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Abstract

Sustainable biorefinery heavily depends on the generation of value-added products,
particularly from lignin. Despite considerable efforts, the production of fungible
lignin bioproducts is still hindered by the poor fractionation and low reactivity of
lignin. To address these challenges, the sequential organosolv fragmentation approach
(SOFA) using ethanol plus different-stage catalysts was explored to selectively
dissolve lignin for producing multiple uniform lignin streams, and to tailor its
chemistry and reactivity for fabricating lignin nanoparticles (LNPs) with desired
quality features. In a biorefinery concept, the carbohydrate output is taken into
consideration. SOFA significantly increased the glucose and xylose yieldg, suggesting
an improved monomer-sugar release. The fractionated lignin was used to fabricate
LNPs via self-assembly. Although these LNPs were derived from the same substrate,
they exhibited different properties. The effective diameter almost followed the order
of stage 1, stage 3, and stage 2 in each SOFA, and the smallest effective diameter was
approximately 130 nm from SOFA using ethanol plus sulfuric acid. The polydisperity
index and zeta potential were less than 0.08 and -50 mV, respectively, suggesting
good uniformity and stability of the LNPs. Lignin characterization results suggested
that SOFA using ethanol plus sulfuric acid produced high molecular-weight lignin,
decreased S/G ratio, and S-O-4 and f—f linkage abundance, yet produced the
condensed lignin and enhanced its hydrophobicity. More importantly, it exposed more
phenolic OH groups and enhanced the stability of LNPs, likely due to the hydrogen
bond networks. Together with enriched COOH groups, it promoted the formation of
electrical double layers and increased the zeta potential of LNPs. As a result, by
tailoring the lignin chemistry using SOFA to enhance the self-assembling process,
high-quality LNPs of a spherical shape, small effective diameters, and good stability
have been fabricated, which represents a sustainable means for upgrading the

low-value lignin and thus contributes to the profitability of biorefineries.

Keywords: Sequential organosolv fragmentation approach (SOFA); lignin reactivity;

lignin nanoparticles (LNPs); lignin characterization; carbohydrate output
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1 Introduction

Lignocellulosic biomass (LCB) represents an abundant and renewable resource to
produce fuels, chemicals and materials to substitute for fossil fuel usage. LCB has a
complex architecture formed from three main classes of biopolymers: cellulose,
hemicellulose and lignin. The key to achieve sustainable biorefineries depends on the
fractionation of these polymers into usable platform molecules to produce a series of
value-added products !-2. In traditional biorefineries, first and foremost, carbohydrates
are converted into biofuels 3. Lignin, the second most abundant natural polymer after
cellulose, is typically underused ® 7. Improvements in lignin valorization are essential
for sustainable biorefineries based on economic and environmental analyses 2 8.
Despite considerable efforts, the production of fungible lignin products is uneconomic
due to the poor fractionation and low reactivity of lignin. It is still unclear how
fractionation technologies tailor lignin chemistry and reactivity and how the tailored
chemistry defines the properties of lignin-derived products.

From an evolutionary perspective, the chemistry of lignin is crucial for its roles in
the rigidity of plants and the transport of water. Lignin is a complex alkyl-aromatic
biopolymer synthesized from three monolignol units: p-hydroxyphenyl (H), guaiacyl
(G) and syringyl (S) units via radical coupling reactions with various interunit
linkages, such as B-O-4, B-5, B-P, etc. Generally, lignin units contain various
functional groups, including hydroxyl, carbonyl, and methoxyl groups. The amount
and distribution of lignin vary with species, tissue, and cell wall structure in plants °.
The lignin concentration is usually higher in the middle lamellae and cell corners than
in the secondary wall % 1°. However, the secondary wall occupies a larger portion of
the wall and has the highest lignin content. The phenylpropanoid unit, interunit
linkages, and functional groups are also dependent on plant species, tissue, and cell
wall structure '!. Grasses are derived from three phenylpropanoid monomers.
However, softwood lignin is almost exclusively derived from coniferyl alcohol
(~95%) with minor coumaryl alcohol, while the predominant unit of hardwood lignin

is sinapyl alcohol (45~75%), followed by coniferyl alcohol (25~50%). Lignin in
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fibers is enriched in S units, whereas lignin in vessels is enriched in G units. In the
middle lamellae and the primary wall, lignin forms spherical structures, while in the
secondary wall, lignin forms lamellae that follow the microfibril orientation !0 12,
Overall, lignin is a highly heterogeneous polymer, and its distribution and chemical
properties depend on the cell wall structure.

Despite its heterogeneous structure, lignin acts like a ‘resin’ by cross-linking with
carbohydrates to form lignin-carbohydrate complexes (LCCs), which further confer
resistance against a chemico-biological attack '3 4. The complete utilization of the
entire LCB is difficult in traditional biorefineries due to the complex lignin structure
and the LCC, which prevent the cost-competitive fractionation of the three polymers.
Additionally, the inherent value of LCB highly depends on the ability to fractionate
lignin polymers, rather than just exploit the more uniform carbohydrates® 5 19,
Current challenges in lignin valorization lie in poor fractionation efficiency and its
low reactivity, as mentioned above, which is dependent on its molecular weights, unit
types, chemical linkages, and functional groups % !7. Pretreatment and/or fractionation
could determine the depolymerization of lignin to generate more uniform molecules
with a high reactivity and thus improve the propensity for subsequent valorization.
Lignin solubilization should be a ‘heterogeneous’ kinetic model due to its inherent
polydispersity. Fractionation may result in the irreversible dissolution of different
lignin fragments or molecules, which react at different rates with the further progress
of delignification '8. Another heterogeneous delignification kinetic model has been
confirmed to consist of a faster or dominant one and a residual slower one!®. Wang et
al. also found that the dissolution rate of lignin in the secondary wall regions was
faster than that in cell corner middle lamella regions >°. Therefore, the dissolution and
reactivity of lignin exhibit various behaviors in different fractionation phases and
significantly depend on the plant species, cell wall structure, and fractionation
employed.

Despite the challenges in processing, lignin represents a unique new feedstock in
the formation of functional materials, such as nanoparticles. The use of many

synthetic inorganic nanoparticles leads to a long-term environmental influence due to
4
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the possible resistance to degradation?!> 22, Because of its origin, lignin possesses
numerous eco-friendly properties, such as biodegradability, biocompatibility, and low
toxicity. Due to these advantages, technical lignin has been valorized to produce
environmentally friendly lignin nanoparticles (LNPs), which has been considered a
promising alternative approach for lignin valorization to address the challenges in the
fields of environmental remediation, food and agriculture, and health care 20 22-24,
Despite the progress, a number of technical challenges are yet to be addressed to
improve lignin properties for LNPs. First and foremost, it is necessary to understand
in-depth the impact of fractionation on lignin chemistry and reactivity. It is also
crucial to systematically understand the structure-activity-function relationships
between lignin and LNPs for sustainable valorization. In particular, it is important to
reveal how technical lignin chemistry, such as the hydrophilicity of functional groups,
the molecular weights, and the type and amount of linkages, can define the size
distribution, morphology, and stability of LNPs, all of which further define the LNP
functions for extensive applications. Thus, the application of the knowledge to design
new fractionation is in turn critical for generating functional lignin with a specific
reactivity to be used for LNP fabrication. Unfortunately, a lack of knowledge of how
lignin chemistry is modified by the fractionation employed and which key factors
define the LNP properties hinders the development of well-designed fractionation and
high-quality LNPs, making lignin valorization through LNPs highly challenging.

To address these problems, the sequential organosolv fragmentation approach
(SOFA) was developed to overcome lignin heterogeneity by selectively dissolving
lignin to produce multiple uniform lignin streams with specific reactivities, which
may be suitable for the fabrication of high-quality LNPs. Several SOFAs were
evaluated to deconstruct corn stover, fractionate the lignin, and tailor its chemistry. In
a biorefinery concept, enzymatic hydrolysis was conducted to build the sugar platform
to assess the SOFA efficiency by synergistically improving the carbohydrate output.
Lignins from each SOFA were used to fabricate LNPs. The morphology, size
distribution, charge, and stability of LNPs were characterized to define their

performance. 2D HSQC and 3'P NMR analyses were employed to characterize the
5
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lignin chemistries and their correlation with the LNP properties. Overall, this study
has the potential to reveal the lignin chemistry tailored by SOFA, the key factors that
affected the LNP fabrication, and the structure-activity-function relationships between
lignin and LNPs.

2 Material and Methods

2.1 The sequential organosolv fragmentation approach (SOFA) of corn stover

Corn stover was harvested from the suburb of Comanche, Texas, United States.
The sequential organosolv fragmentation approach (SOFA) of corn stover was
designed and evaluated using low holding temperature towards improving
carbohydrate release and tuning lignin reactivity for LNP fabrication (Table 1). The
schematic process of SOFA is presented in Figure 1.

To remove the non-structural components (e.g. water extractives and ash) and
purify the lignin stream, corn stover was first pre-washed using liquid hot water at
120 °C for 30 min. After pre-washing, 50 g (dry weight, dw) of the washed corn
stover was loaded into a 1.0 1 screw bottle at 10% (w/w) solid loading. During SOFA,
50% ethanol solution with 1% dilute sulfuric acid (SA), 2% formic acid (FA), or 1%
sodium hydroxide (SH) was employed to fragmentize corn stover in stage 1 for 15
min at 120 °C heating by using an Amsco® LG 250 Laboratory Steam Sterilizer
(Steris, USA). The pretreated slurry from stage 1 was then filtered to separate the
solid fraction from the liquid stream. The solid fractions were then fragmentized in
stage 2 at 120 °C for 30 min, followed by stage 3 for 60 min. The fractionation of
corn stover was sequentially conducted using organosolv solvent with an intermittent
mode, which was named the sequential organosolv fragmentation approach (SOFA).

Log Ry is generally used to assess the pretreatment severity 3
log Ry=t x exp [(T-T})/w] (1)
where ¢ is the residence time, min; 7 is the holding temperature, °C; T is the base
temperature, 100 °C; w is the fitted value based on the activation energy, 14.75.

The combined severity factor log R,’’ has been employed to assess the severity
of SOFA as different solvents were used in the fragmentation of corn stover 2°.

log Ry”" =log Ry + |pH-7| (2)
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2.2 Enzymatic hydrolysis of solid fraction

The solid fraction from SOFA was enzymatically hydrolyzed by the Cellic
CTEC2 and HTec 2. The filter paper activity (FPU) of Cellic CTEC2 is 96 FPU/ml,
and the cellobiase activity is 1270 CBU/ml. Each hydrolysis assay was conducted in a
250 ml Erlenmeyer flask with 100 g of the total mixture at pH 4.8 (5 mM citrate
buffer), 50 °C, and 200 rpm for 168 h. A cellulase loading of 15 FPU/g solid and a
volumetric ratio of CTec2:HTec2 of 10:1 were used. The solid loading was 3.0%.
Sugar conversion was calculated from the ratio of sugar released from the solid
fraction used in hydrolysis.

2.3 Self-assembly fabrication of lignin nanoparticles (LNPs)

To prepare LNPs, the liquid stream containing fractionated lignin from each
SOFA was filtered with a 0.22 pm filter membrane and acidified to pH 2.0 with
concentrated HCI to precipitate lignin. The lignin precipitates were collected in tared
centrifuge tubes by centrifugation at 10 000 rpm for 15 min, washed using ddH,O,
and then freeze-dried in a lyophilizer at -55 °C for 24 h (Labconco Corporation,
USA). The fractionated lignin without post chemical modification was used to
fabricate the LNPs via self-assembly. A modified preparation procedure of LNPs was
employed. Lignin solubility is generally dependent on the fractionation methods and
solvents employed, and lignin obtained from SOFAs is water-insoluble, but it can be
dissolved in tetrahydrofuran. The freeze-dried lignin was thus dissolved in
tetrahydrofuran at a concentration of 5 mg/ml. The mixtures were sonication treated
for 30 min to prepare a pure solution. The solution was then filtered through a 0.45
um syringe filter to remove undissolved particles and rapidly loaded into a dialysis
bag (Spectra/Por® 1 Dialysis Membrane Standard RC Tubing, 6-8 kDa, Spectrum
Labs, USA). The dialysis bag was put into 50% volume deionized water with an
agitation speed of 50 rpm. During the dialysis, the deionized water was periodically
replaced to remove tetrahydrofuran and form nanoparticle dispersion. The dispersion
was used for microscopic analysis to determine the size, morphology, and charge of
LNPs. The LNP pellet was collected by centrifuging the supernatant at 10 000 rpm for

30 min and dried at 65 °C. The LNP yield was reported as gravimetric weight of the
7
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pellet using an analytical balance.
2.4 Characterizations of lignin nanoparticles (LNPs)

The particle size and zeta potential of the LNP dispersion were measured using a
Brookhaven ZetaPlus Zeta Potential Analyzer (Brookhaven Instruments Corporation,
New York, USA). Scanning electron microscopy (SEM) images of LNPs were
obtained using a Zeiss Auriga 40 instrument with an acceleration voltage of 30 kV.
Scanning transmission electron microscopy (STEM) images were obtained using an
acceleration voltage of 30 kV.

2.5 Characterization of the fractioned lignin
2.5.1 Cellulolytic enzyme lignin isolation from corn stover

Corn stover native lignin (CSNL) was isolated using cellulolytic enzyme 2. The
extractives-free corn stover was ball-milled using a planetary ball mill (Retsch PM
100) with zirconium dioxide vessels (50 ml) containing ZrO, ball bearings at 600 rpm
for 2 h. The ball-milled sample was then hydrolyzed using 0.1 ml Cellic® CTec2/g
solid and 0.1 ml Cellic® HTec2/g solid at 50 °C for 24 h. The hydrolysates were
removed by centrifugation, and the solid residues were hydrolyzed again. The solid
residues were treated with protease (Streptomyces, Sigma-Aldrich) to remove residual
enzymes at 37 °C for 24 h, and then extracted by using 96% dioxane. CSNL was
recovered from the dioxane extracts using a rotary evaporator and freeze-dried for
further analysis.

2.5.2 2D HSQC NMR analysis

The two-dimensional (2D) 'H-3C heteronuclear single quantum coherence
(HSQC) nuclear magnetic resonance (NMR) spectra were obtained using a Varian
500 MHz NMR spectrometer in the “gradient HSQCAD” mode. 30~50 mg of the
lignin was dissolved in 0.6 ml dimethylsulfoxide (DMSO)-ds for the analysis. The
gradient-enhanced HSQC in the adiabatic pulse (gHSQCAD) mode was employed.
The parameters of the measurements are as follows: 1.0 pulse delay, 32 scans, 1024
data points for 'H, 256 increments for 13C. The 'H and '3C spectral widths are 13.0
and 220.0 ppm, respectively. The central solvent peak (6C/d0H=39.5/2.49 ppm) was

used for reference. The data processing was conducted using Mestrenova software.
8
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2.5.3 3P NMR analysis

The 3'P NMR spectra of lignin samples were acquired according to published
methods 2%, In detail, 20-25 mg lignin sample was dissolved in 0.7 ml stock solution
of pyridine/CDCl; (v/v = 1.6/1) including 1.25 mg/ml Cr(acac); and 2.5 mg/ml
internal standard endo-N-hydroxy-5-norbene-2,3-dicarboxylic acid imide (NHND).
The vial was shaken until the lignin was dissolved completely. Prior to the NMR
experiment, 70 ul phosphorylating reagent
2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (TMDP) was added to the vial
and mixed well. Quantitative 3'P NMR spectra were acquired on a Varian 500 MHz
spectrometer using an inverse-gated decoupling pulse sequence, 90° pulse angle, 1.2 s
acquisition time, 25 s pulse delay, and 64 scans.
2.5.4 Gel-permeation chromatography (GPC) analysis

The lignin was acetylated with acetic anhydride/pyridine (1/1, v/v) for 24 h in a
sealed flask under an inert atmosphere. The lignin concentration was 2 mg/ml. After
24 h, the lignin solution was diluted with 20 ml of ethanol and stirred for 30 min. The
solvents were removed with a rotary evaporator, and then the sample was dried in a
vacuum oven at 40 °C. Prior to GPC analysis, the acetylated lignin was dissolved in
tetrahydrofuran (1.0 mg/ml), and filtered through a 0.45 um filter. The molecular
weight distribution of the acetylated lignin was then analyzed using an Agilent GPC
SECurity 1200 system equipped with three Waters Styragel columns (HR1, HR2 and
HR6), an Agilent refractive index (RI) detector, and an Agilent UV detector (270 nm),
using tetrahydrofuran (THF) as the mobile phase (1.0 ml/min), with an injection
volume of 20.0 puL. A standard polystyrene sample was used for calibration.
2.6 Sugar analysis methods

Composition analysis was carried out according to the Laboratory Analysis
Protocol (LAP) of the National Renewable Energy Laboratory (NREL), Golden, CO,
USA. The sugars were analyzed by using a Ultimate 3000 HPLC System (Thermo
Scientific, USA) equipped with an Aminex HPX-87P carbohydrate analysis column
(Bio-Rad Laboratories, CA) and a refractive index detector using HPLC grade water

as the mobile phase at a flow rate of 0.5 ml/min. Error bars in the tables and figures
9
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represent the standard deviation of the replicates.
3 Results and Discussion
3.1 Component transformation in each SOFA

Component transformation is essential to evaluate the fractionation for the
techno-economic analyses 2% 3%, Component content in the solid fraction from each
SOFA is given in Electronic Supplemental Information A (ESI A). The results
showed that component transformation was significantly dependent on the SOFA
employed. The glucan content in the pretreated solid increased after each SOFA and
obviously increased in the order of stage 1, stage 2, and stage 3, which were due to the
removal of hemicelluloses, lignin, and other soluble components by fractionation.
Interestingly, the xylan content was the lowest in the pretreated solid from SOFA
using ethanol plus sulfuric acid (ESA) compared to other SOFAs, suggesting
dissolution and degradation of xylan due to the acid hydrolysis effects. SOFA using
ethanol plus formic acid (EFA) and ethanol removed less xylan from corn stover as
compared to that using ESA due to the weak acids employed. In contrast, SOFA using
ethanol plus sodium hydroxide (ESH) reserved more xylan as compared to others. As
for lignin content, it decreased after SOFA using ESA and ESH and obviously
decreased in the order of stage 1, stage 2, and stage 3, suggesting effective removal of
lignin by the combined effects of ethanol solvent and catalysts.

ESI B shows the enzymatic hydrolysis results of the solid fraction from SOFAs.
SOFAs resulted in 2.4-6.5 and 3.7-8.7 times higher glucan and xylan conversion of
pretreated solid than that of corn stover feedstock (CSFS), respectively. As expected,
the glucan and xylan conversion increased in the order of stage 1, stage 2, and stage 3
in each SOFA, suggesting an improved hydrolysis efficiency at the later SOFA stages.
SOFAs using ESA and ESH produced the highest sugar conversion at each stage
compared to other SOFAs. Generally, the hydrolysis performance is closely related to
the accessible surface area of carbohydrates to the enzymes 3! 32, As confirmed by
component transformation analysis (ESI A, C, and D), SOFA using ESA and ESH
efficiently deconstructed corn stover and exposed more accessible carbohydrate

surface area due to the removal of hemicelluloses and the dissolvation of lignin.
10
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SOFA using ESA at stage 3 removed more than 90% xylan and 70% lignin from corn
stover, while SOFA using ESH dissolved more than 30% xylan and 80% lignin, and
together, they produced more than 96% glucan and 95% xylan conversion.

Sugar yield has been identified as one of the most crucial metrics to assess the
fractionation performance in a biorefinery concept. The monomer sugars released
from carbohydrate were characterized to evaluate the SOFA performance for
establishing the sugar platform (Figures 1 and 4). Results showed that the glucose and
xylose yields also increased as the order: stage 1, stage 2, and stage 3 in each SOFA,
suggesting an improved monomer sugar release at the later SOFA stages. SOFAs
using ESA and ESH also produced higher yields of glucose and xylose at each stage
compared to other SOFAs. The glucose yields from SOFA using ESA and ESH at
stage 3 were 92% and 88%, respectively, while the xylose yields were 77% and 84%.
SOFAs with ESA and ESH led to more monomer sugar release likely due to better
deconstruction performance of corn stover. Overall, SOFAs with ESA and ESH,
especially at the later stages, improved the hydrolysis performance by dissolving the
xylan and lignin and thus transferred more carbohydrates into the monomer sugar,
which facilitated the production of biofuels and value-added products.

3.2 Lignin transformation in the solid and liquid stream after SOFA

Lignin valorization is increasingly recognized as being crucial to sustainable
biorefineries > !3. Depolymerization of lignin is an important starting point for its
valorization because it could generate a source of low molecular-weight lignin
oligomers and/or aromatics suitable for downstream processing. Since it is
heterogeneous and exists in the different layers of the plant cell wall, lignin polymers
may have different dissolving behaviors and properties. Here, we developed four
SOFA configurations for lignin depolymerization to yield multiple soluble uniform
lignin streams for high-value utilization. Specifically, SOFAs employing ethanol and
either sulfuric acid, formic acid, or sodium hydroxide as the catalyst at three stages
were evaluated to sequentially depolymerize lignin. The heterogeneous lignin
polymer should have different dissolving behaviors at each stage of SOFA and thus

possessed its specific reactivity suitable for the preparation of functional products.
11
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The substantiality of lignin valorization emphasizes the lignin release from
biomass > 33. Figure 5 shows the lignin distribution in the solid and liquid streams
after each SOFA. SOFAs using ESA and ESH effectively depolymerized lignin
polymer and thus fractionated more lignin into the liquid stream at each stage
compared to other SOFAs. SOFA using ESA broke the lignin-carbohydrate linkages,
caused lignin to coalesce into larger molten bodies that migrated within and out of the
cell wall, and then dissolved lignin into a polar ethanol solution 3436, SOFA using
ESH broke the ester and glycosidic side chains and caused the cleavage of phenolic
alkyl-aryl ethers by nucleophilic cleavage, promoting lignin solvation 37 38,
Interestingly, the soluble lignin yield in the liquid stream was the highest at stage 1 in
each SOFA and showed diminishing values at stages 2 and 3. For example, the
soluble lignin yield was 42%, 20% and 16% at stages 1, 2 and 3 for SOFA using ESA
and 48%, 16% and 17% for SOFA using ESH, respectively. These results highlighted
that SOFA using ESA and ESH at stage 1 generated more soluble lignin, which could
be classified as an easily dissolved lignin. Lignin fractionated at stages 2 and 3 could
be classified as an ordinarily dissolved lignin. Using the three stages of SOFAs with
ESA and ESH, more than 78% and 81% of total lignin were dissolved into the liquid
stream, suggesting high fractionation efficiency of SOFA. After SOFAs using ESA
and ESH, 23% and 19% lignin were still retained in the solid fraction, respectively,
which could be classified as hard-dissolved lignin. Overall, the lignin polymer
showed different dissolving behaviors at the three stages of SOFA. SOFAs using ESA
and ESH generated more easily dissolved lignin at stage 1 and more ordinary
dissolved lignin at stages 2 and 3 compared to other SOFAs.

3.3 Self-assembly fabrication of lignin nanoparticles (LNPs)

The amphiphilic lignin fractionated at each stage of SOFA using ESA and ESH
was used to fabricate LNPs via self-assembly. Figure 6 and ESI E show the particle
size distributions and images of LNPs, respectively. The morphology and particle size
distributions were observed to be dependent on the fragmentation approach employed.
LNPs exhibited a spherical structure, and those obtained from SOFA using ESA had a

smaller particle size and a more symmetric and uniform round shape than those
12
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obtained using using ESH. The LNP yield was 78.8%, 77.6%, 73.4% at stages 1, 2, 3
for SOFA using ESA and 67.0%, 66.0%, 62.6% for SOFA using ESH, respectively,
suggesting that the LPN yield was also dependent on the fragmentation approach
employed (ESI F).

Figure 7 shows that the properties of LNPs were also dependent on the SOFA
employed. The effective diameter of LNPs is a key metric for assessing their
properties and applications. The effective diameter of LNPs from SOFA using ESA
followed the order: stage 1 (132 nm) < stage 3 (473 nm) < stage 2 (581 nm), while it
followed the order: stage 3 (693 nm) < stage 1 (807 nm) < stage 2 (1099 nm) from
SOFA using ESH. The largest one was obtained at stage 2 for both SOFAs, while the
smallest one was obtained at stage 1 using ESA and at stage 3 using ESH,
respectively, indicating that SOFA determined the effective diameter. Interestingly,
SOFA using ESA produced smaller effective diameter LNPs compared to that using
ESH at each stage. The particle size distribution of LNPs was fitted into a Gaussian
function and the half-width of the fitting peak was used to evaluate the uniformity of
LNPs. Results showed that the half-width for SOFA using ESA (less than 50 nm) was
lower than that using ESH. The polydispersity index (PDI) is another factor used for
assessing the uniformity of particles. The PDI was less than 0.08 for all LNPs, and the
PDI from SOFA using ESA at each stage was also lower than that using ESH. A
previous study reported that the PDI of LNPs from dissolved lignin by p-TsOH
fractionation was 0.163-0.184 3°. Generally, lower PDI indicated lower polydispersity.
These results suggested that LNPs prepared from the fractionated lignin by SOFA
especially using ESA were more uniform.

The zeta potential of particles determines the stability of emulsions. Figure 7
shows that LNPs had negative values of zeta potential, which was partially due to the
true negative charges of the phenol groups in lignin and partially due to the adsorption
of hydroxyl ions on the hydrophobic surface of lignin 2% 24 40, The negative surface
charge can electrostatically stabilize the LNPs and thus prevent their aggregation. The
zeta potentials of LNPs from SOFA using ESA followed the order: stage 2 (-49.2

mV), stage 1 (-56.1 mV), and stage 3 (-57.7 mV), while for SOFA using ESH, they
13
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followed the order: stage 1 (-52.4 mV), stage 3 (-52.9 mV), and stage 2 (-58.4 mV).
The LNPs from SOFA using ESA had higher zeta potential than those using ESH at
stages 1 and 3. Generally, when the zeta potential is high in LNP dispersions, the
repulsive forces exceed the attractive forces, resulting in a relatively stable system.
The LNP dispersions with low absolute zeta potentials tend to coagulate, leading to
poor physical stability. Previous studies reported that the zeta potential of LNPs from
dissolved lignin by p-TsOH fractionation conditions was between -27.2 and -40.0 mV
.39 The zeta potential of LNPs prepared from low-sulfonated lignin was
approximately -40 mV 23, Results suggested that LNPs from SOFA possessed higher
zeta potential and thus physical stability. Taking these metrics into consideration,
SOFAs using ESA at stage 1 and ESH at stage 3 produced more uniform and stable
LNPs, respectively, due to the relatively smaller particles sizes, lower PDIs, and
higher zeta potentials. Therefore, SOFA employing different solvents and stages
could give rise to multiple lignin streams to guide the fabrication of LNPs with
specific properties.

3.4 Stability of LNPs at different storage periods, pH values and ionic strengths

The stability of LNPs under different conditions is crucial for their applications.
The effects of conditions, such as storage period, pH value, and ionic strength, on the
properties of LNPs were evaluated. Figure 8§ illustrates the storage period effects on
the stability of LNPs. The effective diameter, PDI, and zeta potential of LNPs had
hardly changed after 7 day storage, indicating LNPs’ stability in pure water. The
long-term stability of LNPs particularly demonstrates their potential for various
applications.

The most important factor that affects the LNP stability is the pH of the aqueous
dispersion. Figure 9 shows that the effects of pH on the properties of LNPs depended
on the SOFA employed. The effective diameter from SOFA using ESA at pH 3.0 was
1.0 to 3.8 times higher than that under neutral conditions, suggesting slight
aggregation of LNPs. Interestingly, the effective diameter from SOFA using ESH had
hardly changed with varying pH The half-width and PDI from both SOFAs at pH 3.0

were 0.3-3.3 and 0.8-7.2 times higher than that under neutral conditions, respectively,
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suggesting a slightly reduced uniformity at pH 3.0. Although the absolute value of the
zeta potential of LNPs at pH 3.0 decreased by 29-57% compared to that under neutral
conditions, it was still between -23 mV and -35 mV. A similar trend of the zeta
potential of LNPs prepared from Kraft lignin with pH variation was observed in
previous reports 24 4041 “which showed that the protonation of charged groups below
pH 4.0 resulted in a drastic decrease in zeta potential. When the pH value increased
from a neutral value to 11.0, the effective diameter from SOFA using ESH had hardly
changed, suggesting no aggregation or dissolution of LNPs, while the effective
diameter from SOFA using ESA increased. The half-width and PDI increased at pH
11.0, suggesting a slightly reduced uniformity. This phenomenon is likely due to the
fact that LNPs start to disassemble toward dissolution under alkaline conditions 4.
Interestingly, the absolute value of zeta potential at pH 11.0 increased by 16-60%
compared to that under neutral conditions, and it reached -90 mV from SOFA using
ESA at stage 1. A previous study also reported that the zeta potential of LNPs
prepared from alkaline lignin reached -91.5 mV at pH 11.0 4% 42, The effect of pH on
the electrical double layer repulsion was likely due to the complex protonation and
deprotonation of the hydroxyl groups at various pH levels 2% 40, Overall, although the
half width and PDI slightly increased with varying pH, considering the high absolute
value of zeta potential, LNPs from SOFA showed high stability in a broad range of
pH values.

Since the potential applications of LNPs might cover a wide range of ionic
strengths, the response of LNPs to the change in ionic strength was evaluated. Figure
10 shows that although the zeta potential decreased by 26-40% at 50 mM NaCl
compared to the absence of salt, the effective diameter and half-width had hardly
changed. When the NaCl concentration increased to 500 mM, the effective diameter,
half-width, and PDI increased, and the zeta potential was close to 0 mV, suggesting
aggregation of the LNPs. Previous studies also reported the aggregation of LNPs and
the reduction of zeta potential with the increase in salt concentration 24, This
phenomenon can be explained by the classical Derjaguin-Landau-Verwey-Overbeek

(DLVO) theory of colloid stability. Generally, the electrostatic repulsion and van der
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Waals attraction determines the LNP stability. Generally, the electrostatic repulsion
becomes significant as two particles approach each other, and their electrical
double-layers begin to interfere. The increase in salt concentration will reduce the
range of double-layer repulsion between particles. As a result, the van der Waals
attraction dominates the forces between particles and may eventually lead to the
aggregation of LNPs. The decrease in the zeta potential is mainly due to the
accumulation of Na* counter-ions around the LNPs and the consequent reduction in
the thickness of the electrical double layer. Taken together, these results suggested
that LNPs from SOFA still possessed high stability within a specific range of ionic
strengths.
3.5 Tailored lignin reactivity by SOFA impacting LNP properties

It was interesting that although the LNPs were derived from the same corn stover
substrate, they exhibited different properties. A greater understanding of lignin
chemistry could help to reveal the fundamental mechanisms and thus provide
important information to illuminate the formation of LNPs. Therefore, several
techniques were employed to better understand the tailored chemical structures of
lignin fractionated by SOFA, which enables a systematic investigation of the
relationship between lignin chemistry and LNP properties from several perspectives.

The weight-averaged molecular weight (Mw) and the number-averaged
molecular weight (Mn) of lignin fractionated by SOFA were shown to impact LNP
formation and diameters (Figure 11). CSNL exhibited a Mn of 1371 g/mol and an Mw
of 6241 g/mol. Figure 11 demonstrates a varying phase in an obvious increase of Mn
at stage 1, and Mn and Mw at stage 3 for SOFA using ESA and an almost unvarying
phase of lignin Mn for SOFA using EFA and only ethanol. Previous studies have
demonstrated the competition between lignin depolymerization and repolymerization
under acidic conditions 4446, A gradual increase in the molecular weight of lignin was
observed with increasing severity of steam explosion, suggesting simultaneous
depolymerization by the cleavage of B-O-4 linked structures and repolymerization by
acid-catalyzed condensation on the aromatics. A similar effect in organosolv lignin

extracted from Miscanthus has been reported previously 43. Increased pretreatment
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severity led to an increase in the molecular weight of lignin, indicating a
repolymerization reaction #°. As a result, a carbonium ion may lead to an increase in
the heterogeneity of the fractionated lignin and thus affect its solubility and reactivity.
However, Tian et al. compared three cellulolytic enzyme lignins from
steam-pretreated agriculture residues: corn stover, hardwood poplar, and softwood
lodgepole pine for LNPs and found that the condensed lignin from steam explosion
could potentially facilitate the formation of LNPs 4, Figure 11 also demonstrated an
obvious varying phase in a decrease of lignin Mn and Mw for all SOFAs, except the
aforementioned ones, suggesting deploymerization of lignin by these SOFAs,
especially using ESH. The decrease in lignin molecular weight is likely due to the
nucleophilic cleavage of phenolic alkyl-aryl ethers under alkaline conditions 47> 48, As
compared to CSNL, most of the lignin fractions from SOFA have a decreased PDI,
suggesting that SOFA produced more uniform lignin and should facilitate the
fabrication of LNPs #°. Results showed that SOFA using ESA produced a higher
molecular weight than SOFA using ESH, which correlates with the fact that the LNPs
from SOFA using ESA possessed a smaller effective diameter. Additionally, the
molecular weight of lignin was significantly dependent on the stage employed in
SOFA. The Mn of lignin from SOFA using ESA was lower at stage 2 than that at
stages 1 and 3, which almost showed an opposite trend to the effective diameter of
LNPs. The Mw of lignin from SOFA using ESA was the highest at stage 3, followed
by stage 2 and stage 1. For SOFA using ESH, the Mn and Mw were also lower at
stage 2 as compared to stages 1 and 3. which showed an opposite trend to that of the
effective diameter. PDI of the fractioned lignin was higher at stage 2 than that at
stages 1 and 3 for SOFA using ESA, and it increased in the order: stage 1, stage 2,
and stage 3 for that using ESH, which almost showed a similar trend to that of the
effective diameter. All these results suggested that the high-molecular-weight lignin
with low PDI should be helpful in obtaining smaller effective diameter LNPs.

The lignin reactivity also depends on the relative abundance of p-hydroxyphenyl
(H), guaiacyl (G), and syringyl (S) units due to their different functional groups and

chemical properties. Figure 12 and ESI G show that the three types of lignin had
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different dissolving behaviors at different SOFA stages. Compared with CSNL,
SOFA using ESA fractionated more G- and H-type lignin, while SOFA using ESH
dissolved more S-type lignin at stage 1 and H-type lignin at each stage. SOFA using
EFA and only ethanol led to minor changes in the S- and G-type lignin, but they
enriched the H-type lignin. As a result, SOFA using ESA significantly decreased the
S/G ratio, while SOFA using ESH increased the S/G ratio. Cao et al. found that in
dilute acid pretreatment of Populus trichocarpa, the lignin S/G ratio was decreased
with a longer residence time, which was accompanied by an increase in condensed
lignin, as evidenced by an increase in the content of aromatic carbon-carbon
structures and a decrease in the number of protonated aromatics. The higher contents
of S- and H-type lignin from steam-exploded corn stover and hardwood poplar could
account for the increasing particle size of LNPs %0, suggesting that enriched S- and
H-type lignin may produce bigger LNPs. Regarding the specific stage, the S/G ratio
from SOFA using ESA was slightly lower at stage 2 than at stages 1 and 3, while the
G-type lignin content was higher at stage 2 than at stages 1 and 3. After SOFA using
ESH, the S/G ratio followed the order: stage 2 < stage 3 < stage 1. Results revealed a
clear correlation of the lignin units with the effective diameter of LNPs for the
specific stage of SOFA. Lignin with lower S/G ratio and higher G-unit content from
SOFA using ESA led to smaller effective diameter LNPs.

Figure 13 shows the lignin interunit linkages in CSNL and lignin produced after
each SOFA, and the linkage abundance also impacted the LNP properties. Compared
to CSNL, the B-O-4 and B-p linkage contents for lignin fractions out of SOFA were
significantly decreased, while the B-5 linkage content depended on the stage and
catalyst of the SOFA employed. Interestingly, SOFA using ESA broke down more
B-O-4 and B-PB linkage groups, while SOFA using ESH decreased more -5 linkage
groups. These results suggested that SOFA significantly reduced the interunit linkages
through the cleavage of f-O-4, B-B, and B-5 linkage groups and thus depolymerized
the lignin polymer. A previous study showed that during organosolv treatment of
Loblolly pine, acid-catalyzed cleavages of B-O-4 linkages and ester bonds were the

major mechanisms of lignin cleavage. This degradative pathway results in the
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formation of a dissolved and more condensed ethanol organosolv lignin 3°.
Additionally, an increase in the degree of lignin condensation was observed in acid
pretreatment, accompanied by a decrease in -O-4 linkages, which were cleaved
during the acid-catalyzed reactions 7. Results showed that SOFA using ESA broke
down more B-O-4 and B-f linkages and increased lignin molecular weight, suggesting
the generation of condensed lignin. For the specific SOFAs, the B-O-4 linkage group
was lower at stage 2 than at stages 1 and 3, which showed an opposite trend to the
effective diameter of LNPs. These results indicated that the condensation of lignin
from SOFA using ESA may occur as confirmed by the higher content of -5 linkages
and the higher molecular weight of lignin 4430, Previous studies reported that various
extents of lignin condensation were accompanied by the cleavage of B-O-4 linkage
groups in steam pretreatment; these condensed structures were favorable for the
small-size LNP formulation, which showed a negative correlation with the B-O-4
linkage group “°.

SOFA also produced lignin fractions with diverse functional groups, which could
impact the stability of LNPs. Specifically, the electrical-double layer repulsion
resulting from the hydroxyl and carboxyl groups was likely to be the main driver for
stabilizing LNPs. Thus, the phenolic functional substructures of lignin produced from
each SOFA have been quantified by 3'P NMR (Figure 14 and ESI H). As the contents
and locations of the hydroxyl groups in these lignins were compared, it was apparent
that lignin produced from SOFA using ESA indeed had more total phenolic OH
groups compared to SOFAs using ESH, EFA and only ethanol. SOFA using ESA
employed a much more aggressive extraction solvent, ethanol solution and sulfuric
acid as the catalyst, which tended to extensively cleave the B-O-4 linkages as
confirmed by 2D-NMR results, forming a large amount of free phenolic OH groups.
The acid-catalyzed reaction between aromatics and free radicals by SOFA using ESA
resulted in a 10-45% increase in C5-substituted OH content, as compared to that using
ESH, suggesting the formation of condensed lignin 4% 3!, The result was consistent
with the interunit linkage and molecular weight data. Moxley et al. found that dilute

acid pretreatment of corn stover significantly increases the total amount of phenolic
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hydroxyl groups, likely due to the cleavage of the aryl ether lignin bonds, and
increases the carboxylic moieties in the isolated lignins partially due to the cleavage
of the ester bonds from lignin-carbohydrate complexes. The increased phenolic OH
content in lignin may also enhance the stability of LNPs through intramolecular
hydrogen bonding networks as the lignin’s planar phenol groups may be densely
packed in layers within the LNPs. In contrast, lignin fractionated by SOFA using ESH
likely underwent less condensation but more fragmentation to result in a slightly
higher content of phenolic OH groups and 5.1-6.6 times higher content of COOH
groups. Wang et al. also found that the content of total phenolic OH was elevated
after the hydrothermal and alkaline pretreatments (NaOH) of Eucalyptus . Lignin
produced by SOFA using ESH had more hydrophilic groups such as COOH groups,
which should enhance the interaction between the surface of LNPs and water and thus
increase the effective diameter of LNPs, as confirmed by the above results. A
previous study reported that the introduction of hydroxymethyl groups in lignin and
further condensation with diphenylmethane-bond formation helped in LNP formation
4. In addition, the hydroxyl and carboxyl groups provide the LNPs with a surface
charge and promote the formation of electrical double-layers, stabilizing the LNP
dispersion. Figures 11 and 12 show that SOFA using ESA and ESH enriched the total
phenolic OH and COOH groups and thus promoted the formation of electrical double
layers and increased the zeta potential of LNPs.

For specific SOFAs, SOFA using ESA produced more phenolic OH at stage 1,
followed by stages 3 and 2, which showed an opposite trend to the effective diameter
of LNPs. SOFA using ESH produced more phenolic OH at stage 1, followed by
stages 2 and 3. For the COOH group, SOFAs using ESA and ESH at stage 2 yielded
higher COOH content than that at stages 1 and 3, which showed a similar trend to the
effective diameter. These results suggested that the higher content of total phenolic
OH and lower content of the COOH group may not only endow the resulting LNPs
with high solubility but also provide strong interactions between the LNPs and
facilitate the fabrication of LNPs with smaller effective diameters. Overall, the

formation of high-quality LNPs should be significantly defined by the synergistic
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effects of lignin chemistry tailored by SOFA, likely including increased molecular
weight, decreased S/G ratio and decreased B-O-4 linkage content, and enriched
phenolic OH and COOH groups (Figure 15).

3.6 Proposed formation mechanism of LNPs from lignin fractionated by SOFA

The formation mechanism of lignin LNPs should be different from that of
conventional amphiphilic copolymers, as the current polymer colloid theory of
random amphiphilic lignin has drawbacks reflecting its inherent heterogeneity. In the
present study, the amphiphilic lignin fractionated at each stage of SOFA using ESA
and ESH was used as feedstock to fabricate LNPs. Tetrahydrofuran was employed to
dissolve the lignin to form a pure solution. After sonication and filtration, the pure
solution was dialyzed to remove tetrahydrofuran. Lignin molecules associated with
each other and then aggregated during the dialysis process. As a result, spherical
LNPs were obtained by gradual hydrophobic aggregation of lignin with different
hydrophobic abilities in tetrahydrofuran and aqueous solutions. Lignin fractionated by
SOFA is an amphiphilic polymer, which is randomly formed from various
hydrophobic phenylpropanoid units and some hydrophilic groups (hydroxyl and
carboxyl groups) (Figures 12-14). Due to these properties, LNPs were probably
formed in a phase separation process through a nucleation-growth, as the
tetrahydrofuran was gradually replaced with water during dialysis. In particular, the
hydrophobic aromatic skeletons of lignin aggregate in water to form the cores of the
LNPs, while the hydrophilic groups of lignin simultaneously form the shells of the
LNPs 32, The diverse chemistry of different lignin fractions from SOFAs allowed a
thorough evaluation of several factors determining LNP formation.

First, the hydrophobic aromatic groups in lignin should be the main building units
to form the cores of LNPs via non-bonded orbital interactions (n-m interaction) and
van der Waals interactions 3. The molecular aggregation of lignin chains connected
with hydrophobic aromatic skeletons may accrue because of the van der Waals
attraction. SOFA using ESA cleaved more -O-4 and B-fB linkages, produced more
G-lignin units, and thus decreased the S/G ratio, all of which might enhance the

formation of the densely packed core of LNPs. As for SOFA using ESH, it broke
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down more B-O-4 and B-5 linkages, enriched S-lignin units, and increased the S/G
ratio, all of which might produce LNPs with the loosely packed core. The diameters
of LNPs from different SOFAs fitted into these mechanisms very well.

Second, the hydrogen bonding interaction and electrostatic repulsion may also
play an important role in the stability of LNPs. As the planar phenol groups from
lignin may be compactly associated in the layer to form the core of LNPs, the
increased total phenolic OH groups should enhance the stability of LNPs through
forming the hydrogen bonding networks. SOFA using ESA increased the total
phenolic OH group content and further facilitated the formation of LNPs with small
effective diameters and high stability. When LNPs are dispersed in water, the
phenolic OH groups and possible COOH groups could provide the particles with a
surface charge and promote the formation of electrical double-layers to stabilize the
LNP dispersion >*.  SOFA using ESA and ESH enriched the total phenolic OH and
COOH groups and thus increased the zeta potential and improved the stability of
LNPs. However, the COOH group is a key factor affecting the hydrophilicity of lignin
on the surface of LNPs. Higher COOH content may facilitate the fabrication of LNPs
with bigger particle size due to the enhanced hydrophilicity of lignin. Therefore,
LNPs produced from SOFA using ESH have bigger effective diameters than that
using ESA.

Third, the condensation of aromatic groups in lignin occurred in SOFA using
ESA, which potentially enhanced the hydrophobic self-assembly process of lignin,
and thus enabled LNP fabrication with small particle size 0. Because the covalent
carbon-carbon single bonds of condensed lignin were much stronger than the n-m and
van der Waals interactions, the cores of LNPs formed from condensed lignin should
be more compact, and the corresponding LNPs exhibited smaller particle sizes 4% 3.

Taken together, due to the amphiphilic property of lignin molecules and their
unique phase behaviors in selective solvents, spherical LNPs with more uniformity
and stability were fabricated through tailoring the lignin chemistry by SOFA, such as
increased the molecular weight of lignin, decreased the S/G ratio, cleaved f-O-4 and

B-B linkages, enriched phenolic OH and COOH groups, and enhanced the
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hydrophobicity. Considering their good uniformity and stability, LNPs could be used
in applications where a uniform distribution of nanoparticles is required, for instance,
in drug delivery, substrate modifiers, energy storage, wound healing, coating
formulations, biocidal active substances, and slow release fertilizers 4% 53 54,
Therefore, the fabrication of LNPs not only presents a potential approach to upgrade
lignin, but also opens new avenues for value-added applications of lignin-based
products.
4 Conclusions

High-quality LNPs of a spherical shape, small effective diameters, and good
stability have been successfully fabricated by tailoring lignin chemistry through
SOFA. The smallest effective diameter was 130 nm obtained from SOFA using ESA
at stage 1. The half-width, PDI, and zeta potential of these LNPs were less than 50
nm, 0.08, and -50 mV, respectively, suggesting good uniformity and stability of
LNPs. The diverse lignin chemistries from SOFA design enabled fundamental studies
of the impact of lignin characteristics on LNP formation and stability. SOFA using
ESA reduced the S/G ratio, decreased the B-O-4 linkage, and exposed more phenolic
OH groups, promoting the formation of uniform and stable LNPs. Additionally, the
SOFA design optimized both carbohydrate output and high quality LNP production,
enabling more complete utilization of biomass for value-added products.
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Figure captions

Figure 1 Schematic process of sequential organosolv fragmentation approach (SOFA)
using low holding temperature for releasing fermentable sugar and fragmenting lignin
polymer into soluble lignin streams.

Figure 2 Enzymatic hydrolysis of pretreated solids by sequential organosolv
fragmentation approach (SOFA). Enzymatic hydrolysis conditions: 3% (w/v) solid
loading, 15 FPU/g solid cellulase loading, 10:1 volumetric ratio of CTec2:HTec2, pH
4.8, 50°C, 200 rpm, and 168 h. Fragmentation approaches are described in Table 1.
ESA stands for ethanol plus sulfuric acid; EFA stands for ethanol plus formic acid;
ESH stands for ethanol plus sodium hydroxide. S1, S2 and S3 stand for stage 1, stage
2 and stage 3, respectively.

Figure 3 Correlations between the glucan/xylan conversion and removal rates of xylan
and lignin. ESA stands for ethanol plus sulfuric acid; EFA stand for ethanol plus
formic acid; ESH stands for ethanol plus sodium hydroxide.

Figure 4 Fermentable sugar yields in the whole fractionation process by sequential
organosolv fragmentation approach (SOFA). Fragmentation approaches are described
in Table 1. ESA stands for ethanol plus sulfuric acid; EFA stands for ethanol plus
formic acid; ESH stands for ethanol plus sodium hydroxide. S1, S2 and S3 stand for
stage 1, stage 2 and stage 3, respectively.

Figure 5 Fractionated lignin distributions in solid and liquid streams (A) and their
correlations with the severity factor of sequential organosolv fragmentation approach
(SOFA) (B). Fragmentation approaches are described in Table 1. ESA stands for
ethanol plus sulfuric acid; EFA stands for ethanol plus formic acid; ESH stands for
ethanol plus sodium hydroxide. S1, S2 and S3 stand for stage 1, stage 2 and stage 3,
respectively.

Figure 6 TEM images and the particle size distribution of lignin nanoparticles (LNPs)
fabricated by self-assembly of fractionated lignin by sequential organosolv
fragmentation approach (SOFA). ESA stands for ethanol with sulfuric acid; ESH
stands for ethanol with sodium hydroxide. S1, S2 and S3 stand for stage 1, stage 2 and
stage 3, respectively.

Figure 7 The properties of LNPs fabricated from fractionated lignin by each
sequential organosolv fragmentation approach (SOFA). ESA stands for ethanol with
sulfuric acid; ESH stands for ethanol with sodium hydroxide. S1, S2 and S3 stand for
stage 1, stage 2 and stage 3, respectively.

Figure 8 Stability of lignin nanoparticles (LNPs) fabricated from fractionated lignin
by each sequential organosolv fragmentation approach (SOFA) at different time
periods. ESA stands for ethanol with sulfuric acid; ESH stands for ethanol with
sodium hydroxide. S1, S2 and S3 stand for stage 1, stage 2 and stage 3, respectively.

Figure 9 Stability of lignin nanoparticles (LNPs) fabricated from fractionated lignin
by each sequential organosolv fragmentation approach (SOFA) at different pH values.
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ESA stands for ethanol with sulfuric acid; ESH stands for ethanol with sodium
hydroxide. S1, S2 and S3 stand for stage 1, stage 2 and stage 3, respectively.

Figure 10 Stability of lignin nanoparticles (LNPs) fabricated from fractionated lignin
by each sequential organosolv fragmentation approach (SOFA) at different NaCl
concentrations. ESA stands for ethanol with sulfuric acid; ESH stands for ethanol
with sodium hydroxide. S1, S2 and S3 stand for stage 1, stage 2 and stage 3,
respectively.

Figure 11 Molecular weight distributions of the fractionated lignin produced by
sequential organosolv fragmentation approach (SOFA). Mn stands for a
number-average molecular weight; Mw stands for a weight-average molecular weight.
Pretreatment strategies are described in Table 1. ESA stands for ethanol with sulfuric
acid; EFA stands for ethanol with formic acid; E stands for ethanol; ESH stands for
ethanol with sodium hydroxide. S1, S2 and S3 stand for stage 1, stage 2 and stage 3,
respectively.

Figure 12 Semi-quantitative information on lignin subunits in fractionated lignin
produced after sequential organosolv fragmentation approach (SOFA) as detected
using 2D HSQC NMR. ESA stands for ethanol plus sulfuric acid; EFA stands for
ethanol plus formic acid; ESH stands for ethanol plus sodium hydroxide. S1, S2 and
S3 stand for stage 1, stage 2 and stage 3, respectively.

Figure 13 Semi-quantitative information on lignin interunit linkages in fractionated
lignin produced after sequential organosolv fragmentation approach (SOFA) as
detected using 2D HSQC NMR. ESA stands for ethanol plus sulfuric acid; EFA
stands for ethanol plus formic acid; ESH stands for ethanol plus sodium hydroxide.
S1, S2 and S3 stand for stage 1, stage 2 and stage 3, respectively.

Figure 14 Contents of hydroxyl groups in the fractionated lignins produced by
sequential organosolv fragmentation approach (SOFA) as detected using 31P NMR.
ESA stands for ethanol plus sulfuric acid; EFA stands for ethanol plus formic acid;
ESH stands for ethanol plus sodium hydroxide. S1, S2 and S3 stand for stage 1, stage
2 and stage 3, respectively.

Figure 15 A proposed mechanism model of the self-assembly fabrication of lignin
nanoparticles (LNPs) from corn stover lignin produced by sequential organosolv
fragmentation approach (SOFA). ESA stands for ethanol with sulfuric acid; ESH
stands for ethanol with sodium hydroxide. S1, S2 and S3 stand for stage 1, stage 2 and
stage 3, respectively. A-OH stands for aliphatic hydroxyl group; P-OH stands for
phenolic hydroxyl group; CL stands for condensed lignin; ‘+’ stands for an increase;
and ‘-’ stands for a decrease.
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Table 1 Sequential organosolv fragmentation approach (SOFA) using low holding temperature for tailoring the lignin reactivity towards its

high-value utilization from corn stover biomass

Stage 1 Stage 2 Stage 3
Experiment No.
Chemicals Initial pH Conditions logR,> Conditions logR,> Conditions logR,”’
SOFA 1 50% ethanol+1% H,SO, 1.8 120 °C, 15min 7.0 120 °C,30 min 7.3 120 °C, 60 min 7.6
SOFA 2 50% ethanol+2% Formic acid 3.8 120 °C, 15 min 5.0 120 °C, 30 min 5.3 120 °C, 60 min 5.6
SOFA 3 50% ethanol 6.2 120 °C, 15 min 2.7 120 °C,30 min 2.9 120 °C, 60 min 3.2
SOFA 4 50% ethanol+1% NaOH 13.0 120 °C, 15min 7.8 120 °C, 30 min 8.1 120 °C, 60 min 8.4

ESA stands for ethanol plus sulfuric acid; EFA stands for ethanol plus formic acid; ESH stands for ethanol plus sodium hydroxide. S1, S2 and

S3 stands for Stage 1, Stage 2, and Stage 3, respectively; % was calculated based on the weight percent, w/w; log R, is calculated based on

Equation 2
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Figure 2 Enzymatic hydrolysis of pretreated solids by sequential organosolv
fragmentation approach (SOFA). Enzymatic hydrolysis conditions: 3% (w/v) solid
loading, 15 FPU/g solid cellulase loading, 10:1 volumetric ratio of CTec2:HTec2, pH
4.8, 50°C, 200 rpm, and 168 h. Fragmentation approaches are described in Table 1.
ESA stands for ethanol plus sulfuric acid; EFA stands for ethanol plus formic acid,
ESH stands for ethanol plus sodium hydroxide. S1, S2 and S3 stand for stage 1, stage

2 and stage 3, respectively.
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Figure 3 Correlations between the glucan/xylan conversion and removal rates of xylan
and lignin. ESA stands for ethanol plus sulfuric acid; EFA stand for ethanol plus
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Figure 4 Fermentable sugar yields in the whole fractionation process by sequential
organosolv fragmentation approach (SOFA). Fragmentation approaches are described
in Table 1. ESA stands for ethanol plus sulfuric acid; EFA stands for ethanol plus
formic acid; ESH stands for ethanol plus sodium hydroxide. S1, S2 and S3 stand for

stage 1, stage 2 and stage 3, respectively.

33



100p 3 In liquid
I In solid
80F
X
5 60}
5
o
2 a0}
=
C
2
0
20p
S1 S2 S3 S1 S2 S3 S1 S2 S3 S1 82 S3

ESA EFA E ESH

Figure 5 Fractionated lignin distributions in solid and liquid streams (A) and their
correlations with the severity factor of sequential organosolv fragmentation approach
(SOFA) (B). Fragmentation approaches are described in Table 1. ESA stands for
ethanol plus sulfuric acid; EFA stands for ethanol plus formic acid; ESH stands for

ethanol plus sodium hydroxide. S1, S2 and S3 stand for stage 1, stage 2 and stage 3,
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Figure 6 The particle size distribution of lignin nanoparticles (LNPs) fabricated by

self-assembly of fractionated lignin by sequential organosolv fragmentation approach

(SOFA). ESA stands for ethanol with sulfuric acid; ESH stands for ethanol with
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Figure 7 The properties of LNPs fabricated from fractionated lignin by each
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sulfuric acid; ESH stands for ethanol with sodium hydroxide. S1, S2 and S3 stand for
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Figure 10 Stability of lignin nanoparticles (LNPs) fabricated from fractionated lignin
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Figure 12 Semi-quantitative information on lignin subunits in fractionated lignin
produced after sequential organosolv fragmentation approach (SOFA) as detected
using 2D HSQC NMR. ESA stands for ethanol plus sulfuric acid; EFA stands for
ethanol plus formic acid; ESH stands for ethanol plus sodium hydroxide. S1, S2 and

S3 stand for stage 1, stage 2 and stage 3, respectively.

41



60

L 9]
o o

Lignin interunit linkages (%)
w
o

1.0
p-0-4 7 B-5 BB
A\
0.8}> O
06} S
A AV b 0.4t /\/)
104
20 A } 0.2f & O %
W4 ;
' G4
{[o] SRS o

CSNL S1 82 S3 S1 S

S SR B g | EP S S S S S S S S R S S
2 S3 S1 82 S3 S1.S2 S3 CSNL S1 S2 S3 S1 82 S3 S1 82 S3 S1 82 S3

ool 0 o
CSNL S1 S2 S3 S1 S2 S3 S1 82 S3 S1 82

S3

ESA

EFA

E

ESH

ESA

EFA

E

ESH

ESA

EFA

E

ESH

Figure 13 Semi-quantitative information on lignin interunit linkages in fractionated

lignin produced after sequential organosolv fragmentation approach (SOFA) as
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stands for ethanol plus formic acid; ESH stands for ethanol plus sodium hydroxide.

S1, S2 and S3 stand for stage 1, stage 2 and stage 3, respectively.
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Figure 14 Contents of hydroxyl groups in the fractionated lignins produced by
sequential organosolv fragmentation approach (SOFA) as detected using 31P NMR.
ESA stands for ethanol plus sulfuric acid; EFA stands for ethanol plus formic acid;
ESH stands for ethanol plus sodium hydroxide. S1, S2 and S3 stand for stage 1, stage

2 and stage 3, respectively.
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Figure 15 A proposed mechanism model of the self-assembly fabrication of lignin nanoparticles (LNPs) from corn stover lignin produced by
sequential organosolv fragmentation approach (SOFA). ESA stands for ethanol with sulfuric acid; ESH stands for ethanol with sodium
hydroxide. S1, S2 and S3 stand for stage 1, stage 2 and stage 3, respectively. A-OH stands for aliphatic hydroxyl group; P-OH stands for

phenolic hydroxyl group; CL stands for condensed lignin; ‘+’ stands for an increase; and -’ stands for a decrease.
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