—OH linkages

¢ O=C—OH linkages

4 Ph=0, Ph—C=0, and O—O linkages
¢ C=0 and O=C—OH linkages
fPh—OH and C—O linkages
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704  Table 4. Weight-average (Mw) and number-average (Mn) molecular weight and the
705  polydispersity index (PDI) of KGL and LCL.

DES-lignin samples Mw (g/mol) Mn (g/mol) PDI (Mw/Mn)
KGL 5696 1396 4.08
LCL 3215 1042 3.09
MWL* 3570 1970 1.81
Alkaline lignin® 3270 1770 1.85
Acetic acid lignin® 4430 2020 2.19

706 2 Reported in literature®!.
707
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708  Table 5. Quantitative **C and 3P NMR analysis of KGL and LCL.

NMR Chemical shift ~ Content?
Spectral region S —
spectra (ppm) KGL LCL
CH3O 57-54 1.62 1.83
Ca-H 125-103 226  2.66
Car-C 141-125 1.60 1.61
5O NMR Car-O 160-141 214 173
Aliphatic side chain 34-12 3.09 226
Cy in B-5 and -O-4 with C=0O 64-62 034 0.61
Ca in B-O-4 78-71 0.79  Trace
Cp in B-O-4 83-78 0.30  Trace
Aliphatic OH 149.0-144.7 2.00 1.94
Syringyl OH (S-units) 142.8-140.6 0.54 0.52
Cs substituted and guaiacyl OH (5-sub. and G-units) 140.5-137.5 0.84 0.79
SIPNMR  p-Hydroxyphenyl OH (H-units) 137.5-136.0 0.19 0.49
Tricin 136.0-134.7 0.11 0.24
Carboxylic OH 134.7-132.7 0.46 0.45
Total phenolic OH® 142.8-136.0 1.57 1.80

709 2 Units: 3C NMR: moieties per Ar, *P NMR: mmol/g lignin.
710  ° The total content of phenolic hydroxyl group (i.e., guaiacyl, syringyl, Cs-substituted guaiacyl
711 phenolics, p-hydroxyphenols)

712
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714 Figure 1. Core-level XPS spectra C 1s and O 1s for KGL and LCL.

715

32



......... KGL
54 —1LCL
) 4l
Z =
= Y
3 E 3-
3 3
o =]
e >
© 2.
14
T T 0 = T T
10° 10* 10° 10? 0.1 1 10
M [Dalton] Particle Diameter (um)
716
717 Figure 2. Molecular weight (a) and particle size distributions (b) of KGL and LCL.
718
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719

720
721 Figure 3. FESEM (a—d) and TEM images (e—f) of KGL (left) and of LCL (right). Scale bar at
722 upper row is 2 pm, in the middle 200 nm, and at the bottom row 500 nm.
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Figure 4. TG-DTG curves (a) and DRIFT spectra (b) of KGL, LCL and wheat straw (WS).
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728 Figure 5. *C NMR spectra of KGL and LCL.
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Figure 6. 3P NMR of KGL and LCL. (a) The full region of interest of the lignin KGL. (b) The
full region of interest of the lignin LCL. The integration regions are highlighted by blue dashed
lines. (c) Deconvoluted spectrum of an overlapping region of KGL lignin. (d) Deconvoluted
spectrum of an overlapping region of LCL lignin. In the deconvoluted spectra, the black solid line
corresponds to the experimental spectra, the blue dotted corresponds to the deconvoluted peaks,
and the red dashed line corresponds to the sum of the deconvoluted peaks. Some peaks are cut (~)
to illustrate the features better.
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Figure 7. HSQC NMR spectra of KGL and LCL.
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