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rived from environmentally
benign, ethanol-fractionated corn-stover lignin†

Sagar V. Kanhere, ‡ Bronson Lynn, ‡ Mark C. Thies * and Amod A. Ogale §*

Corn stover (CS), the non-grain portion of corn, is among the top three agricultural residues produced

globally and the largest in the U.S. CS comprises 75% of all agricultural residues in the U.S. and is an

excellent non-food source of sustainable biomass. However, studies of its conversion into carbon fibers

are scarce because lignin derived from CS does not possess the needed purity and molecular weight

(MW) for precursor fiber spinning and final carbon-fiber properties. Through application of our Aqueous

Lignin Purification with Hot Agents (ALPHA) process aqueous ethanol was used to simultaneously clean

and fractionate corn-stover lignin to produce a liquefied precursor. Fractionation enabled higher MW

components to be used for successful dry-spinning of thin CS precursor fibers. Furthermore, the higher

MW also increased glass transition temperature of the precursor lignin, which reduced stabilization time

to 9 hours, an impressive four-fold improvement as compared to prior studies using unfractionated

corn-stover lignins. Carbon fibers from higher MW lignin fractions displayed a tensile strength of 1.0 ±

0.1 GPa, double that of previous carbon fibers derived from corn-stover lignin. These carbon fibers

possess a specific modulus of 48 GPa (g−1 cm3), about 50% greater than that of glass fibers, establishing

their novelty as a low-cost reinforcing material suitable for potential applications such as ultrahigh

temperature thermal insulation, electrostatic dissipation, and ablative composites.
Sustainability spotlight

Due to ethical concerns over the use of food-grade cellulose for biofuel and industrial products, non-food sources such as corn stover represent a truly world-
wide sustainable option. Corn stover is the agricultural residue produced from non-grain components of corn and comprises 75% of all agricultural residues in
the United States. Biorening the corn stover can yield about 20% lignin, which can be either burned for its caloric value or valorized for higher-value
applications. This study focused on the use of corn-stover-derived lignin to produce carbon bers that possess tensile and transport properties comparable
to that of current, rayon-based carbon bers, which nd application in ultrahigh temperature insulation and ablative composite applications. This research
aligns with UN SDGs # 9, 12, and 15 by successfully producing carbon bers from sustainable corn-stover lignin, ensuring responsible consumption of nonfood
natural resources that also does not lead to forest depletion.
1 Introduction

Lignin has the potential to be a low-cost and sustainable
precursor for carbon bers because of its low-cost, abundance,
and high carbon content.1–3 To date, most research has focused
on Kra lignin,4,5 produced as a by-product of the pulp and
paper industry. However, the non-grain portion of corn, corn
stover (CS), is among the top three agricultural residues
produced globally and the largest in the United States. Due to
ethical concerns regarding usage of food-grade corn grain as
and Films, Department of Chemical
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tion (ESI) available. See DOI:

the Royal Society of Chemistry
a feedstock for biorenery, there is an incentive to use corn
stover as the feedstock in bioreneries. Conversion of the
polysaccharide portion (70–75%) of CS to bioethanol in these
bioreneries has been technically successful, but low prot-
ability is hindering their commercial success. However, lignin is
produced as a waste stream of the process and can be burned
for its caloric value or, preferably, valorized into high value
products. Thus, the utilization of CS lignin (comprising ∼20%
of CS) for materials applications, such as carbon bers, is
frequently proposed as the path forward to commercially viable
lignocellulosic bioreneries.4,6,7

In most of the prior lignin-based, carbon-ber (CF) studies,
the precursor bers are produced via melt-spinning, using
lignin with lowmolecular weights. To reduce the impurities, the
starting raw lignin is dissolved in a solvent (or solvent mixture)
and is then ltered to remove the solid impurities. The resulting
soluble lignin fraction is thus a lower molecular weight (MW)
portion of the lignin. Unfortunately, this leads to unstable ber
RSC Sustainability, 2024, 2, 2357–2366 | 2357
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spinning, impractically long stabilization times, and carbon
bers with poor mechanical properties.8,9 In contrast, higher
MW lignins typically start to degrade before melting, making it
impossible to process using melt-spinning methods.

Considering the abundance of corn stover as a biomass
stream, it is reported that lignin valorization into high value
products would make an overall biorening process econom-
ical.10,11 Carbon bers are one such high value product, highly
sought aer for various composite reinforcement applications.
A prior study has reported on the production of carbon bers
from CS lignin.12 Raw CS lignin recovered via organosolv pro-
cessing (supplied by ADM) was puried with neat methanol,
which reduced the ash content of the soluble (and thus lower
MW) portion from 6.1 to 0.27 wt%. However, this lignin fraction
still had to undergo two-step acetylation in order to generate
a spinnable precursor. Subsequently, 40 hours were required to
stabilize the bers at the optimum acetylation level, with light
ber fusion occurring. The resulting carbon bers had a tensile
strength and modulus of 454 ± 98 MPa and 62 ± 14 GPa,
respectively. Similar tensile properties were reported with
switchgrass lignin-based CFs,13,14 but no other systematic
studies using only grass lignins have been reported in the
literature.

The Thies group15–17 has developed the Aqueous Lignin
Purication with Hot Agents (ALPHA) process, which exploits
the liquid–liquid equilibrium that can form when hot aqueous
organic solvents are mixed with raw lignins, to simultaneously
purify, fractionate, and solvate lignins.16 ALPHA was rst
applied to a sowood Kra lignin using hot aqueous acetic acid
(AcOH) as the solvent, with the higher MW, cleaned, and
liqueed-lignin phase being isolated in a single equilibrium
stage. This solvated lignin–AcOH–H2O phase was then dry-spun
into bers, producing the highest tensile strength (1.39 ± 0.2
GPa) carbon bers ever from neat lignins.18

ALPHA process was also applied to a hybrid poplar (HP)
hardwood lignin that had been recovered from the raw biomass
via alkaline pretreatment.19 However, the rst ALPHA stage had
to be dedicated to purication, which reduced the impurities in
HP lignin from 4 wt% (notably higher than we see in Kra
lignin) to 0.1 wt%. Ultraclean lignin fractions were generated,
with increasing molecular weight giving a corresponding
increase in glass transition temperature (Tg). Using the highest
HP lignin MW fraction, a ve-fold increase in stabilization rate
and a carbon ber tensile strength of 1.1 ± 0.2 GPa were ob-
tained, double that previously reported.19

For above studies, it is noted that melt-spining of bers was
not possible because the higher molecular weight fractions do
not melt. Instead, the precursor lignin bers were produced by
dry-spinning. Dry-spinning of lignin is now an established route
and has been documented in various prior literature studies
over the past many years.18–22 Hardwood as well as sowood
have been used in conjunction with solvents such as acetone,
acetic acid, ethanol, and dimethyl sulfoxide. In the current
study, the innate advantage of dry-spinning is that bioethanol
can be used for purication/fractionation of feed lignin, and
then again as the solvent for subsequent for dry-spinning of
lignin solution.
2358 | RSC Sustainability, 2024, 2, 2357–2366
Unfortunately, corn-stover lignin tends to possess elevated
levels of impurities (particularly carbohydrates, as grasses
contain a higher proportion of carbohydrates than woody
biomasses). Additionally, the molecular weight of the CS feed
lignin is dependent on pretreatment and recovery processes.
Impurity content and molecular weight of lignin are crucial
parameters that inuence the resulting carbon ber properties.
However, there is lack of understanding regarding how molec-
ular weight and impurities in CS lignin affect spinning, stabi-
lization, and properties of CS-lignin-based carbon bers.

Therefore, the overall goal of this study was to develop
carbon bers from ALPHA-processed corn stover lignin that was
chemically unmodied. The low impurity and high MW CS-
lignin fractions were obtained using ethanol, which is an
environmentally benign solvent that itself can be produced
from corn stover.23 The specic objectives of this study were to
(i) produce low impurity ALPHA-fractionated CS lignin samples
and dry-spin these into precursor bers using aqueous ethanol
as the primary solvent, (ii) convert CS lignin bers into carbon
bers, and (iii) study the structure–property relationships of the
resulting carbon bers.
2 Experimental
2.1 ALPHA solvents employed

Absolute ethanol (EMPARTA ACS analytical reagent, Supelco)
was purchased from VWR. Deionized water was produced from
an in-house Culligan system paired with a Milli-Q reference
system (Millipore Z00QSV0WW). These solvents were mixed in
various proportions to create the desired ALPHA solvent
compositions.
2.2 Generation of clean, higher MW lignin fractions via
ALPHA

Lignin was recovered from the CS biomass using an alkaline
pretreatment process described in detail in a prior study.24

Because this recovered lignin contained a high level of impu-
rities (i.e., 10% polysaccharides and 3% metals measured as
ash), it rst had to be cleaned using an ALPHA purication stage
as illustrated in Fig. 1. In particular, the lignin was mixed with
an 80/20 wt/wt% ethanol/water solution at a solvent-to-lignin
mass ratio (S/L) of 3 : 1 for 30 min in a Parr reactor at 60
(CS9.4K) or 75 °C (CS15K & CS20K). Two liquid phases formed,
one being a liqueed-lignin phase (L1) concentrated with
essentially all of the impurities, and the other being a solvent-
rich phase (S1) into which ∼80% of the lignin dissolved. The
reactor contents were then vacuum-ltered to ensure complete
separation of the insoluble impurities from the solvent-rich
phase. Details of the purication step are given elsewhere.24

Multistage ALPHA was then used to isolate three, higher MW
fractions from S1 for conversion into carbon bers. The rst
fraction, denoted as CS9.4K (i.e., with a number-average MW of
9.4 kDa), was the liqueed-lignin phase (LLF) that precipitated
when the ethanol concentration in S1 (originally at 80 wt%) was
reduced from 55 to 45 wt% ethanol by water addition at
ambient temperature (about 25 °C). Previous work24 had shown
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic of the ALPHA purification and fractionation process
used to produce the lignin precursors.
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that this cut would precipitate out the highest MW lignins; the
lower MW lignins that precipitated from 80 to 55 wt% ethanol
were not used.

The second lignin fraction, CS15K, was obtained by rst
adding water to S1 at ambient temperature to reduce the
ethanol concentration from 80 to 45 wt%, precipitating out an
LLF. A second ALPHA fractionation stage was then performed
on this LLF (aer drying it to obtain the neededmass balances),
by mixing it with a 42% EtOH/water solution at a solvent : lignin
(S : L) ratio of 9 : 1 and 65 °C for 30 min, which precipitated out
the LLF denoted as CS15K.

The third and highest MW fraction was obtained by also
applying a 2nd ALPHA stage to the equivalent of CS9.4K
produced from an S1 phase puried at 75 °C instead of 60 °C.
The same procedure as for the 2nd stage of CS15K was used,
except that a 6 : 1 S : L ratio and 37% EtOH were used to
precipitate out the LLF of CS20k. Higher temperatures for the
second ALPHA stages of CS15K and CS20K were selected with
the objective of precipitating out only the higher MWs in the
LLF and solubilizing most of the lower MW lignins in the
solvent phase.

2.3 Analytical characterization of lignins

Ash content of the starting bulk lignin and of the lignin frac-
tions was determined via thermogravimetric analysis (TGA),
performed on a TA Instruments Q5000 under air, using a 10 °
C min−1 ramp rate from room temperature to 750 °C. All mass
loss had ceased by 730–750 °C.

Polysaccharides (a.k.a. sugars) content of the lignins was
determined using an adaptation to the NREL/TP-510-42618
© 2024 The Author(s). Published by the Royal Society of Chemistry
method for structural carbohydrate content determination, as
detailed elsewhere.17 The absolute molecular weight (MW) of
the lignin fractions was determined via GPC-MALS (DAWN,
Wyatt Technologies). Gel permeation chromatography (GPC)
was used for the separation of the lignin moieties by molecular
weight, with the above MALS serving as the detector. The
complete MW procedure is detailed in our earlier study.24 Glass
transition temperatures of the various lignin fractions isolated
by ALPHA were determined by differential scanning calorimetry
(DSC), using an MDSC 2920 calorimeter (TA Instruments).
Heating–cooling cycles were carried out under an inert (helium)
atmosphere.
2.4 Dry-spinning of lignin fractions into precursor bers

Lignin fractions CS9.4K, CS15K, and CS20K (identied in terms
of their number-average molecular weight) were dry-spun from
ethanol/water solutions at 50–70 °C. Interestingly, these
conditions are similar to those where they formed as LLF's
during the liquid–liquid phase splits induced by ALPHA. Aer
mixing, the homogenous lignin–ethanol–water solution was
transferred into a preheated barrel tted with a spinneret and
a sintered metal lter. Dry spinning was carried out in a batch
spinning unit (Alex James Associates, Greenville, SC) operated
under constant throughput conditions and attached to a 12-
hole spinneret.
2.5 Stabilization and carbonization of lignin bers

As-spun bers were subjected to oxidative stabilization under
constant load in a programmable forced-air convection oven
(Memmert GmbH + Co, Schwabach, Germany). This is an
important step where the precursor material gets crosslinked
and prevents melting during subsequent heat treatment.25

Stabilized bers were carbonized using Astro 1000 (Thermal
Technology LLC) furnace under constant length.

Preliminary analysis showed that when bers were carbon-
ized at 750 °C, there was inadequate carbon layer formation. On
the other hand, at a carbonization temperature of 1500 °C, gross
defects were observed on the lateral surface of the carbon bers
that are detrimental for CF strength. These observations are
consistent with trends reported in prior studies, even for high
performance PAN-based carbon bers, that indicate the exis-
tence of a nominally optimal carbonization temperature (i.e.,
not too low but also not too high).26 For the current CS-lignin
based bers, 1000 °C was found to be an adequately high
carbonization temperature, and was used for all results re-
ported in this study.
2.6 Carbon ber characterization

To analyze the microstructure, micrographs of ber cross-
sections and lateral surfaces were obtained using Regulus
8230 Field Emission Scanning Electron Microscope. Raman
analysis of carbon bers was conducted using Renishaw inVia
Raman scope with a laser wavelength of 785 nm and laser power
of 25 mW focused using 50× lens at 10% power and calibrated
using Si crystal at 520 cm−1.
RSC Sustainability, 2024, 2, 2357–2366 | 2359
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Wide-angle X-ray diffraction experiments were conducted on
carbon bers using a Rigaku SmartLab powder diffractometer,
using CuKa radiation (0.15406 nm), and a Hypix3000 detector.
The data from Raman and XRD were analysed using Wire3.4
(Renishaw) soware and smoothed in Origin soware (Origin-
lab Corp.) using the Savitzky–Golay method.

Carbon bers were tensile-tested by following ASTMD 3822
standard using the MTI-1K tensile testing frame. Compliance
correction was performed using the ASTM C 1557-03 method to
obtain accurate tensile modulus results.27 Electrical resistivity
of the carbon bers was calculated from the resistance
measured across 10 mm long carbon bers.28,29 Accurate cross-
sectional area of the bers was measured from SEM images of
the individual lament cross-section; nominal/equivalent
diameters calculated from the measured cross-sectional areas
are reported for reference purposes.
3 Results and discussion
3.1 Lignin purication, fractionation, and characterization

As displayed in Table 1, impurities (i.e., ash and sugars) in the
CS Feed Lignin exceeded 12%. Grass-based lignins are noto-
rious for having the highest impurities levels among the three
types of lignin.30–32 In previous work with hardwood17 and so-
wood33 lignins, impurities levels were one-quarter and one-
tenth, respectively, of the levels seen with CS lignin. Thus, the
three schemes depicted in Fig. 1 were used to both clean and
fractionate the CS feed lignin to purity and MW levels such that
they would be expected to serve as acceptable precursors for
carbon bers.

In all three schemes, the rst stage shown is for purication.
Here, most impurities were removed in the denser, liqueed-
lignin phase L1 that formed during the liquid–liquid phase
split, with most of the lignin (containing few impurities) dis-
solving in solvent phase S1. Conditions for each purication
stage (see Section 2.2), to both maximize lignin solubility/MW
and minimize impurities solubility in S1, were selected based
both on previous work with hybrid poplar lignin17 and from
preliminary experiments with CS feed lignin. For Scheme A, our
goal was to isolate the highest MW lignin fraction using but
a single equilibrium stage. Previous work17,24 has shown that
when the ethanol concentration was reduced from 55 to 45 wt%,
the highest MW portion of the lignin feed would precipitate out
as a liqueed-lignin phase (LLF), circled in the gure as
“CS9.4K”. Table 1 indicates that the increase in MW (to 9.4 kDa)
was relatively modest; on the other hand, more than an order-
Table 1 Properties of lignin-fraction precursors prepared via the ALPHA

Lignin fraction ID
Number average
molecular weight (kDa)

Glass transition
temperature Tg

Feed lignin 7.3 —
CS9.4K 9.4 154
CS15K 14.8 160
CS20K 20.3 173

2360 | RSC Sustainability, 2024, 2, 2357–2366
of-magnitude reduction in impurities was obtained vs. the
feed lignin.

Thus, a 2nd fractionation stage was added in Scheme B to
isolate a higher MW fraction. For the 1st fractionation stage, all
LLF samples that precipitated were collected (circled as “2nd
stage feed”) when water was added to S1 aer Purication to
reduce the ethanol concentration in S1 from 80 to 45%. This cut
included both the medium and higher MW lignins. A 2nd
ALPHA fractionation stage using a 37% EtOH/water solution at
65 °C and a S/L ratio of 9 : 1 was then used both to purify and
extract away the lower and med MW lignins, leaving the higher
MW's in the 2nd stage LLF. As displayed in Table 1, CS15K was
the purest CS fraction isolated, and the MW was double that of
the CS feed. Note that the yield and the MW increased over
CS9.4K, due to the larger “pool” of lignin fed to the 2nd stage,
which included lignins that precipitated from 80 to 55%
ethanol.

In Scheme C, purication was carried out at a higher
temperature of 75 °C to extract as much lignin from the feed as
possible. For the rst fractionation stage, only the highest MW
portion of the lignin was isolated, which precipitated out in the
55 to 45% EtOH range (as shown in Scheme A). That LLF then
served as the “2nd stage feed” to the 2nd ALPHA fractionation
stage, which operated at 65 °C, with a solvent feed of 42 wt%
EtOH and an S/L ratio of 6/1. Notably, Table 1 indicates that this
last scheme also generated a high-purity lignin, one with almost
triple the MW of the lignin feed.
3.2 Corn stover lignin bers

3.2.1 Dry-spinning of precursor bers. Using the same
ethanol/water solvent system employed for ALPHA fraction-
ation, liquied lignin solutions were subjected to dry spinning.
Due to reduced ash and sugars impurities, all three fractions of
CS lignin could be extruded through the spinneret capillaries
and drawn into thin bers on the roll as shown in Fig. 2(a). Dry
spinning is a process where ber drawing and solvent evapo-
ration happen simultaneously.20,21,34–39 Therefore, the tempera-
ture of the lignin solution is a crucial factor for successful
spinning of a given solution. SEM micrographs of CS lignin
bers dry-spun at a low temperature of about 55 °C are shown in
Fig. 2(c). These precursor bers did not have cracks on the
surface but had only mild crenulations on the surface. As the
solution temperature increased beyond a solution temperature
of 65 °C, bers became too brittle to draw down and resulted in
ber breakage. This is likely due to rapid solvent out-diffusion
leading to the formation of a hard skin that did not allow
process

(°C)
Ash content
(wt%)

Sugars
(wt%) Yield (% of feed lignin)

2.9 9.5 —
0.25 0.3 17
0.05 0.1 20
0.07 0.2 15

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Dry-spinning of CS-lignin: (a) fibers (dark brown) collected on
the draw-down roll; (b) SEM micrograph of as-spun fibers showing
cracks on the lateral surfacewhen spun at higher temperatures; and (c)
SEM micrograph of as-spun fibers with crenulations on the surface.
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ber extension due to the dried outer skin. As shown in
Fig. 2(b), cracks were observed on the lateral surface of the as-
spun bers spun at a spinning temperature of 70 °C. Thus,
the optimum dry spinning solution temperature range was
found to be between 50 and 60 °C, conveniently close to that of
the ALPHA fractionation temperature.

The highest drawdown ratio, an indicator of successful ber
formation, achieved for cleaner CS20K lignin was 6, whereas for
higher impurity containing CS9.4K it was only 4. Drawdown
increased with solution temperature until the temperature
reached 60 °C, aer which drawdown was poor and bers were
brittle. The ber surface dried out faster with an increase in
temperature, hindering ber drawdown, which is consistent
with literature modeling and experimental observations.34,35
Fig. 3 SEM micrographs of CS20K fibers dry-spun at temperatures of (a

© 2024 The Author(s). Published by the Royal Society of Chemistry
The spinning temperature impacts not only the drawdown
but also the ber shape. As shown in Fig. 3(a), bers spun at 67 °
C have sharp curvature with doubly convex surfaces forming
a sharp crevice. As the solution temperature was reduced to 62 °
C, the ber surface and crenulations became smoother as dis-
played in Fig. 3(b). Fibers spun at the lowest temperature of 57 °
C, displayed in Fig. 3(c), did not show any signicantly curved
surfaces. Thus, for dry-spinning performed at higher tempera-
tures, ber cross-section displayed sharper curvature and
crenulations on the ber surface. However, at temperatures
lower than 50 °C, phase separation of the lignin from solution
occurred, making it impossible to produce bers.

Above observations are consistent with those reported in
prior dry-spinning studies.22,34,36 Although crenulations lead to
increased surface area for matrix bonding in composites, sharp
crenulations can also lead large stress concentrations as
compared to more circular shaped bers.40 Thus, to produce
bers without sharp crenulations, moderately high solution
temperatures are desirable.

Overall, the dry-spinning of fractionated CS lignin solution
was successfully conducted at temperatures between 50–60 °C
for all three fractions. As-spun ber diameter ranged from 20 to
35 mm (nominal), with the highest drawdown ratio being 6.

3.2.2 Thermo-oxidative stabilization. To enable conversion
of as-spun CS lignin bers into carbon bers, CS bers must be
“stabilized” (i.e., crosslinked within). The stabilization time
depends on lignin glass transition temperature and reactivity.
During the stabilization process, it is critical that bers retain
their shape and do not fuse. Thus, the heating rate needs to be
slow enough such that the ber (oven) temperature remains
below the glass transition temperature of lignin throughout the
stabilization step.

As displayed in Table 1, as the molecular weight of the
fractionated lignin increased from 9.4 kDa to 15 kDa to 20 kDa,
the glass transition temperature increased from 154 °C to 160 °
C to 173 °C, respectively. Thus, as expected, glass transition
temperature increased with an increase in molecular weight of
CS lignin. This conrms that the fractionation of CS lignin led
to an increase in glass transition temperature, consistent with
prior observations.12,19,41

Lower molecular weight CS lignin (CS9.4K and CS15K) bers
could be stabilized without any observable ber fusion using
a slow 0.25 °C min−1 ramp rate. A faster rate of 0.5 °C min−1 led
to lignin ber fusion because ber temperature exceeded (or
) 67 °C (b) 62 °C, and (c) 57 °C.
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Fig. 4 SEM micrographs of the cross-section of CFs carbonized at 1000 °C and produced using (a) CS9.4K; (b) CS15K (c) CS20K.

Fig. 5 Raman spectra of CFs carbonized at 1000 °C from various CS
lignin fractions.
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approached) its Tg and the lignin soened. Then the increased
molecular mobility allowed self-diffusion of lignin segments at
the ber surfaces, which led to partial sticking of bers to each
other. It is emphasized that precursor ber fusion is extremely
detrimental to resulting carbon ber strength because the
fusion spots create surface defects that lead to reduction of ber
strength. In contrast, the highest molecular weight lignin
(CS20K) could be stabilized using rates as fast as 0.5 °C min−1

because its Tg was higher to begin with, and stayed higher than
the ber temperature even at the higher heating rate. Thus, the
stabilization time required for CS20K was only 9 h, whereas it
was double (18 hours) for CS9.4K and CS15K.

Increased Tg of precursor lignin due to fractionation allows
lignin to remain in a glassy state at higher temperatures.
Therefore, the stabilization reaction can take place at a higher
temperature without ber fusion for CS lignin with higher Tg.
Furthermore, the rate of reaction has an exponential depen-
dence on the temperature, drastically reducing the time
required for a complete lignin crosslinking reaction.

As compared to the stabilization times reported for stabili-
zation of corn-stover lignin in prior literature studies,12 the
current results represent a four-fold reduction in time, i.e.,
a four times faster process, a requirement for the overall carbon
ber process to be economical and scalable. Thus, a stabiliza-
tion time of 9 h achieved in this study (and the rst report of
a grass lignin stabilization time under 10 h) was enabled by an
increase in glass transition temperature due to increased
molecular weight via ALPHA lignin fractionation.

3.2.3 Carbonization. Stabilization extent and precursor
suitability is important for successful carbonization process.
Fig. 4(a–c) show representative SEM micrographs of ber cross-
sections of CFs produced from different lignin fractions. As
evident from the SEMs, CFs did not possess any detectable
holes in the cross-section. Carbon bers also did not show any
evidence of fusion with neighboring bers, underscoring the
successful stabilization process. Thus, ALPHA-fractionated, CS-
lignin-based bers were successfully carbonized at 1000 °C
without fusion or gross defects.

The carbon yield of these CS-lignin precursors, as measured
by thermogravimetric analysis (following ASTM 1131-20 stan-
dard), were nominally 34.6, 35.3 and 37.4 wt%, (differences
statistically not signicant). This is not surprising because these
fractions were obtained using the ALPHA process, which is
2362 | RSC Sustainability, 2024, 2, 2357–2366
a separation technique. Because ALPHA fractionation does not
involve any chemical reaction of lignin, the chemical moieties
in various fractions were not expected to be different, and the
carbon content too was not expected to be different. Overall,
these yields were consistent with similar values of 35 wt% re-
ported in prior literature studies for lignins, but slightly lower
than that observed for other precursors, namely, PAN (45 wt%)
and mesophase pitch (75 wt%).42
3.3 Carbon ber characteristics

3.3.1 Raman spectroscopy. Fig. 5 displays Raman spectra
of CFs produced from CS9.4K-, CS15K-, and CS20K-lignin frac-
tions and carbonized at 1000 °C. The G and D peaks were
nominally located at 1580 and 1320 cm−1, consistent with prior
results on lignin-based carbon materials.43 The IG/ID ratios, an
indication of carbon layer order, were 0.24 ± 0.05, 0.24 ± 0.08
and 0.23± 0.05 for the CFs produced from CS9.4K-, CS15K-, and
CS20K-lignin grades, respectively. These ratios did not show any
statistically signicant difference among CFs produced using
different CS lignin molecular weights. As compared with Id/Ig of
PAN- or pitch-based carbon bers (0.7 and 1.0, respectively29,44),
current IG/ID ratios are signicantly smaller, indicating a lack of
signicant graphitic (crystalline) development. The corre-
sponding predicted in-plane crystallite size La‖ values using the
correlation proposed by Cançado et al.45 were estimated to be 18
± 4, 18 ± 6, 17.9 ± 4, nm for the CFs produced from CS9.4K-,
CS15K-, and CS20K-lignin grades, respectively. These values are
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 WAXD diffractograms of CFs carbonized at 1000 °C and derived
from various CS lignin fractions.
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generally consistent with those reported in previous studies on
sowood kra lignin bers (20–24 nm).39 However, these in-
plane crystallite lengths are much smaller than those found
in highly graphitic mesophase pitch-based carbon bers (up to
160 ± 5 nm).29

3.3.2 Wide-angle X-ray diffraction (WAXD). Fig. 6 displays
wide-angle X-ray diffraction spectra of CFs carbonized at 1000 °
C from different CS lignin fractions. The accuracy of 2-theta
location was validated using a NIST-grade Si standard; d002 was
observed at 28.4°, which is consistent with the specication.29,39

For various lignin precursor fractions (CS9.4K, CS15K, and
CS20K), CFs carbonized at 1000 °C showed a broad peak
centered around 23°, indicating very low graphitic development
as a consequence of signicant disorder in the carbon structure.
The d002 spacing was estimated using Bragg's law to be 0.385,
0.378 and 0.382 nm for CFs produced from CS9.4K, CS15K and
CS20K lignin, respectively.46 This value is not only much larger
than the d-spacing of 0.3354 nm observed for graphitic carbon
but also larger than 0.343 nm observed for turbo-stratic carbon
layers in PAN-based CFs. From these WAXD spectra, the stack-
ing height (Lc) was estimated to be about 0.7 nm using Scher-
rer's equation, much smaller than CFs from PAN and pitch
precursors (about 4 nm, and 20 nm, respectively29,47). This small
stacking height of layer planes (equivalent to only a few carbon
layers) is consistent with prior literature results39,43 as well as the
Raman results presented in the prior section that indicated
a low level of graphitic development.

3.3.3 Tensile properties. Tensile strength of CS-lignin
based carbon bers is displayed in Table 2. Both CS9.4K and
CS15K-based CFs with an equivalent diameter of 14.0 ± 1.3 and
13 ± 2 mm (no statistically signicant difference) displayed
a tensile strength of only 0.6 ± 0.1 GPa. CS20K-based CFs of
similar diameter (12 ± 1 mm) possessed a higher tensile
Table 2 Summary of CS-lignin-based carbon fiber characteristics

Precursor lignin
ID

CF equivalent
diameter (mm)

CS9.4K 14 � 1
CS15K 13 � 2
CS20K 12 � 1

© 2024 The Author(s). Published by the Royal Society of Chemistry
strength of 1.0 ± 0.1 GPa. A few individual laments displayed
a tensile strength as high as 1.2 GPa. Compliance corrected
modulus of CS20K-based CFs carbonized at 1000 °C was
measured at 82 ± 8 GPa. This modulus value is the highest ever
reported for carbon bers derived from grass lignins, and also
rivals that of E- and S-glass bers (70–85 GPa).48

The density of CS-lignin-based CFs was measured to be
about 1.7 g cm−3, which is comparable to PAN-based carbon
bers (T300, 1.76 g cm−3) but much lower than highly graphitic
mesophase pitch-based carbon bers (2.1 g cm−3).49,50 Thus, the
specic strength of the current carbon bers was determined to
be nominally 0.6 GPa (g−1 cm3). The specic modulus was
48 GPa (g−1 cm3), which is about 50% higher than that of glass
bers. It is noted that at 1.7 g cm−3, current CFs are almost 30–
40% lighter than glass bers, whose density is about
2.6 g cm−3.48 Both specic tensile properties of CS lignin-based
CFs are higher than those of conventional structural materials
such steel51,52 [specic strength z0.1–0.3 GPa (g−1 cm3),
modulus z18–25 GPa (g−1 cm3)] and aluminum53 [specic
strength z0.2 GPa (g−1 cm3), modulus z28 GPa (g−1 cm3)].

3.3.4 Electrical resistivity. Electrical resistivity values of CS-
lignin-based CFs carbonized at 1000 °C are also listed in Table
2. CS9.4K-based CFs has a higher electrical resistivity of 77 ± 15
mU.m, which moderately reduced to 49 ± 6 mU.m for CS20K-
based CFs. The electrical resistivity values are similar to those
reported for other lignin-based carbon bers.39,43 However,
these electrical resistivity values are much higher than those of
pitch- or PAN-based carbon bers.50,54 Higher electrical resis-
tivity values (i.e., lower electrical conductivity) are generally
consistent with the disordered carbon structure indicated by
Raman spectroscopy and X-ray diffraction results. Due to the
disordered carbon structure of CS lignin-based CFs, electrical
resistivity is comparable to that of rayon-based CFs. Rayon-
based carbon bers have a tensile strength of 1.1 GPa and
electrical resistivity ranging between 45 and 55 mU m.55,56 The
relatively high values of electrical resistivity (i.e., low conduc-
tivity) of current corn-stover-based carbon bers are similar to
those of rayon-based CFs and suggest potential application as
reinforcing bers for high temperature thermal insulation and
ablative composites.55,57

Although these CS-based carbon bers were less electrically
conducting than graphitic ones, they are still electrically con-
ducting. This is a major advantage over glass bers that are
electrically nonconducting. Thus, the current carbon bers can
potentially be used in applications such as battery electrodes,
electrostatic dissipation (ESD) and electromagnetic interference
(EMI) shielding, when glass bers cannot. Further, the use of
nonfood agricultural by-products as the starting precursor is the
CF tensile strength
(GPa)

Electrical resistivity
(mU m)

0.6 � 0.1 77 � 15
0.6 � 0.1 65 � 10
1.0 � 0.1 49 � 6
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major environmental benet of the carbon bers developed in
this research.
4 Conclusions

This study has established for the rst time that if CS lignin
(which in its raw state is laden with impurities and is of rela-
tively low MW) is cleaned/fractionated via the ALPHA process
using ethanol/water solutions, the resulting higher-MW lignin
fractions can be dry-spun into precursor bers using the same
renewable solvent system. Interestingly, solids content and
temperatures used for dry-spinning are similar to those used to
isolate the lignin fractions via ALPHA.

By doubling the molecular weight of the lignin fraction via
ALPHA, the total time required for stabilization was reduced by
50% (i.e., from 18 to 9 h), a major accomplishment. Carbon
bers were successfully carbonized at 1000 °C, i.e. carbonized
bers do not show any evidence of fusion or gross defects.
Furthermore, a higher molecular weight precursor lignin
generated by ALPHA not only improved the stabilization rate
but also led to a higher tensile strength of 1.0 ± 0.1 GPa, which
represents almost 100% improvement over that previously re-
ported for CS-lignin-based CFs, in which the starting lignin had
to be chemically modied (acetylated).12 The compliance-
corrected modulus of the CS-lignin-based CFs, 82 + 8 GPa, is
on par with that of E-glass bers, a common reinforcement
glass ber grade.58–62

Microstructural analysis showed that CS-lignin-based CFs
have a signicantly disordered carbon structure, yielding an
electrical resistivity of 49 ± 6 mU m, similar to that of rayon-
based carbon bers. Although the tensile strength of carbon
bers produced in the current study is not high enough for use
in high-strength structural composites, these bers have been
produced from sustainable sources and possess environmental
benets, as discussed above.62,63 They are of value in potential
applications such as ultrahigh temperature thermal insulation
or for non-structural applications such as battery electrodes and
ESD- and EMI-shielding, where strength is not the critical
property.
Data availability

The data supporting this article have been included as ESI.†
Author contributions

Conceptualization, M. C. T. and A. A. O.; methodology, S. V. K.
and B. L.; validation, S. V. K. and B. L.; investigation, S. V. K. and
B. L.; writing – original dra S. V. K. and B. L.; writing – review
and editing S. V. K., A. A. O., B. L. and M. C. T.; supervision A. A.
O. and M. C. T.; funding acquisition M. C. T. and A. A. O.
Conflicts of interest

There are no conicts to declare.
2364 | RSC Sustainability, 2024, 2, 2357–2366
Acknowledgements

This work was supported by the U.S. Department of Energy,
Bioenergy Technologies Office (BETO) under agreement No.
EE0008502. Partial equipment support was provided by the
Center for Advanced Engineering Fibers and Films. The authors
would like acknowledge help received from Vill}o Bécsy-Jakab
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