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Highlights

What are the main findings?

e Lignin origin, isolation method, and fraction significantly influence fiber properties
of electrospun 1:1 lignin/PLA micro/nanofibers, including spinnability, morphology,
mechanical strength, thermal behavior, hydrophobicity, and antioxidant activity.

e  Fractionation is not essential for fiber formation, but it enables tailoring of fiber
properties to achieve targeted performance characteristics

What is the implication of the main finding?

e Lignin/PLA fiber mats can be customized for diverse functionality: in this study,
SGL/PLA demonstrated suitability for air filtration systems, KL/PLA for wound
dressings or cosmetic care, and Alcell /PLA for packaging applications.

e  Efficient, low-cost production of functional biocomposite micro/nanofibers is feasible,
supporting sustainable material development without complex processing, while
enabling targeted performance through selective lignin use or fractionation

Abstract

Herein, biobased 1:1 lignin/polylactic acid (PLA) blends are electrospun into micro- and
nanofiber mats. Lignin samples originating from softwood, hardwood, and switchgrass
biomass, extracted through the Kraft, Alcell, and CELF processes, respectively, and pro-
cessed into soluble and insoluble fractions, are used. Functional properties of the mats
varied with lignin biomass origin, isolation method, and fraction. Mat attributes are
demonstrated through analysis of spinnability, thermal and mechanical behavior, chemi-
cal structure, morphology, hydrophobicity, and antioxidant activity. Samples spun with
hardwood Alcell lignin fractions were brittle and rigid with the highest Young’s modulus,
lowest elongation at break, and hydrophobic contact angle > 100°. Switchgrass CELF lignin
(SGL)/PLA mats showed the highest tensile strength, a low Young’s modulus, and high
elongation at break, as well as good spinnability with the smallest fiber diameter from all
samples. Kraft lignin/PLA demonstrated similar mechanical properties to SGL/PLA, as
well as the highest antioxidant activity, measurable within 5 min. Therefore, while they did
not dictate spinnability, the lignin biomass origin and pretreatment method were shown to
have a significant impact on fiber properties, while the use of lignin fractions was shown to
tailor functional properties of fibers for specific end use, such as in flexible, hydrophobic,
or antioxidant product applications.
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1. Introduction

Advances in processing technologies have contributed to biomass becoming a vi-
able feedstock alternative to petroleum in the synthesis of chemical products, including
man-made fibers. Lignin is known for hydrophobicity, thermal stability, rigidity, and UV ab-
sorbance, as well as antioxidant and antibacterial properties. It is the second most abundant
renewable biopolymer on earth and can be isolated from native woody (including softwood
and hardwood species) and herbaceous plants, as well as agricultural, paper-making, and
biorefinery waste [1]. The benefits of using lignin biomass in fiber manufacturing lie in its
biodegradability, renewability, and a multitude of inherent functional properties. However,
its branched and heterogenous structure and solubility will differ based on the lignin
source, making it difficult to process [2,3].

Lignin can be extracted via biological /enzymatic, physical, or chemical methods. The
Kraft and organosolv processes are both examples of chemical methods, and the latter
includes sub-categories, such as Co-Solvent Enhanced Lignocellulosic Fractionation (CELF)
and the ethanol-based Alcell process [1]. The type of chemicals used and temperature, pres-
sure, and duration of processing all affect lignin properties [4]. Phenolic hydroxyl group
and aliphatic hydroxyl group contents of lignin are strongly influenced by the isolation con-
ditions. The hydroxyl groups influence thermal and physical properties of lignin via intra-
and intermolecular hydrogen bonding. Hydrogen bonds can also cause steric hindrance,
reducing the accessibility of other functional groups in lignin [5]. The specific extraction
processes investigated in this study are Kraft, Alcell, and CELF. Kraft lignin is a byproduct
of the Kraft pulping process based on acid hydrolysis and resulting in formation of C-C
linkages and a degraded and highly condensed lignin structure [1,6]. CELF pretreatment
uses acidic aqueous tetrahydrofuran (THF) mixtures, and while the extracted lignin quality
and structure heavily depend on processing conditions, temperature, duration, and acid
content, resulting lignin has a high free phenolic OH group content [6,7]. In the Alcell
process, lignin is isolated with ethanol as the organic solvent and is characterized by a high
purity, as well as a higher phenolic/aliphatic OH content, compared to alkali lignins [8,9].

Biomass species and origin also impact lignin chemical structure. Lignin is amorphous
with a branched structure of alkylphenolic rings, resulting from a combination of three
aromatic structural units. The ratio of syringyl (S), guaiacyl (G), and p-hydroxyphenyl
(H) units (Figure 1) is dictated by lignin biomass origin [10-12]. Softwood lignin is mainly
composed of G units, hardwood lignin is composed of S and G units, and herbaceous lignin
is characterized by a large quantity of H units in addition to S and G units [12].

OCH; H3CO OCHj
OH OH OH
p-Hydroxyphenyl  Guaiacyl Syringyl
(H unit) (G unit) (S unit)

Figure 1. The chemical structures of S, G, and H monolignols.

Electrospinning is an electrohydrodynamic process during which fibers are produced
from a polymer solution through elongation, chain entanglement, and solvent evapo-
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ration under applied voltage [13,14]. Electrospinning lignin is very difficult because of
its branched structure, heterogeneity, and low molecular weight. Hence the addition
of other polymeric systems is common to facilitate lignin-based micro/nanofiber spin-
ning [13]. Most studies on electrospinning of 100% lignin have not resulted in any fiber
formation [15]. Formation of bead-on-string structures or electro spray has been attributed
to the highly branched lignin structure and lack of molecular chain entanglement in the
spinning solution [15]. To improve the spinning process, an easily spinnable polymer, such
as polyethylene oxide (PEO), polyvinyl alcohol (PVA), polylactic acid (PLA), polycapro-
lactone (PCL), and others, has been added to facilitate the electrospinning of lignin-based
fibers [16-18]. In particular, polylactic acid (PLA) is a commercially compostable aliphatic
polyester that has good mechanical properties but poor thermal stability [19]. A blend
of PLA and lignin can potentially enhance spinnability and tensile properties of lignin
and thermal stability of PLA, while also increasing hydrophobic, antibacterial, antioxidant,
and UV resistance properties, which have been demonstrated in several studies [20-22].
However, most studies on lignin/PLA composite fiber mats focus on specific applications
using a single type of lignin [21,23,24] rather than on systematic comparisons of fiber
properties across lignins of different biomass origins, pretreatment methods, or fractions.
While a few studies conducted such comparisons, they often employed alternative spinning
methods or blended lignin with copolymers other than PLA [25,26]. Research specifically
examining electrospun lignin/PLA fibers in relation to the lignin origin, isolation method,
or fraction remains limited, and the diversity of lignin types explored in these studies is
notably narrow [16,27]. Additionally, to authors’ knowledge, this is the first study that
includes photographs of the tangible micro/nanofiber lignin/PLA mats.

In this study, lignin was mixed with PLA in 50:50 ratio in a mixed efficient solvent
system of N, N-Dimethylformamide (DMF) and Dichloromethane (DCM) in a 2:7 ratio.
Lignin originating from three different categories of biomass, hardwood, softwood, and
grass, and extracted by three methods, Kraft, CELF, and Alcell, was used. To understand
the impacts of solubility and substructure on spinnability and properties, lignin was
fractionated into soluble and insoluble fractions. Lignin samples were suspended in
PLA/DME/DCM solutions and electrospun into micro- and nanofiber mats. Variability of
suspension spinnability and resulting fiber properties between the lignin-based samples
were documented. Appropriate correlations between these factors and suspension and
spinning parameters, such as conductivity, thermal and mechanical behavior, chemical
structure, and morphology, were further measured and analyzed. Recommendations of
select lignin types for specific applications were provided.

2. Materials and Methods
2.1. Materials

Kraft lignin (softwood, pine) was purchased from Sigma-Aldrich (St. Louis, MO,
USA). ACS-grade acetone and HPLC-grade MeOH were purchased from Fisher Chemical
(Waltham, MA, USA). Two-hundred-proof pure ethanol was purchased from Koptec (King
of Prussia, PA, USA). Anhydrous 99.8% N, N-Dimethylformamide (DMF) was purchased
from Sigma-Aldrich (St. Louis, MO, USA). Extra dry, stabilized 99.9% Dichloromethane
(DCM) was purchased from Acros Organics (Fair Lawn, NJ, USA). Fiber-grade 6252D
polylactic acid (PLA) pellets were purchased from NatureWorks® Ingeo™ (Blair, NE, USA).
DPPH was purchased from Cayman Chemical Company (Ann Arbor, MI, USA).

2.2. Fractionation

Kraft lignin was fractionated into soluble and insoluble fractions with ethanol or
acetone using gravimetric filtration and rotary evaporator, as per an earlier work [28].
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Alcell lignin, supplied by the State University of New York College of Environmental
Science and Forestry (Syracuse, NY, USA), was isolated from hardwood chips using the
organosolv process and fractionated with ethanol into 40% ethanol, 60% ethanol, and
100% ethanol-soluble fractions, as well as an 100% ethanol-insoluble fraction. Switchgrass
lignin, supplied by the Chmely Biomaterials Chemistry Laboratory from the Pennsylvania
State University (University Park, PA, USA), was isolated using Co-Solvent Enhanced
Lignocellulosic Fractionation (CELF) from 1 mm dried and milled switchgrass particles.
Both, soluble and insoluble lignin fractions were used to prepare spinning dopes.

2.3. Suspension Preparation

Suspensions containing PLA:lignin 50:50 by weight were prepared by first separately
suspending 1 g of lignin in 2 mL of DMF and dissolving 1 g of PLA in 7 mL of DCM and
shaking for 1 h on a Burrell wrist-action shaker. The lignin and PLA suspensions/solutions
were combined and shaken overnight to form a resulting 22% w/v suspension. The
lignin/PLA ratios were optimized in this study, identifying the 50:50 blend as having the
highest lignin content while retaining the most favorable spinnability.

2.4. Electrospinning

Spinning parameters were optimized at a 3 mL/h flow rate, 20 cm distance to the
collector, and 20 kV applied voltage. The horizontal electrospinning setup included the
Gamma High Voltage Research, Inc. HV power supply (Ormond Beach, FL, USA) and
Harvard Apparatus, Inc. PHD/ULTRA syringe pump (Holliston, MA, USA). Beckton,
Dickinson and Company (BD) syringes (5 mL) (Canaan, CT, USA) were used in combination
with a BD PrecisionGlide 21G needle (Franklin Lakes, NJ, USA). The collector was a copper
plate covered with aluminum foil and placed across from the syringe in a Plexiglas box.
Relative humidity and temperature were not controlled but recorded and ranged from
64.2 t0 69.9% and 19.6-21.2 °C. Micro/nanofiber mats were collected from different lignin
blends with PLA 5 min after initiation of the pump and the voltage system.

2.5. Scanning Electron Microscopy (SEM) Analysis

Scanning Electron Microscopy (SEM) was utilized to study the morphology and
surface topology of lignin/PLA fiber mats. Micrographs of electrospun fiber mats were
obtained with Carl Zeiss AG LEO 1550 Field Emission Scanning Electron Microscope (FE-
SEM) (Oberkochen, Germany), using Carl Zeiss AG InLens and SE2 detectors (Oberkochen,
Germany), at an acceleration voltage of 3 kV and working distance of 6 mm. Prior to SEM
analysis, each sample was coated with Au/Pd for 90 s using a Quorum Technologies Ltd.
5C7620 sputter coater (East Grinstead, UK) under a vacuum.

2.6. Fiber Diameter Measurement

The fiber diameter was analyzed using micrographs from SEM Keck (FEI Company,
Hillsboro, OR, USA). Next, Image].JS software (version 1.54p) was used to measure the
diameter of one hundred fibers in each sample, using a reference scale bar. The aver-
age fiber diameter was calculated for each sample based on this data, along with the
standard deviation.

2.7. Attenuated Total Reflectance (ATR)—Fourier-Transform Infrared Spectroscopy (FTIR)

FTIR spectra were collected using a FTIR-ATR Perkin Elmer Spectrum spectrome-
ter (Perkin Elmer, Waltham, MA, USA). Triplicate measurements were collected in the
wavelength range from 4000 to 600 cm~! with a resolution of 4 cm~! and a total of 16 scans.
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2.8. Differential Scanning Calorimetry (DSC)

Thermal analysis was performed using a Differential Scanning Calorimetry (DSC)
(2000, V24.9, Build 121 instrument from TA Instruments (New Castle, DE, USA). Nanofiber
samples were sealed in an aluminum T-zero pan (TA Instruments, New Castle, DE, USA)
with a hermetic lid, cooled to a temperature of 20.00 °C (from 40 °C), kept isothermal
for 1.00 min, and then heated to 200.00 °C at a rate of 20.00 °C/min under a nitrogen
atmosphere with a flow rate of 50 mL/min. The sample weight range was 0.677-1.498 mg.

2.9. Characterization of Mechanical Properties

TA Instruments Dynamic Mechanical Analysis (DMA) Model Q800DMA (New Castle,
DE, USA) was used to obtain the stress/strain curve of those lignin/PLA samples that were
able to form micro/nanofiber mats, with neat PLA as the control sample. From that data,
tensile strength, modulus, elongation, and breaking strength were obtained. Testing was
performed in triplicate using samples at a ramp force of 0.1 N/min, as shown in Figure 2.
The thickness of each tested strip was measured using Mitutoyo Digimatic Indicator Type
IDF-112E (Aurora, IL, USA), with a measurement range of 12 mm, resolution of 0.001 mm,
and an accuracy of +0.003 mm at three points, and then averaged, ranging from 0.026 to
0.134 mm.

(a (b)
Figure 2. Image of KL/PLA NF sample positioned in clamp (a) before tensile testing and (b) after

testing was completed.

2.10. Contact Angle Analysis

Water contact angle measurement was carried out using the Droplet Lab smartphone-
based tensiometer (Toronto, ON, Canada) with the Sessile drop method under ambient
conditions. A droplet of deionized water was generated on the surface of each sample using
a Hamilton Gastight #1750 syringe (Reno, NV, USA) fitted with an 18-gauge needle, and the
resulting contact angle calculated using Young-Laplace fitting. Triplicate measurements
were taken within 10 s by applying the water droplet in three different areas of each sample,
after which the average contact angle was calculated for each sample. Contact angle
analysis was performed by the Droplet Lab software (Toronto, ON, Canada) automatically
at the time of measurement collection.

2.11. Antioxidant Activity

The antioxidant activity was evaluated by measuring the reduction rate of the DPPH
radical in the antioxidant’s presence via UV-Vis spectroscopy, using the BioTek Synergy
Neo2 multimode microplate reader (Winooski, VT, USA). Additionally, the antioxidant
activity of ascorbic acid was measured as the positive control and that of neat PLA as the
negative control. DPPH solution in methanol (MeOH) was prepared immediately before
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beginning the assay, and 2 mL of 60 uM DPPH solution in MeOH was added to each
2 mg sample vial. Samples were incubated at room temperature under light protection.
Absorbance measurements at 517 nm were taken 2 h, 4 h, and 24 h after the addition of
the DPPH solution to the nanofibers, conducted in 96-well microtiter plates with lids, with
100 pL of the respective sample solution mixed and then pipetted into 4 wells per time
slot. The antioxidant activity of the samples was calculated using equation, based on the
residual DPPH content (%) = (A0 — A1)/A0 x 100.

2.12. Statistical Analysis

Statistical significance of all results was analyzed by applying ANOVA and paired
two-sided t-tests at a 95% confidence level between two arrays of mean values for the same
sample set. In many cases, indication of low significance stemmed from the small size of
the population tested.

3. Results

Although all fibers formed were 1:1 w/w PLA:lignin, significant differences in fiber
morphology and properties were found as a result of lignin sample. Ten different samples
were spun and coded according to lignin type and any fractionation shown in Table 1.

Table 1. Lignin with their fiber identifier, biomass origin, extraction method, and S/G ratio.

KL AIKL ASKL EIKL ESKL ALE40 ALE60 ALE100 ALE100INS SGL
legumrises softwood softwood softwood softwood softwood hardwood hardwood hardwood hardwood switchgrass
Acetone- Acetone- Ethanol- Ethanol- Co-Solvent
Isolation  Kraftlignin  Insoluble Soluble Insoluble Soluble ?lﬁ?l’in llklf)(lell,i n lAl;Tll’in 1Al]f§lllin Enhanced
Method as received Kraft Kraft Kraft Kraft 50011 ° soou < o Uu < 0 ou ¢ Lignocellulosic
Lieni S S S 40% EtOH 60% EtOH  100% EtOH  100% EtOH - )
ignin Lignin Lignin Lignin Fractionation
S/G
Rati 0.33 0.42 0.23 0.53 0.29 1.46 1.30 1.49 1.59 0.25
atio
Eia}:]:)eeli KL/PLA AIKL/PLA ASKL/PLA  EIKL/PLA ESKL/PLA  ALE40/PLA ALE60/PLA  ALE100/PLA ALE100INS SGL/PLA

3.1. Chemical Structure (FTIR)

FTIR was used to identify the presence of S, G, and H monolignols in each sample, to
compare the S/G ratio, degree of crosslinking, and total OH group content among samples,
and to check for the presence of any impurities.

The aromatic skeleton vibrations visible at 1600, 1515, and 1426 cm™!, as well as
the intense bands at 2948 and 2863 cm ™! representative of CH and methoxy groups,
are characteristic of all lignins, but presented with varying intensities. The vibration at
1705 cm~! in the carbonyl/carboxyl region was observed not only for all Alcell lignin
samples, due to its association with solvent-extracted hardwood lignins [29], but also for
the ESKL lignin, most likely pointing to the solvent-soluble softwood KL fractions being
sulfur-free. Additionally, vibrations in the 1000-1300 cm ! region are visible in all samples
and may signify the presence of carbohydrate impurities [29]. However, they are especially
pronounced in all Alcell lignins and in the ESKL fraction.

Relative S/G ratios were calculated for all samples using methods developed by
Popescu et al. (2006), Del Rio et al. (2007), and Sammons et al. (2013), focused on
the 1325 cm~! peak representing S units and the 1270 cm~! peak representing G units
(Figure 3b—d) [30-32]. Due to the prevalence of G units in softwood Kraft lignin, S/G
ratios were quite low in contrast with hardwood Alcell lignin, which contained both G
and S units, with a significantly larger S unit content. Switchgrass CELF lignin contained
a larger amount of G units, similar to softwood Kraft lignin, but also contained H units
characteristic of herbaceous lignins (Figure 3c,d; Table 1) [33,34]. Additional peaks at
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814-817, 855, 1140, and 1154-1152 cm™!, representative of G units, at 1127-1124 and
1597-1593 cm ™!, representative of S units, and at 882 cm !, indicating the presence of
H units, further support this interpretation (Figure 3b—d) [32,35,36]. The differences in
relative S/G ratios between the samples with different lignins had direct implications on
the thermal behavior, as well as mechanical properties and antioxidant activity, of the fiber
mats, as discussed in Sections 3.3, 3.4 and 3.6.

—E—SGL
-0—KL _
o] 50 | oa=hic 1503-1597 om’™
—y—ASKL S units
& EIKL
— —~ 10 —<—ESKL
x S > ALE40
< < ~@—ALE60
8 (uj 0 J X ALE100
—@—ALE100INS
Z 10+ z s P 2
= = %5 »'4,}" :/:/,'/
= E 0423 i
E 1 2 2 009000, : : /,'/
%) —sGL %) fuug;;“““‘ .
zZ e KL Z -20 -
< —— AIKL < S
o —20 1— askL o VYT Yy
= EIKL F 304
——ESKL
ALE40
—— ALE60
——ALE100 ~40 4
—— ALE100INS a
T T T T
3500 3000 1650 1550
WAVENUMBER (cm™) WAVENUMBER (cm™)
10 -1 =N
1328 cm™! 1267-1263 cm 1127 04 882cm™ g55 cm~"'817-814 cm™"
S unit G unit 1140 cm™ -1124) Hunit G upit G unit
/! G unit - cm™ PO e,
0 I NN ld-‘*!{%i'!\\'. .
< 3 Laestin AR
SR E | LB LS
W g0t w & M
<z( ,<7_( .fx v, wf\‘\, ’/:
= = 7 S Jl
= -20 = N\
% % —=—SGL ‘
pd —a— AIKL zZ —e—KL
< _ap {r—Aske <C -10 4 —A—AKKL
o +— EIKL o —v—ASKL
= L «—ESK o|d L = - EIKL
> ALEA { ‘; J« —4—ESKL
g { 1154-1152 cm™ b,z > ALE40
—40 - [—*— ALE60 G unit o 5 —e— ALE60
—+— ALE100 N ——ALE100
] |—e— ALE100INS +|C —e— ALE100INS P
T T T T T T T T T T T T T
1350 1300 1250 1200 1150 940 920 900 880 860 840 820 800
WAVENUMBER (cm™) WAVENUMBER (cm™)

Figure 3. Closeup views of the FTIR spectra representing (a) hydrogen bonding/total OH content;
and (b-d) S, G, and H units in lignin along with the lignin’s S/G ratios.

The band at ~3400 cm~! is linked to aromatic and aliphatic OH groups in lignin
(Figure 3a) [32,37]. The amount of OH groups can define lignin reactivity and, effectively,
its potential for use in targeted applications [38]. Integration of the bands in the hydroxyl
stretching region across all lignin samples produced relative peak areas representing inter-
molecular hydrogen bonding and the associative total OH content in lignin [39-41]. Simul-
taneously, the relative ratio of absorbance intensities of the ~1500 and ~1600 cm—! peaks,
representing aromatic ring breathing, was calculated for all lignin samples, following the
method outlined by Mann et al. (2009), to estimate the degree of crosslinking/condensation
in lignin [42]. The degree of crosslinking here refers to interunit carbon—carbon bonds at free
C5 and C6 positions of a phenolic hydroxyl unit [43]. These values corresponded inversely
to the relative hydrogen bonding/total OH content in lignin (Figure 4). This inverse rela-
tionship has also been previously demonstrated by de Souza Junior et al. (2018) [36] and is
further supported by thermal analysis and contact angle measurements. A strong negative
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correlation coefficient was observed between the relative ~3400 cm ! peak area—associated
with hydroxyl groups and hydrogen bonding—and both the glass transition temperature
Tq (r = —0.70) and melting temperature Ty, (r = —0.77) of lignin/PLA composite fibers. This
suggests that increased OH bonding/OH content are inversely related to thermal properties
of the fibers, which has been demonstrated in earlier studies [44]. Additionally, although
moderate due to other contributing factors, a negative correlation was also found between
the relative ~3400 cm~! peak area and contact angle measurements (r = —0.43), indicating
that higher OH content slightly reduces hydrophobicity. Overall, these inverse relation-
ships between OH bonding/content and the degree of crosslinking, thermal properties,
and contact angle suggest that lower OH content reduces lignin reactivity in these samples,
promoting the formation of more rigid, hydrophobic, and thermally stable fiber mats.

Equation y=atbx
HYDROGEN BONDING/T
OTAL OH

H
w
o
o
o
o

1

Weight I No Weighting

Intercept |39839.48225 + 21917891
Slope -23468.06450 £ 2872.335

28000 Residual Sum of Squar 166261E7
Pearson's r [ -0.94498

R-Square (COD) [ 0.89298

| | Adj. R-Square 0.87961

YDROGEN BONDING/TOTAL O
- N N N N
o] o N P [
o o o o o
o o o o o
o o o o o
1 1 1 1 1

T 16000 R T .

14000 T T T | T T T
0.4 0.5 0.6 0.7 0.8 0.9 1.0

DEGREE OF CROSSLINKING

Figure 4. Regression line of the degree of crosslinking and hydrogen bonding/total OH content in
lignin samples showing an inverse relationship.

3.2. Fiber Diameter, Distribution and Morphology

Normally, the increase in conductivity (Table 2 yields a decrease in fiber diameter, but
the addition of lignin with its highly branched molecular network to PLA resulted in an
increase in the fiber diameter instead. Although all samples successfully produced continu-
ous micro- and nanofibers (Figure 5), the addition of lignin to PLA increased the average
fiber diameter in all samples, as expected from the addition of a highly branched molecule
(Table 3, Figure S1). A possible explanation for this is the increased solution viscosity from
the number of solute-solute interactions that arise from the entanglements of the branched
groups [45]. Additionally, Kraft lignin samples had the highest diameter distribution of
all samples, while ALE60/PLA and SGL/PLA had the lowest. SGL/PLA fibers were
observed to spin with relatively even coverage into fibers with the lowest fiber diameter on
average (Table 3, Figure S1), which has been noted with other switchgrass-derived spun
fibers [46]. This pattern correlates with the solubility of lignin in the DMF/DCM solvent
system, governed by the pretreatment method and fraction. In support of this argument,
ASKL/PLA fibers also showed a low average fiber diameter (Table 3) due to the use of the
soluble fraction, comparable to that of SGL/PLA, where superior solubility of organosolv
lignin in organic solvents dictated the smaller fiber diameters [47]. While the fiber diameter
distribution data for the other samples was not found to be statistically significant, solubil-
ity, driven by lignin dispersion in the PLA matrix and hydrogen bonding/OH content, had
a strong influence on the diameter of produced fibers.
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Table 2. Conductivity of lignin/PLA and PLA control suspensions.

KL/PLA AIKL/PLA  ASKL/PLA  EIKL/PLA  ESKL/PLA  ALE4O/PLA  ALEGO/PLA  ALEI0OPLA LB~ scupra PLA
C;’;‘gﬁ:“;ﬂy 2040 £1.69 18384207 2303 £276 14904147  27.074£210 2135+£262 1241+£115  931£075 7174128  1633+£082 157037
Figure 5. Micro/nanofiber mats. From left: KL/PLA, ALE60/PLA, and SGL/PLA. Color of the lignin
mats was influenced by chromophore content, determined by lignin biomass origin, isolation method,
and fraction.
Table 3. Lignin/PLA and neat PLA fiber mats with their tested properties. * Blanks indicate samples
not tangible/strong enough to be mounted in the DMA clamps.
M 0 Teco e Ghnat Uimchede | ot Hetna Memswhe  Aioddn vl
/II’<LLA 57 +£0.3 79 £ 0.3 151 £0.3 26.07 +16.32 0.37 = 0.05 0.19 + 0.04 7.75 + 6.22 131.37 + 4.56 55.21 £ 1.96 1.38 = 0.34
;\I’Ifk 56 + 1.7 73+ 05 153 £ 0.3 35.01 + 14.63 0.23 + 0.09 0.07 + 0.03 39.66 + 21.83 114.47 + 1.86 55.25 + 1.59 1.32 +0.44
/AI§[IA<AL 56 + 1.2 73 +£0.3 154 £ 1.1 3296 +£9.17 0.15 £+ 0.02 0.03 & 0.00 17.34 4+ 4.08 126.72 + 1.14 56.46 + 1.61 0.87 + 0.63
/EIEILik 57 +£0.8 75+ 1.6 154 £ 1.8 37.48 £2.53 0.38 +£0.11 0.11 +0.01 18.49 £ 5.55 125.66 + 7.06 56.54 +1.17 112 £ 043
}Esllfk 43 +1.62 68 +0.42 143 + 3.66 25.84 +£9.18 * * * 110.62 + 2.30 47.15 + 1.56 1.33 + 0.36
?{;’Eiﬂ 56 + 4.4 77 +£59 150 £ 3.0 18.48 4 3.56 * * * 122.09 £+ 6.52 33.66 £ 1.16 1.37 £ 045
‘?};‘Egﬂ 56 + 0.6 74 +0.7 152 £2.3 18.45 + 6.14 0.35 +0.17 0.25 + 0.08 1.33 £0.22 138.67 + 4.37 3290 £1.15 144 +0.23
A/LP'ilgO 55 409 73+£13 151413 21.63 +5.18 * * * 115.76 + 2.75 2741 + 1.64 1.36 +£0.34
&%‘;},??A 57 +£0.3 78 £ 0.8 151 £ 0.6 19.53 +5.33 0.18 +0.15 023 +0.14 13.56 4 15.16 136.16 £+ 5.10 21.12+1.70 1.37 £ 048
/SPGLIA 56 + 1.5 74421 153 £ 1.6 3122 +£0.74 0.44 +0.39 0.15 + 0.02 26.36 = 6.32 130.26 +2.63 37.05 £ 0.86 0.88 +0.23
PLA 58 + 0.3 74 + 1.0 158 £ 0.7 4152 +£9.42 1.70 &+ 0.36 0.10 & 0.02 74.45 4 10.54 110.75 + 2.98 29.46 +7.86 0.49 +0.29

In terms of morphology, in comparison to the PLA control sample, SEM micrographs
of the composite fibers containing lignin all exhibited a wrinkled and porous surface
morphology (Figure 6a,c) due to the rapid solvent evaporation during electrospinning
and the relatively high ambient humidity. However, dense mats of continuous micro-
and nano-scale fibers without beading were produced. Interestingly, SEM micrographs
of Alcell lignin samples showed cracked lignin fiber cores encased in a more flexible PLA
skin (Figure 6b), in line with the more rigid structure of hardwood lignin [38]. Images of
SGL/PLA samples clearly showed dense networks of nanofibers, characterized by a fairly
uniform diameter (Figure 6d).

3.3. Thermal Properties (DSC)

The glass transition onset temperature of all lignin/PLA blends, as well as the impact
of different lignin sources on the onset of the melting point and cold crystallization behavior
of PLA, were studied.
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Figure 6. SEM micrographs: (a) AIKL/PLA, (b) ALE60/PLA, (c) ASKL/PLA, and (d) SGL/PLA.

While a wide range of glass transition temperatures (Tg) have been reported for
lignin, ranging between 97 °C (for organosolv lignin) [48], 146 °C (for softwood organsolv
lignin) [49], 108 to 154 °C (for hardwood KL) [50,51], and 160°C (for softwood KL) [26] as
some examples, ultimately that value will be dictated by the lignin molar mass, biomass
source, type of linkages, and their quantity, as well as heating rate [52,53]. In this study,
blending PLA and lignin significantly lowered T to a 39.19-57.27 °C range, which is
below neat PLA’s T, of 58.42 °C (Table 3, Figure 7). This pattern was consistent with
findings for other lignin/PLA thermal studies [54] and can be explained by the presence
of molecular interactions between the two polymers and/or a plasticization effect. It is
most likely not due to phase separation, as the single T, peak showed miscible blend
behavior for all samples [50,55]. Although many polymers are immiscible with lignin due
to the competing stronger interactions between lignin molecules, some polymers, like PLA,
can interact with lignin through secondary forces, like hydrogen bonding, enhancing the
blend’s miscibility [38].

While for most samples, the change in values is subtle, data for the ESKL/PLA sample
were statistically significant (p < 0.05) and showed not only the lowest Tg, but also the
lowest T, and T, (Table 3), which may be due to the strong hydrogen bonding interactions
at the aliphatic y- OH site between lignin and the highly polar solvent (ethanol) used during
fractionation [28]. In contrast, KL/PLA and ALE100ins/PLA samples had the two highest
T¢ values (Table 3). Overall, the differences in thermal behavior of ethanol-fractionated and
acetone-fractionated KL samples might be explained by the hydrogen bonding capacity
of the two solvents, with oy = 19.4 for ethanol and &y = 7.0 for acetone, the latter being
characterized by weaker hydrogen bonding interactions with the methoxy group and «-O
atom [28]. Usually, hardwood lignin shows lower T, due to its more linear structure and a
higher ratio of B-O-4' ether to C-C bonds, signifying decreased rigidity when compared
with softwood lignin [51,56]. However, while the statistically significant values for the
Alcell lignin samples, ALE60/PLA and ALE100/PLA (p < 0.05), are on the higher end of
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the range, their values do not vary greatly from most of the other samples tested (Table 3).
This can be explained by the combined impact of the biomass origin, extraction method,
and fractionation on the monolignol distributions in other samples. Finally, it is important
to note that assessment of the actual T, can also be affected by the interactions between
hydrogen bonds and the dehydration of lignin early in the cycle—first at ~50, then at
~110 °C, due to complex structure of lignin [5,57,58].

2

—SGL/PLA

ALE100/PLA
_ALE60/PLA

—ALE100ins/PLA
“PLA

—AIKL/PLA
_EIKL/PLA
KL/PLA

Heat Flow (mW)

: —— :
20 40 60 80 100 120 140 160 180 200 220 240
Temperature (°C)

Figure 7. Thermograms of all lignin/PLA and neat PLA samples.

Additionally, as expected, a slight decrease in melting temperature (T);), when com-
pared with neat PLA, was observed for all samples after the addition of lignin (Table 3).
Two peaks were observed for KL/PLA, with the second peak most likely resulting from
melting crystallites formed during DSC characterization [19]. The lowest T, was observed
for ESKL/PLA, which was also characterized by the lowest 1597/1515 cm~! peak ratios
tied to crosslinking in lignin observed in FTIR spectra. Higher T}, values belonged to
samples such as SGL/PLA, AIKL/PLA, ASKL/PLA, and EIKL/PLA, which also showed a
higher degree of crosslinking in structural analysis.

In general, the addition of lignin to PLA resulted in a decrease in the exothermic cold
crystallization peak, pointing to the incomplete crystallization of the blended polymer in
fiber form [55,59]. Compared with neat PLA, the enthalpy of fusion decreased with the
addition of amorphous lignin to the blends (Table 3), which was expected and signifies a
decrease in nucleation density and formation of fewer crystals or incomplete crystalliza-
tion [19]. Overall, the blending of hardwood organosolv (Alcell) lignin with PLA required
the lowest heat of fusion when compared with Kraft softwood lignin and its fractions and
CELF switchgrass lignin, which is most likely due to the highest S/G ratio values and low
G unit content, pointing to increased thermal mobility [44].

3.4. Mechanical Properties (DMA)

Some of the blends (ESKL/PLA, ALE40/PLA, and ALE100/PLA) produced nanofibers,
but failed to generate tangible nanofiber mats, and therefore, their mechanical properties
could not be tested. However, the remainder of fibrous mats provides a cohesive represen-
tation of all lignin types sampled.
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DMA tensile tests were performed to obtain stress/strain curves for all tangible
nanofiber mats (Figures 7 and 8) in order to understand the impact of different lignins on
the mechanical properties of lignin/PLA blends. As expected, the addition of any of the
lignins to PLA resulted in the decrease in tensile strength, which has already been shown
in the literature [16,60,61]. Tensile strength exhibited a high positive correlation coefficient
with thermal behavior of lignins, Tg and T, (0.78 and 0.83), and overall varied across
samples, with SGL/PLA showing the highest tensile strength, followed by EIKL/PLA,
KL/PLA, and ALE60/PLA, with lowest tensile strength noted in the ASKL/PLA and
ALE100INS/PLA samples (Table 3). The inability of the ESKL/PLA, ALE40/PLA, and
ALE100/PLA blends to form mats that can be mounted in clamps for DMA testing was
also linked to their thermal behavior based on a combination of lowest Ty, Ty, T¢c, and
enthalpy of fusion (AHs) values compared to other samples.

1.84
1.6 4
1.4
S/ ——KUPLA
< 124 /) —— AIKL/PLA
g / ASKL/PLA
—— EIKUPLA
% 1.0 / ALEBO/PLA
/ —— ALE100ins/PLA
((9) 0.8 4 / SGL/PLA
w / PLA
& 06 /
[0}
0.4 4 —
02 //////
0.0 4 Y
-0.2 T T T T T
0 20 40 60 80 100
STRAIN (%)

Figure 8. Figure of comparison of stress/strain curves of all samples tested (including the PLA control).

Young’s modulus showed a strong positive correlation with the S/G ratio (r = 0.74) and
Tec (r=0.65) and a negative correlation with Ty, (r = —0.64). Alcell lignins were characterized
by the highest Young’s modulus and lowest elongation at break values, with ALE60/PLA,
which had the highest Young’s modulus of all samples and the lowest elongation at break,
exhibiting almost entirely brittle behavior, with no apparent plastic behavior before the
breakpoint (Table 3). This may be explained by the high S/G ratios found in hardwood
lignin (Table 1), which gives it a more linear structure, making it more rigid than the
softwood and herbaceous lignin, characterized by a more branched structure [38]. In
contrast, KL/PLA showed both a low Young’s modulus and low elongation at break
(Table 3). The brittleness and rigidity of samples, which contain high-S/G ratio lignin, stem
from the presence of fewer molecular chain entanglements, while fiber mats containing
low-S/G lignin are characterized by a higher degree of branching, leading to an increase in
chain entanglement, simultaneously improving mat flexibility.

In comparison, fractionated KL samples had the lowest Young’s modulus values,
but a high elongation at break (Table 3). This shows that using KL fractions resulted in
fiber mats that are a lot more ductile and stretch more before breaking, despite a drop in
mechanical strength.

It is important to note the moderate variance in fiber mat thickness across the samples
resulting from the use of a stationary electrospinning setup. However, no correlations
between the variance in thickness and mechanical properties were found (r = —0.23, —0.15,
and —0.37 for the relationship between thickness and tensile strength; Young’s modulus;
and elongation at break, respectively).
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In general, mechanical properties of switchgrass-derived CELF lignin were the most
optimal for applications where good strength, flexibility, and dimensional stability is
required, due to an excellent tensile strength, a low modulus, and a mid-to-high elongation
at break. Similar properties were also observed in softwood-derived KL samples, while
the use of hardwood-derived Alcell lignin resulted in drastically different mechanical
properties, forming stiff fiber mats with little elongation.

3.5. Contact Angle

Neat PLA and lignin are both hydrophobic, and in nearly every case, adding lignin
to PLA increased the hydrophobicity of fiber mats (Table 3; Figure 9). Most notably, the
samples containing ALE60 and the neat KL and SGL exhibited the strongest hydrophobic
performance, approaching superhydrophobicity (>150°) (Figure 9). The soluble and insol-
uble fractions of various lignin sources using different solvents did not appear to have a
consistent trend of increasing hydrophobicity—for example, AIKL did not increase contact
angle significantly, while ASKL did by ~15°, and conversely, ESKL did not significantly
increase contact angle while EIKL did, also by ~15° (Table 3; Figure 9). This might be due
to the difference in the hydrogen bonding capacity of both solvents (5 = 19.4 for ethanol
and oy = 7.0 for acetone), connecting ethanol’s higher hydrogen bonding capacity with
the more hydrophilic behavior of ESKL [28]. Additionally, acetone-insoluble Kraft lignin
was found to be more hydrophilic than the soluble fraction (Table 3), most likely due to a

comparatively higher relative total hydroxyl group content [26].

Figure 9. From left to right, sample water contact angle measurements of ESKL/PLA, neat PLA, and
ALE60/PLA.

While the Alcell lignin-containing samples did not show any clear patterns,
ALE60/PLA and ALE100ins/PLA had the highest contact angle measurements across
all samples. Overall, the hydrophobic performance of samples with the highest contact
angle measurements (KL/PLA, ASKL/PLA, EIKL/PLA, ALE60/PLA, ALE100ins/PLA,
and SGL/PLA) seems to correlate with their thermal properties, particularly with the
higher T, values (r = 0.45), and exhibits a moderate inverse correlation with the rela-
tive total hydroxyl group content (» = —0.43). Finally, it is expected that the surface
roughness and rigidity of the produced fiber mats also had a significant impact on
the hydrophobicity of the samples, driven by strong correlation with their Young'’s
modulus (r = 0.79).

The use of neat KL and SGL is the most efficient way to increase hydrophobic perfor-
mance of a blend in fibers, eliminating the additional fractionation step. However, there is
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a strong indication of increased hydrophobic performance originating from the samples
containing hardwood Alcell lignin, and hence, further research with regard to solvent
type and concentration during fractionation is necessary to optimize these parameters for
fiber applications.

3.6. Antioxidant Properties

While studies show that antioxidant properties in lignin depend on its plant source
and extraction method, the differences stemming from the different pretreatments were
found to play the major role in determining lignin material’s antioxidant capacity [62].

The presence of phenolic OH groups in lignin, which act as stabilizers in oxygen-
induced reactions, was shown to be responsible for its antioxidant properties [63-65].
There are four types of phenolic OH groups with different reactivities found in dif-
ferent lignin structural units: syringyl, noncondensed and condensed guaiacyl, and
p-hydroxyphenyl [66]. Hence, the biomass origin of lignin will dictate phenolic OH content
based on its composition, and the lignin extraction method can further alter it.

All lignin samples showed immediate initial antioxidant activity within 5 min
after the addition of 60 M DPPH solution in MeOH (Table 3). Pure DPPH-MeOH
solution was used as a negative control and ascorbic acid as a positive control. Samples
that contained KL or its fractions showed the highest antioxidant activity, which is
in alignment with the findings that Kraft lignin tends to possess the highest number
of phenolic hydroxyl groups. More specifically, AIKL/PLA and ASKL/PLA had the
highest initial activity, with the color of the sample after initiation of the assay being
close to the color of the ascorbic acid sample (Figure 10). Interestingly, some studies
show that ASKL contains more phenolic OH groups than AIKL, which clearly relates
to the higher antioxidant activity for ASKL/PLA between the two samples [26]. The
relative magnitude of the FTIR peak at 1265 cm ! (representing the C-O stretching of
the G ring) correlates with these results, with highest values recorded for KL and its
fractions, followed by SGL, and ending with lowest values for Alcell lignin samples.
Additionally, relative S/G ratios of all samples showed a strong negative correlation
coefficient (—0.84) with antioxidant activity, showing an inverse relationship between
the two, further reinforcing the importance of G unit presence in the structure for
excellent antioxidant performance. The exceptional antioxidant activity of KL and KL
fraction samples is most likely due to the condensation reactions of lignin structure
during Kraft pulping, yielding hard-to-decompose C-C bonds and new phenolic com-
pounds [38], further underlining the impact of the extraction method on the chemical

structure of lignin.

Figure 10. Different lignin/PLA nanofibers, neat PLA nanofibers, and ascorbic acid as positive
control,5 min after the addition of 60 uM DPPH solution to MeOH, and DPPH/MeOH solution as
negative control.

4. Conclusions

This study successfully demonstrated electrospinning of flexible lignin/PLA micro-
and nanofiber mats, incorporating lignins of different origins, isolation methods, and post-
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processing, and compared the structural, thermal, mechanical, and functional differences
between these samples. The key findings are summarized as follows:

(1) Lignin addition to PLA in biocomposite fiber mats resulted in increased electrical
conductivity and fiber diameter, reduced tensile strength, elongation at break, and
thermal transition temperature, as well as increased hydrophobicity, with the latter
showing a correlation with the Tj.

(2) Thermal properties of lignin/PLA samples were influenced by the hydroxyl content
in lignin and inversely related to its degree of crosslinking. However, thermal values
showed minimal variance across samples after lignin addition.

(3) Mechanical properties greatly varied by lignin type.

(4) While antioxidant activity was strong in all samples, it was highest in KL and its
fractions due to the highly alkaline conditions in Kraft pulping, which correlated with
phenolic OH content and, inversely, with the S/G ratio.

(5) KL/PLA and its fractions, EIKL/PLA and ASKL/PLA, exhibited high hydrophobicity,
while KL/PLA and EIKL/PLA also showed high tensile strength; ASKL/PLA was
characterized by a small fiber diameter, and the ESKL/PLA suspension had the
highest electrical conductivity.

(6) SGL/PLA showed a small fiber diameter, as well as the highest tensile strength,
coupled with a moderate modulus and elongation.

(7)  Alcell/PLA samples showed the largest fiber diameters, with ALE60/PLA exhibiting
the lowest elongation at break and the highest Young’s modulus, as well as the
highest hydrophobicity, followed closely by ALE100ins/PLA, which also had the
lowest conductivity in the suspension of all samples.

This study showed that fractionation of lignin is not necessary for the purpose of
achieving fiber spinnability, as was the case with the KL/PLA and SGL/PLA samples.
Flexible low-cost nanofiber mats with good functional properties can be, therefore, obtained
through a relatively fast, simple process without the use of heat. For example, SGL/PLA
fiber mats can be used in cost-efficient air filtration applications, where ductility and a small
fiber diameter are of essence. Alcell lignins/PLA fibers would be suitable for water filtration
and packaging systems where barrier properties, rigidity, and dimensional stability are
important. KL/PLA systems could be applied in biomedical products, such as in drug
delivery wound dressings, as well as in cosmetic care, such as in therapeutic face sheet
masks, where antioxidant benefits and ductility are valued.

However, fractionation of lignin can help tailor functional properties of such nanofiber
mats for specific end use. For example, insoluble Alcell lignin/PLA fibers can be applied in
battery separator membranes and supercapacitors where thermal stability, hydrophobicity,
and electrical insulation are necessary. Fibers containing soluble fractions of KL, on the
other hand, could be utilized in biosensors or other e-textile systems, in which electrical
conductivity is required.

While these findings present many opportunities, further research is needed to scale
lignin valorization effectively. First and foremost, the standardization of lignin as a feed-
stock is essential to ensure consistent quality and performance. In particular, the production
of lignin/PLA biocomposite fibers requires a robust multivariate analysis that considers
lignin isolation methods, biomass origins, and fraction, along with their corresponding
physical and chemical properties. In terms of fiber formation, the use of non-stationary
electrospinning setups could offer improved control over fiber mat uniformity and thick-
ness. To address challenges in mechanical performance, modification of lignin/PLA blends
or post-treatments—such as crosslinking—should be explored to enhance mechanical
properties. Additionally, developing fiber systems that incorporate custom lignin blends
tailored for multifunctional performance may unlock new levels of optimization. These
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approaches would support efficient lignin utilization and enable property-driven synthesis
for advanced applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/fib13090129/s1, Figure S1: Histogram of fiber diameter distribu-
tions for all lignin/PLA samples and neat PLA sample.
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Abbreviations

The following abbreviations are used in this manuscript:

CELF Co-solvent Enhanced Lignocellulosic Fractionation
AIKL Acetone-Fractionated Insoluble Kraft Lignin
ALE40 Alcell (40%) Ethanol-Soluble Lignin

ALE60 Alcell (60%) Ethanol-Soluble Lignin

ALE100 Alcell (100%) Ethanol-Soluble Lignin
ALE100Ins  Alcell (100%) Ethanol-Insoluble Lignin

ASKL Acetone-Fractionated Soluble Kraft Lignin
DCM Dichloromethane

DMA Dynamic Mechanical Analysis

DMF N,N-dimethyl formamide

DPPH 2,2-Diphenyl-1-picrylhydrazyl

DsC Differential Scanning Calorimetry

EIKL Ethanol-Fractionated Insoluble Kraft Lignin
ESKL Ethanol-Fractionated Soluble Kraft Lignin
EtOH Ethanol

FTIR Fourier Transform Infrared Spectroscopy

G UNIT Guaiacyl

H UNIT p-hydroxyphenyl
PLA polylactic acid
SGL switchgrass lignin
S UNIT syringyl
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