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ABSTRACT: Composite fibers comprised of lignin, polyacrylonitrile (PAN), and carbon nanotubes (CNT) were successfully
fabricated by gel-spinning technology. Wide angle X-ray diffraction (WAXD), infrared spectroscopy, and thermal
characterizations were used to identify the effects of lignin and CNT on the physical structure and stabilization process of
gel-spun precursor fibers. PAN, PAN/lignin, and PAN/lignin/CNT precursors have been converted to carbon fibers under
identical stabilization and carbonization conditions. When carbonized at 1100 °C, PAN/lignin carbon fiber exhibits comparable
mechanical properties to PAN carbon fiber. Raman spectroscopy studies suggested differences between the carbon fibers when

lignin and CNT's were incorporated.
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B INTRODUCTION

Carbon fibers have excellent mechanical properties and
relatively low density and are therefore employed as reinforcing
materials in aerospace structures, windmill blades, sport
equipment, and automotive applications. With its versatility,
the carbon fiber demand has been growing steadily."* Today,
polyacrylonitrile PAN-based fibers are the most dominant
precursor of carbon fiber, and the cost of PAN fibers
contributes 30% to 50% to the carbon fiber cost.’
Biomacromolecules have been considered as alternative
precursor fiber candidates. Early carbon fibers (in the 1960s)
were produced from cellulosic fibers such as rayon. However,
due to relatively low properties, rayon-based carbon fibers are
no longer commercially manufactured. As the byproduct of the
pulp and paper industry and also the second most abundant
biomacromolecule on earth, lignin has been proposed as a cost-
effective alternative for a carbon fiber precursor as a renewable
feedstock.” However, mechanical properties of the lignin-
based carbon fibers to date are relatively low, as compared to
the PAN-based carbon fibers.””” Lignin fibers are typically
processed by melt spinning, while PAN fibers are processed
from solution.”” To integrate the advantages of the good
mechanical performance of PAN and the cost advantage of
lignin, PAN/lignin blend fibers have been spun.lo’11 However,
it has been reported that incorporating lignin into polymer
composites could result in lower mechanical properties. Melt-
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extruded polyethylene and polypropylene with lignin (up to 30
wt %) exhibited lower tensile strength with increasing lignin
content."> Melt-spun PLA/lignin fibers also showed decreasing
tensile strength and modulus values when lignin content was
increased up to 90 wt %."” Industrial feasibility of solution-spun
PAN/lignin carbon fiber production was investigated by Zoltek
in partnership with Weyerhaeuser under a DOE-funded
program.M’15 PAN/lignin precursor fibers with different lignin
content (up to 45%), PAN molecular weights, and solution
solid contents were reported.* Although carbon fibers up to 25
wt % lignin were in successful production to meet targeted
properties, mechanical performance of composite carbon fibers
were still lower than those reported for the control PAN carbon
fibers due to increasing microvoids in composite fibers with
increasing lignin content.*'®
attributed to low solution viscosities, type of lignin employed,
and phase separation during coagulation.” Pores in PAN/lignin
fiber were also observed in a more recent study as well."”
Additionally, batch thermal oxidation studies suggested
significant differences in the stabilization process between
PAN and PAN/lignin composite fibers."*'” However, under-

Possible causes of voids were
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standing of the lignin interaction with polymers and its
conversion process to carbon is still limited."

Carbon nanotubes (CNTs) have been known for influencing
mechanical properties, thermal shrinkage, polymer orientation,
and crystal size, as well as thermal and electrical conductivity of
both gel-spun PAN precursors and carbon fibers."”>* In 2011,
Baker et al. reported melt-spun lignin/CNT fibers.”> Although
no mechanical properties were originally provided, in a later
study, enhancements in tensile strength and tensile modulus for
both precursors and carbon fibers were reported with the
addition CNTs.” However, absolute mechanical property values
were not reported. More recently, Teng et al. reported
electrospun softwood kraft lignin/CNT/poly(ethylene oxide)
(PEO) and lignin/PEO composite fibers and their carbonized
products.”® Solids including 1—6 wt % of CNT were prepared
in dimethylformamide, and PEO (1 wt %) was added to
improve spinnability. Tensile strength and modulus of the
lignin/CNT/PEO precursor were lower than those for the
corresponding values for lignin/PEO products when CNT
loading was more than 4 wt %, and tensile strength and moduli
of carbonized lignin/CNT/PEO were lower than those of
lignin/PEO carbon fiber mats in all cases. Lower mechanical
properties of carbon fiber mats with the addition of CNT were
reported and attributed to poor interfacial interaction as shown
from debonding between CNT and the surrounding matrix
according to TEM images of thermally stabilized and
carbonized products.”® Teng et al. further reported that lignin
from different treatments or fractionations could critically affect
intermolecular interactions with CNTs in solution.”” However,
the interactions between lignin and CNT during fiber spinning
and in the final fiber remain unclear and are of interest in the
current study.

In this work, the authors present both PAN/lignin and PAN/
lignin/CNT precursor systems and their carbon fibers utilizing
gel-spinning technique. This study is an attempt to understand
the PAN/lignin and PAN/lignin/CNT precursors and to
investigate the effects of lignin on polymer fiber structure and
thermal stabilization and carbonization behavior in order to
fully understand PAN/lignin and PAN/lignin/CNT systems
for industrial practice. Processing parameters, structure and
thermal characterization, and mechanical performance are
reported, and the effects of lignin and CNT on the fiber
structure and precursor as well as carbon fiber fabrication
process are discussed.

B EXPERIMENTAL SECTION

Materials. Sulfur free, annual plant lignin powder (Protobind
2400) from the soda pulping process was provided by GreenValue
(Media, PA) and was selected for composite fiber processing based on
previouslgr reported favorable properties of the PAN/lignin blend
films.""** Homopolymer polyacrylonitrile (250000 g/mol) was
acquired from Exlan Co. (Japan), and multiwalled carbon nanotubes
with an average diameter of 21.0 + 3.1 nm were purchased from
CheapTubes.com (Brattleboro, VT).”> DMAc was obtained from
Sigma-Aldrich Co. and used as received. As-received lignin powder
(ash content ~1%) was washed with diluted HCI and distilled water
repeatedly until the ash content was lower than 0.3%. Washed lignin
was then dried under vacuum at 60 °C overnight before use.

Solution Preparation. Three types of solutions (PAN, PAN/
lignin, and PAN/lignin/CNT) were prepared for spinning. For the
PAN solution, 14 g of PAN was dissolved in 100 mL DMAc at 80 °C.
For the PAN/lignin solution, 14 g of PAN and 6 g of lignin were
mixed and then dissolved in DMAc at the same conditions. To prepare
for the PAN/lignin/CNT composite solutions, a total of three CNT
batches were added separately into the PAN/lignin solution. Each
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CNT batch was prepared in DMACc at a concentration of 250 mg/300
mL under 24 h of sonication (Cole-Parmer 8891R-DTH, 80 W, 43
kHz). PAN (17.5 g) and lignin (7.5 g) solids were dissolved in 100 mL
of DMAc at 80 °C before the CNT batches (total solid of 0.75 g) were
added. The weight ratio for PAN/lignin and PAN/lignin/CNT were
70:30 and 70:30:3, respectively. Excessive DMAc solvent from the
CNT batches were evaporated by vacuum distillation. All prepared
solutions were maintained at 60 °C before spinning.

Fiber Spinning. Fibers were gel-spun through a spinnerette with a
200 pm diameter hole on a spinning system built by Hills, Inc. PAN
and PAN/lignin/CNT fibers were spun at the spinning temperature of
85 °C, while PAN/lignin fiber was spun at 60 °C for better
spinnability, as this fiber exhibited poor spinnability at 85 °C. The
solid contents of PAN, PAN/lignin (70/30 weight ratio), and PAN/
lignin/CNT (70/30/3 weight ratio) for successful fiber spinning were
14, 20, and 25.75 g/dL, respectively. Fiber spinning for PAN/lignin
(70/30 weight ratio) was also attempted at a lower solid content of 14
g/dL, and for PAN/lignin/CNT (70/30/3 weight ratio), it was
attempted at 14 and 20 g/dL concentrations and was not successful.
Note that for the PAN/lignin blend, the solid content for fiber
spinning was notably higher than that for the homopolymer PAN, but
the solution temperature at which the PAN/lignin blend fiber could be
spun was lower than that for the PAN or the PAN/lignin/CNT blend.
This was the first indication of the interactions between PAN/lignin
and PAN/lignin/CNT. As shown in the Results and Discussion
section, spectroscopic (FTIR and Raman) as well as physio-
mechanical (DSC, TMA, DMA) methods provide further evidence
of interaction in these binary and ternary blends.

All fibers were spun into methanol coagulation bath maintained at
—50 °C with an air gap of 3 cm. As-spun fibers were stored in a
methanol bath at —30 °C for over 12 h and subsequently drawn at
room temperature followed by drawing in a glycerol bath at 165 °C.
While the max draw ratio of PAN fiber could reach over 20, the max
draw ratio of PAN/lignin fiber was 13. With the incorporation of
CNT, the max draw ratio of PAN/lignin/CNT fiber was improved to
20. In this study, for a meaningful comparison between the three types
of fibers, a draw ratio of 13 was selected for all fibers. Dynamic
mechanical analysis was performed on the precursor fiber at 0.1, 1, and
10 Hz frequencies using RSA III solids analyzer. Thirty-filament
bundles were used for the test at a 25.4 mm gauge length with a
heating rate of 1 °C/min from 30 to 200 °C. Thermal shrinkage was
studied via a thermo-mechanical analyzer (TMA Q400, TA Instru-
ments) at a stress of 10 MPa with a heating rate of 0.5 °C/min to 280
°C. Tensile properties were tested via FAVIMAT on single filaments at
a 254 mm gauge length. The strain rates for tensile testing for
precursors and carbon fibers were 1%/s and 0.1%/s, respectively. For
each trial, more than 15 samples were tested. Differential scanning
calorimetry was conducted on the precursor fibers (TA Instrument
Q200) in an oxidative environment of an air flow of 50 mL/min and at
a heating rate of S °C/min. To study the fiber structure, WAXD
patterns were obtained by a Rigaku Micromax-002 and Rigaku IV++
detecting system with operating parameters of 45 kV, 0.65 mA, and A
= 1.5418 A. Diffraction patterns were analyzed using AreaMax V1.00
and MDI Jade 6.1. For each sample, peak analysis was performed more
than once to exclude experimental errors. FTIR spectra of the
precursor and stabilized fibers were collected on Spectrum One from
PerkinElmer with a resolution of 4 cm™. A tube furnace (Lindberg,
51668-HR, Blue M Electric) was used for fiber stabilization and
carbonization. Raman spectra of carbon fibers were obtained using a
785 nm laser on a Raman microscope system from HORIBA Scientific.
For Raman spectroscopy, carbon fibers were mounted onto paper tabs
and fixed with cyanoacrylate adhesive at both ends. Raman spectra
were taken with an objective of magnitude 100X at 5.6 mW laser
power with an exposure time of 12 s in the VV mode, and the fiber
samples were aligned parallel to the polarizer and analyzer. PeakFit
software was used to analyze the acquired Raman spectra with
Gaussian—Lorentzian curve fitting. SEM images were collected using a
Zeiss Ultra 60 FE-SEM at an accelerating voltage of 2 kV.
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B RESULTS AND DISCUSSION

Effects of Lignin on Polymer Packing and Orientation.
The WAXD patterns of the as-spun fiber with a draw ratio
(DR) of 2 and a precursor with total DR of 13 are shown in
Figures 1 and 2, respectively. The structural parameters of as-

(b)

Figure 1. WAXD patterns of the as spun precursors (DR = 2) of (a)
PAN, (b) PAN/lignin, and (c) PAN/lignin/CNT fibers.
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Figure 2. WAXD patterns of precursor fibers (DR = 13) of (a) PAN,
(b) PAN/lignin, and (c) PAN/lignin/CNT fibers.

Table 1. Structural Parameters of PAN and PAN/Lignin/
CNT Precursors

draw ratio = 2 PAN PAN/lignin ~ PAN/lignin/CNT
crystallinity” (%) 53 49 52
126 ~ 17°° (nm) 3.6 3.0 3.1
Foan® 0.57 0.55 0.54
d-spacing (20 ~ 17°) (A) 5.28 5.26 523
d-spacing (20 ~ 30°) (A) 3.19 322 3.19
20 eridional scan (d€g) 39.65 39.86 3943
dy7e/dsge 1.656 1.635 1.640
draw ratio = 13 PAN PAN/lignin ~ PAN/lignin/CNT
crystallinity” (%) 65 60 57
126 ~ 17°Y (nm) 10.5 8.3 9.5
Foan® 0.88 0.86 0.85
d-spacing (20 ~ 17°) (A) 525 522 523
d-spacing (20 ~ 30°) (A) 3.03 3.02 3.02
20 eridional scan (d€g) 39.25 39.35 39.13
dy7e/dsge 1.733 1.726 1.728

“Crystallinity is only with respect to the PAN crystal since lignin
molecules are completely amorphous.”' bCrystal size of PAN at 20 ~
17°. “Herman’s orientation factor of PAN, calculated from the
azimuthal scan of PAN (200) and (110) planes.

spun and drawn precursor fibers are given in Table 1. Lignin is
completely amorphous, and PAN has both amorphous and
crystalline peaks in the X-ray diffraction. Compared to the PAN
fiber, PAN/lignin fiber shows smaller crystal size and lower
crystallinity. Studies have shown that the packing of PAN
polymer chains changes from orthorhombic to hexagonal under
drawing, which results in a ratio of d-spacing of 260 = 17° to d-
spacing of 26 30° (d;o/ds0-) approaching to 3'/?
(1.732).73% At a draw ratio of 2, d-spacing of 20 ~ 17° and
d-spacing of 20 = 30° of PAN fibers are 5.28 and 3.19 A,

~
~
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respectively (d;,/dye = 1.656). With the incorporation of
lignin, PAN/lignin fiber shows d-spacings of 5.26 A at 20 ~ 17°
and 3.22 A at 20 ~ 30°. This yields d,;/d;p- = 1.63S, which
deviates from the PAN hexagonal packing ratio of 1.732. While
the fibers are further drawn to a draw ratio of 13, PAN fiber
shows d-spacings at 260 =~ 17° and 26 =~ 30° to be 5.25 and 3.03
A, respectively and leads to d;;./dpe of 1.733. On the other
hand, PAN/lignin fiber (draw ratio 13) shows smaller d-
spacings of 5.22 and 3.02 A, with d,;./dye of 1.726, which is
slightly lower than the expected value of 1.732 for hexagonal
packing. This suggests that the presence of lignin molecules in
the fiber influences the PAN packing.

Meridional peak at 20 ~ 39° refers to the PAN (002)
crystalline plane that is often used as an indicator of PAN
polymer chain conformation and the periodic repeat distance
along the fiber axis.”>~>> While the meridional peak location
shifts toward lower 20 values, PAN crystalline planes expand in
the meridional direction,” which is analogous to a more
extended polymer chain along the fiber axis, ie, PAN
molecules transform from helical to planar zigzag conformation.
In this work, PAN fiber shows a meridional peak at 26 = 39.25°
at a draw ratio of 13. When lignin is incorporated in the fiber,
the meridional peak location shifts to a higher 26 value of
39.35°, indicating a shorter PAN crystalline plane along fiber
axis compared to PAN fiber. This result shows that lignin
molecules also affect the periodicity development in meridional
direction.

Effects of CNT on Polymer Packing and Orientation.
Previous studies show that CNT incorporation in PAN gel-
spun fibers can promote PAN planar zigzag conformation.””’
In this study, a similar effect was observed as the merdional
peak in PAN/lignin fiber at 39.35° shifted to 39.13° in the
PAN/lignin/CNT fiber. This indicates that CNT can still
promote a planar zigzag conformation of PAN in the presence
of lignin. Interestingly, when PAN/lignin/CNT fiber shows
more extended (planar zigzag) conformation, PAN polymer
orientation and d-spacing values at 26 &~ 17° and 26 =~ 30° in
both draw ratio samples are reduced. The decreased d-spacings
along with the lower PAN orientation suggest that PAN, lignin,
and CNT might be more tightly packed when lignin molecules
“squeeze” the PAN crystalline region against CNT in fiber and
thus affect the PAN polymer orientation. On the basis of the
experimental data, the proposed schematics of the molecular
packing in the three fully drawn fibers are shown in Figure 3.

Effect of Lignin and CNT on Mechanical Properties of
Composite Fibers. The tensile properties of the precursor
fibers (DR = 13) are reported in Table 2. PAN fiber shows a
higher tensile modulus than PAN/lignin and PAN/lignin/CNT
fibers, owing to better PAN orientation in the former case.
Elongation at break of PAN, PAN/lignin, and PAN/lignin/
CNT fibers are 8.1%, 7.1%, and 8.7%, respectively.

Results of the dynamic mechanical analysis are shown in
Figure 4. Among PAN, PAN/lignin, and PAN/lignin/CNT
fibers, PAN fiber exhibits the highest storage modulus. With the
addition of CNT, PAN/lignin/CNT fiber shows a higher
storage modulus than PAN/lignin fiber over the entire
temperature range. The peak of the tan J plot is referred to
as the . relaxation temperature that relates to the PAN
polymer chain motion in the paracrystalline region.”® PAN
precursor fiber shows a tan & peak at 80.3 °C, while S,
relaxation in the PAN/lignin fiber shows a higher tan ¢
magnitude, broader range, and shifts to lower temperature
(76.9 °C). The lower f3, transition temperature and broadened
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Lignin
molecules

Figure 3. Schematics of (a) PAN, (b) PAN/lignin, showing a reduced
PAN crystalline region, and (c) PAN/ lignin/CNT, showing PAN
crystal being squeezed by lignin and CNT.

Table 2. Mechanical Properties of Precursor Fibers at DR =
13

draw ratio =13 PAN PAN/lignin ~ PAN/lignin/CNT
diameter (um) 175 + 1 185 £ 25 17.1 £ 0.3
tensile strength (MPa) 879 + 65 742 + 90 719 + 45
tensile modulus (GPa) 199 + 0.4 172 + 1 17.7 + 0.5
strain to failure (%) 81+ 06 7.1 + 0.6 87 + 0.5

tan 6 peak of the PAN/lignin fiber, as compared to the PAN
fiber, imply that the molecular motion in the PAN/lignin fiber
is less restricted. In other words, there is more free volume
created by the presence of lignin molecules in PAN. A higher
tan 6 magnitude also suggests that the PAN polymer in the
PAN/lignin fiber has more helical sequences as compared to
the PAN fiber.”® This is in agreement with the WAXD results
discussed above. The PAN/lignin/CNT fiber shows a lower tan
0 magnitude, narrower temperature range for the peak, and a
higher f. relaxation temperature (81.4 °C) than the PAN/
lignin fiber. The lower magnitude and narrowing tan & peak
suggest a more tightly packed structure between the polymer
and CNT that limits polymer mobility.*”~*!

Infrared spectra of lignin powder, as well as PAN and PAN/
lignin fibers, are reported in Figure Sa. In lignin, the 1720 and
1050 cm™! peaks correspond to the ketone-like structure. The
sharp peaks from 1426 to 1510 cm™" and the peak around 1600
cm™" are due to C—C=C stretching in the aromatic rings,
which are pervasive within monolignol units. The peaks from
1200 to 1050 cm™" are attributed to the C—O stretching in

(@)
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Figure S. FTIR spectra (a) of lignin powder, PAN fiber (DR = 13),
and PAN/lignin fiber (DR = 13) and (b) possible lignin/PAN
interaction.

lignin alcohols. For PAN fiber, peaks at 1374, 1453, and 2940
cm™! are assigned to CH, in the PAN backbone,” and the
sharp peak at 2243 cm™" belongs to the C=N bond of PAN.
For the PAN/lignin composite fiber, C—O and C-C=C
stretching for aromatic rings are still observed in the spectrum.
However, peaks of the ketone-like structure at 1720 and 1050
cm™" are diminished significantly as compared to lignin spectra.
This substantially decreased intensity for the lignin carbonyl
peaks suggest this as the potential cite for interaction with the
PAN nitrile group. The peaks at 1515 and 1362 cm™ in the
PAN/lignin fiber can be attributed to N—O stretching.
Although these peaks were observed in previous PAN/lignin
studies,'”"" they were not discussed. The PAN/lignin fiber
spectrum exhibited a slightly lower maginitude of the C=N
peak at 2243 cm™' as compared to the PAN fiber and can be
attributed to the reduced number of C=N bonds in the blend
fiber as compared to the control PAN fiber. The potential
interaction between PAN and lignin is shown in Figure Sb,
suggesting that some of the C=N peak gets converted to C=
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Figure 4. (a) Storage modulus and (b) tan & plot vs temperature of precursor fibers (DR = 13) at 1 Hz.
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N and forms a N—O bond. The broadening of the peak at 1614
cm™, which can be attributed to the formation of the C=N
bond, results from PAN interaction with lignin. The appearance
of N—O peaks at 1515 and 1362 cm™', the diminishing of
ketone peaks at 1720 and 1050 cm ™', and somewhat lower C=
N peak magnitude at 2243 cm™, along with broadening of the
1614 cm™ peak are thought to be the essential hints of PAN/
lignin bond formation at PAN nitrile sites (Figure Sb).

Effect of Lignin and CNT on Stabilization Behavior of
Composite Fibers. DSC analysis is performed on the
precursor fibers in air environment, and the thermograms of
the precursor fibers are shown in Figure 6. All precursor fibers

5

—=— PAN
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—+ PAN/Lignin/CNT
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Temperature (°C)

Figure 6. DSC thermograms for PAN fiber, PAN/lignin fiber, and
PAN/lignin/CNT fiber (All DR = 13) at heating rate of 5 °C/min
with air purging rate of S0 mL/min.

are heated from 50 to 350 °C at a heating rate of 5 °C/min.
Exothermic peaks are observed during stabilization, and the
heat of stabilization values are listed in Table 3. According to

Table 3. DSC Results of Precursor Fibers

precursor fibers AH, 000 J/8) fwhm (°C)
PAN 942 17.3
PAN/lignin 748 24.7
PAN/lignin/CNT 1189 25.2

the DSC thermograms, all fibers show a single exothermic peak,
which formed by multiple stabilization reactions and free radical
cyclization reaction.” The DSC curve of the PAN fiber shows a
higher heat flow peak magnitude compared to the PAN/lignin
DSC curve. This suggests that lignin can avoid excessive heat
eruption during PAN stabilization, which is similar to the effect
of acid-containing comonomers on PAN fibers."** Addition-
ally, both PAN/lignin and PAN/lignin/CNT fibers show
broader exothermic peaks as compared to PAN fibers. These
observations suggest that lignin can potentially expedite the
PAN fiber stabilization process.

Fiber shrinkage during the stabilization reactions is
monitored through TMA under an applied stress of 10 MPa
at a heating rate of 0.5 °C/min from room temperature to 280
°C followed by holding at 280 °C for 150 min. The
temperature profile and fiber strain during heating are shown
in Figure 7. Under these conditions, the ultimate thermal
shrinkage of PAN, PAN/lignin, and PAN/lignin/CNT fibers
are 20.3%, 21.2% and 13.0%, respectively. This data
unequivocally shows that the presence of CNTs significantly
reduces thermal shrinkage during stabilization. Previous studies
show that the fiber shrinkage can be due to entropic relaxation
(100—175 °C range), which allows the oriented amorphous
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Figure 7. Fiber strain during TMA with corresponding temperature
profile.

polymer phase to recoil, and due to chemical reaction (at above
175 °C) resulting from ladder structure formation.””*® The
current TMA data shows that the PAN/lignin fiber shows
earlier onset of polymer recoiling than the PAN fiber. This
suggests that the incorporation of lignin can promote the
entropic relaxation of polymer. PAN/lignin/CNT fiber, on the
other hand, shows a much slower onset for entropic relaxation
than the other two fibers. Previous studies have shown that the
presence of CNTs can reduce thermal shrinkage in PAN.”>"*
This agrees with the current observations. The chemical
reaction stage (above 175 °C) in Figure 7 corresponds to the
cyclization of PAN molecules.”” TMA results show that PAN/
lignin fiber has earlier onset of the reaction than PAN and
PAN/lignin/CNT fibers. Interestingly, this result correlates
with the heat of stabilization (AHpia0n) Observed from the
DSC, where PAN/lignin fiber exhibits lower AH 00, than
PAN fiber and PAN/lignin/CNT fiber. These findings imply
that the incorporation of lignin can potentially promote the
PAN cyclization during stabilization process, while the
incorporation of CNT appears to delay this process.

Fiber Stabilization and Carbonization. Precursor fibers
are stabilized under a stress of 22 MPa in the oxidative
environment using a tube furnace. The fiber stabilization
temperature profile is shown in Figure 8. During stabilization,

| 315°C
300 |

| 255°C

N
a
o

C
N
o
)

-
a a
o o

-
o
o

513

Temperature (°C)

498

78 478

0 100

200 300 400 500

Stabilization time (min)
Figure 8. Stabilization temperature profile showing temperature stages

and residence time with a constant heating rate of 3 °C per minute. Air
flow rate is SO standard cubic feet per hour (SCFH).

PAN is known to undergo cyclization, oxidation, and
dehydrogenation.””*’~* Stabilization for lignin is generally
considered to be initiated by the homolytic cleavage of alkyl-
aryl ether linkage and leads to further lignin units rearrange-
ment and cross-linking.so_53 FTIR spectra of stabilized PAN
and PAN/lignin fibers are shown in Figure 9. After oxidative
stabilization, the PAN fiber shows a diminishing C=N

structure at 2244 cm™'>* Additionally, the appearance of
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Figure 9. FTIR spectra of (a) PAN and (b) PAN/lignin fibers
stabilized under conditions described in Figure 8.

peak shoulders at 1691 and 1738 cm™" corrspond to the C=0
stretching of carbonyls. Stabilized PAN/lignin fiber shows clear
1050—1200 cm™! peaks, which are due to C—O stretching with
possible overlap with a C—N peak. Similar to stabilized PAN
fiber, the peak at 1740 cm™" is assigned to the C=0 stretching
in carbonyls for the stabilized PAN/lignin fiber.”' A new peak is
observed about 1870 cm™ in the stabilized PAN/lignin fiber.
Previous XPS studies used this peak to identify anhydride
linkage formation from the cross-linking of stabilized
lignins.”>* Addtiontionally, small peaks between 2860—2970
cm™" in the stabilized PAN/lignin fiber spectra represent C—H
stretching from aromatic and aliphatic carbons, which are

attributed to lignin units after stabilization.”' The differences
between stabilized PAN and PAN/lignin fiber spectra show
evidence of both PAN and lignin stabilization reactions.
Integrated WAXD scans of precursor, stabilized, and carbon
fibers along with the WAXD patterns of the stabilized and
carbon fibers are shown in Figure 10. All integrated scans of
precursor fibers show a distinct PAN peak at 26 =~ 17°, which
diminishes upon stabilization. The peak at 260 = 26° in
stabilized and carbonized fibers is due to the formation of a
carbon ladder structure. Structural parameters of stabilized
fibers are shown in Table 4. CNT-incorporated stabilized fiber

Table 4. Structural Parameters of Stabilized Fibers

stabilized fibers PAN  PAN/lignin  PAN/lignin/CNT
120 ~ 26°* (am) 11 1.0 14
126 ~ 43°” (nm) 1.4 12 1.6
Fradder 0.66 0.65 0.65
d-spacing (20 ~ 26°) (A) 343 348 340

“Crystal size of ladder structure at 20 ~ 26°. “Crystal size from
meridional scan at 20 ~ 43°. “Orientation of ladder structure of
stabilized fibers.

shows a relatively large crystal size (1.4 vs 1.1 and 1.0 nm in
PAN- and PAN/lignin-based fibers, respectively) correspond-
ing to the 26 = 26° peak, suggesting that CNTs promote the
development of the cyclized ladder structure in the vicinity of
CNT. Compared with the PAN stabilized fiber, PAN/lignin
shows slightly lower crystal size corresponding to the peak at 26
~ 43°, indicating that the formation of the cyclized ladder
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Figure 11. SEM images of carbon fiber cross sections of (a) PAN, (b) PAN/lignin, and (c) PAN/lignin/CNT carbonized at 1100 °C.

Table S. Structural Parameters and Tensile Properties of Carbon Fibers

carbon fiber structural parameters

carbonize Temp (°C) 1000 °C 1100 °C
carbon fiber PAN PAN/lignin PAN/lignin/CNT PAN PAN/lignin PAN/lignin/CNT
L002° (nm) 13 13 16 13 14 18
L10" (nm) LS 1.5 17 23 2.0 1.9
for® 0.80 0.78 0.75 0.81 0.80 0.77
z4 34.4 34.9 38.5 32.7 32.8 33.2
d-spacing (gz) (A) 3.48 3.53 3.51 3.51 3.52 3.49
carbon fiber tensile properties
diameter (um) 10.5 + 0.6 110 + 1.1 9.0+ 03 11.0 + 0.7 110 + 1.1 88 +03
strength (GPa) 1.54 + 0.6 137 £ 02 129 + 0.2 1.60 + 0.3 1.72 £ 0.2 140 = 0.2
modulus® (GPa) 193 + 12 194 + 8 181 + 5 23+ 4 230 + 7 200 + 7
elong. at break (%) 0.83 +£ 0.2 0.72 + 0.1 0.72 + 0.1 0.70 + 0.1 0.80 + 0.1 0.71 + 0.1

“Crystal size of (002) plane. ®Crystal size of (10) plane. “Orientation of (002) structure of carbon fibers. “Full width half-maximum (fwhm) (in
degree) from azimuthal scans of (002) planes. “Modulus values have not been corrected for instrumental compliance.

structure along the fiber axis might be disturbed by the
incorporation of lignin. In addition to larger crystal sizes,
stabilized fiber containing CNT has a smaller ladder structure
d-spacing of 3.40 A, as compared to 3.43 and 3.48 A in PAN
and PAN/lignin fibers, respectively. Similar observations are
found in previous studies on PAN/CNT fibers.>>>°

Stabilized fibers are carbonized under inert environment at a
constant heating rate of 5 °C/min to 1000 and 1100 °C. No
fusing of stabilized or carbonized fibers is observed, indicating
proper heating rate is applied during each process for lignin
incorporated fibers.””” After carbonization, the ladder structure
from stabilization is then transformed into carbonized
turbostratic carbon structure.® SEM images of the carbon
fiber cross sections are shown in Figure 11. Under the identical
stabilization and carbonization conditions, PAN and PAN/
lignin carbon fibers show no voids in the fiber cross sections,
while the PAN/lignin/CNT carbon fiber exhibits more
observable voids which would be detrimental for mechanical
properties. The void formation caused by CNT was not noted
in previous PAN/CNT batch processed carbon fiber
studies.'”*”7*7°%>% However, in a recent PAN/CNT carbon
fiber study, void formation was noted, and the presence of these
voids was attributed to nonuniform CNT length, and CNT
bundling.24

The structural parameters and mechanical properties of
carbonized fibers are summarized in Table 5. At both
carbonization temperatures (1000 and 1100 °C), PAN/
lignin/CNT fibers show relatively low orientation as compared
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to PAN and PAN/lignin fibers; this can result from lower PAN
orientation in CNT-containing precursor fibers. The lower
orientation along with more voids in the PAN/lignin/CNT
carbon fiber results in lower tensile properties,” as compared
to the PAN and PAN/lignin fibers. All carbon fibers show
improvements in tensile strength and tensile modulus with a
simultaneous increase in crystal size for the (10) plane with
increasing carbonization temperatures. When carbonized at
1000 °C, PAN carbon fiber shows tensile strength, tensile
modulus, and elongation at break of 1.54 GPa, 193 GPa, and
0.83%, respectively. When carbonized at 1100 °C, the tensile
modulus of the PAN fiber is increased to 223 GPa, with a
slightly decreased elongation at break of 0.70% and a relatively
unchanged tensile strength of 1.60 GPa. Carbonized at 1000 °C
with identical conditions, the PAN/lignin fiber shows
comparable tensile modulus (194 GPa) but lower tensile
strength (1.37 GPa) and elongation at break (0.72%).
Interestingly, when carbonized at 1100 °C, the PAN/lignin
carbon fiber exhibits noticeable improvement in tensile strength
(1.72 GPa) and tensile modulus (230 GPa), while elongation at
break remains intact (0.80%).

Raman spectra of carbon fibers are shown in Figure 12. The
Raman D-band (at ~1330 cm™) is attributed to the structural
disorder, and the G-band (at ~1560 cm™) is assigned to the
graphitic planes. The fwhm of both D and G bands along with
the intensity ratio are normally used to characterize carbon
materials*"®* and to understand the carbonization mechanism

of wood materials.”*® For example, the amorphization
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Figure 12. Raman spectra of fibers (a) PAN, (b) PAN /lignin, and (c) PAN /lignin/CNT carbonized at 1000 and 1100 °C.

trajectory can also be used to analyze carbonization behaviors
by describing the transformation of neat graphite to nano-
crystalline graphite and further to sp® amorphous carbon. As
carbon transforms along this amorphization trajectory, Ip/Ig
will first increase due to defects in the graphite structure and
then decrease during nanocrystalline graphite formation. This is
followed by a further decrease in I,/I; owing to the formation
of amorphous carbon.””*> In Raman spectroscopy studies on
carbon materials, the Tuinstra—Koenig law was often employed
to estimate crystal size by correlation with intensity ratio I/
1..%” However, studies have shown that the Tuinstra—Koenig
correlation is not applicable when crystal sizes are below 2 nm,
as it results in significant discrepancies.®*” In this study, we
note that the crystal sizes obtained from WAXD in Table 5
were mostly below 2 nm. Therefore, Raman spectral features in
the current study have not been used for crystal size
determination. Raman spectroscopy and amorphization trajec-
tory were used to study the electrospun kraft lignin and PAN
fibrous materials carbonized at 600, 800, and 1000 °C by
Dallmeyer et al.”” While PAN is considered as a semicrystalline
material, carbonization between 600 and 1000 °C induces the
nanocrystalline carbon formation that yields decreasing Ip/Ig
values with increasing carbonization temperature. Lignin, in
contrast, started with a much more amorphous state, can
transform to nanocrystalline carbon from nucleation and
growth of disordered aromatic rings. PAN and lignin were
then reported to undergo distinct stages of carbonization
between 600 to 1000 °C.”

When carbonized at 1000 °C, all carbon fibers show obvious
D-band peaks. PAN and PAN/lignin carbon fibers show G-
band peaks as shoulders while PAN/lignin/CNT exhibits a
more resolved G-band peak (Figure 12). When carbonization
temperature is increased to 1100 °C, further developments in
the graphitic G-band for all the fibers are observed. Surprisingly,
although G-band peaks seem to be more significant when
carbonized at 1100 °C, PAN and PAN/lignin carbon fibers
show no significant changes in Iy/I; values (Figure 12a, b)
while PAN/lignin/CNT fiber shows noticeably increased
intensity peak ratio from 1.66 to 2.30 in going from 1000 to
1100 °C (Figure 12c). This implies that the incorporation of
CNT might induce the transformation from amorphous carbon
to nanocrystalline graphite when carbonized from 1000 to 1100
°C, as the development of the D-peak can indicate the ordering
of amorphous carbons.”

The D and G band fwhm of the carbon fibers are shown in
Figures 13 and 14, respectively. In general, D-band fwhm values
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of carbonized wood materials are reported to decrease with
increasing carbonization temperatures, indicating the ordering
of polyaromatic carbons and the breakage of cross-linking
between aliphatic carbons and small aromatic carbons.”””® For
the lignin-incorporated carbon fibers in this work, a similar
trend is observed (Figure 13). Both PAN/lignin and PAN/
lignin/CNT fibers show a noticeable decrease in D-band fwhm,
when carbonization temperature is increased. However, the D-
band fwhm of PAN fiber does not exhibit significant change.
This suggests that when incorporating lignin into PAN,
reordering of polyaromatic stacks still occurs at elevated
carbonization temperautres. Although both PAN/lignin and
PAN/lignin/CNT fibers show a narrowing D-band fwhm,
PAN/lignin/CNT exhibits a more significant change than the
PAN/lignin fiber, suggesting that the presence of CNT
promotes further reordering of the disordered aromatic rings
in the carbon fiber.

G-band fwhm is often employed to characterize carbon
crystallites. A narrower G-band fwhm implies a more ordered
structure of carbon crystallites.”**>”" Although the G-band
fwhm of carbon materials is expected to decrease at higher
carbonization temperatures, Dallmeyer et al. reported an
increasing G-band fwhm when lignin is carbonized from 600
to 1000 °C. This might be ascribed to an increase in the
nonaromatic conjugated structure during polyaromatics
reordering.70 In Figure 14, PAN carbon fiber shows a decrease
in the G-band fwhm from 1000 to 1100 °C, which can be
attributed to a more refined structure at increased carbonization
temperatures.”” In contrast, the G-band fwhm of the PAN/
lignin carbon fiber stays relatively unchanged when the
carbonization temperature is increased from 1000 to 1100
°C. This unchanged G-band fwhm of PAN/lignin suggests that
the breaking of cross-linking between the aliphatic and
aromiatic carbons discussed above can offset the ordering of
PAN crystalline carbons. This indicates that carbon crystallite
refining and polyaromatic ordering are ongoing simultaneously
in this temperature range. Interestingly, PAN/lignin/CNT
shows a significant narrowing for both the G- and D-bands
fwhm in going from 1000 to 1100 °C. This finding agrees with
the reported crystallites ordering during carbonization when
CNTs are embedded in the PAN nanofibers, where the G-band
fwhm is found to decrease with increasing CNT concen-

. .55
tration.
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B DISCUSSION AND CONCLUDING REMARKS

PAN, PAN/lignin (70/30 weight ratio), and PAN/lignin/CNT
(70/30/3 weight ratio) precursor fibers have been successfully
manufactured through gel-spinning. It is noted that while PAN
fiber could be spun at a concentration of 14 g/dL, PAN/lignin
and PAN/lignin/CNT fibers could be spun at a concentration
of 20 and 25.75 g/dL, respectively. These significant differences
in the spinning concentrations, along with differences in the
spinning temperatures (as discussed in the Experimental
Section), provided the first evidence of an interaction between
these binary and ternary blend systems in DMAc. Subsequent
studies on the precusrsor and carbon fibers provided further
evidence of PAN/lignin and PAN/lignin/CNT interaction by
spectroscopic (FTIR and Raman) and physio-mechanical
methods (WAXD, DMA, DSC, TMA). These studies show
that the incorporation of lignin affects PAN polymer chain
packing, as well as the fiber stabilization and carbonization
behavior. FTIR spectra shows the evidence of a specific
interaction between lignin and PAN. DSC studies show that as
compared to PAN, PAN/lignin fiber exhibits a broader
exothermic peak of lower magnitude, while TMA exhibited
an earlier onset of PAN cyclization. These studies suggest that
lignin promotes PAN stabilization. In the presence of CNT,
thermal shrinkage of the fiber is significantly reduced during
stabilization. The conversion process of the precursor fibers to
carbon fibers have been studied, and carbon fiber fabrication of
all fibers is successfully achieved under identical conditions.
Void-free carbon fibers have been made from gel-spun PAN/
lignin precursor fibers, while other studies reported in the
literature to date based on solution-spun PAN/lignin fibers all
show significant voids in the final carbon fiber."*'*'””* This
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comparison shows the advantage of the gel-spinning technique
for making void-free carbon fibers from a PAN/lignin blend.
When carbonized at 1100 °C under identical conditions, the
mechanical properties of the PAN/lignin carbon fiber is
comparable to that of the PAN carbon fiber. By comparison,
other studies in the literature to date show lower properties for
the carbon fibers from PAN/lignin than from PAN. Therefore,
it has been clearly demonstarted that by the gel-spinning
process, lignin can be incorporated into PAN-based carbon
fibers without compromising mechanical properties. Mechan-
ical properties of the PAN/lignin carbon fiber in the current
study already exceeds U.S. Department of Energy target
mechanical properties for automotive composites (DOE target
tensile strength is 1.75 GPa, and the target tensile modulus is
175 GPa). The properties achieved in the current study will be
further improved for the following reasons: (a) Highest tensile
strength carbon fibers are processed at a temperature in the
range from 1400 to 1600 °C,>”* while the carbonization in the
current study was only carried out at a maximum temperature
of 1100 °C. (b) Fiber modulus almost linearly increases with
increasing carbonization temperature.” (c) High strength and
high modulus carbon fibers are always processed on continuous
stabilization and carbonization lines, where fiber tension can be
controlled to different levels in stepwise temperature zones and
carbonization time in the high temperature range (500—1600
°C range) can be limited to few minutes. Therefore, when the
gel-spun PAN/lignin fiber is carbonized on a continuous
stabilization and carbonization line, where temperature and
tension can be controlled in various stabilization and
carbonization temperature zones, significant further improve-
ments in tensile strength and modulus can be expected. While
comparing the mechanical properties of the PAN/lignin carbon
fibers in the current study to that of the Zoletk study, it should

DOI: 10.1021/acssuschemeng.5b00562
ACS Sustainable Chem. Eng. 2015, 3, 1943—1954


http://dx.doi.org/10.1021/acssuschemeng.5b00562

ACS Sustainable Chemistry & Engineering

Research Article

be noted that the fibers in the current study were processed in
batch mode at a maximum temperature of 1100 °C (due to
temperature limitation of the furnace). In the Zoltek study,
carbonization temperature was not reported. However, based
on the known parameters for achieving high strength carbon
fibers, we presume that Zoltek fibers would have been
carbonized somewhere in the 1400—1600 °C temperature
range. We also note that the modulus in the current study has
not been corrected for instrumental compliance, and with this
correction, the carbon fiber modulus in the current study will
be about 5—7% higher than the values given in Table 5.

Continuous stabilization and carbonization of gel-spun PAN
fiber has resulted in a new milestone in developing high
strength and high modulus carbon fibers, where average tensile
strength and tensile modulus based on standard test protocols
were in the range from 5.5 to 5.8 GPa and 350 to 380 GPa,
respectively.”® At short gauge length tensile strength of gel-spun
PAN-based carbon fiber was as high as 12 GPa.”® This is a
record tensile strength for a PAN-based carbon fiber at any
gauge length. Thus, considering that there is no loss in the
mechanical properties of the gel-spun PAN/lignin-based carbon
fiber in the current study as compared to the gel-spun PAN-
based carbon fiber, it can be expected that PAN/lignin-based
carbon fiber can compete in properties with the best in class
PAN-based carbon fibers with appropriate materials and
process optimization.

In addition, due to the significantly lower cost of lignin as
compared to PAN, PAN/lignin-based fibers will have lower
cost than PAN-based carbon fibers along with higher
production rate from the acclerated stabilization process with
the incorporation of lignin. With lignin being a biorenewable
product, PAN/lignin-based carbon fibers will be more
sustainable than PAN-based carbon fiber, as PAN is currently
derived from petroleum. In addition, due to the three-
dimensional nature of the lignin molecule, PAN/lignin-based
carbon fibers are expected to have good compressive strength.
This is in contrast to the pitch-based carbon fibers, where pitch
leads to highly graphitic two-dimensional structure and hence
low compressive strength.”””

With the incorporation of lignin, CNT, or both, the
carbonization behavior of PAN is altered. When the carbon-
ization temperature increases, PAN shows a narrowing G-band
fwhm corresponding to lower structural disorder and a
relatively unchanged D-band fwhm. PAN/lignin shows no
significant change in G-band fwhm but a noticeably narrowing
D-fwhm that is attributed to aliphatic and aromatic carbons
reordering. The PAN/lignin/CNT carbon fiber shows
significant reduction in both the G- and D-band fwhm, as
compared to the PAN/lignin carbon fiber. This suggests that
the presence of CNT can induce both structural reordering of
PAN and aliphatic/aromatic carbon reordering during carbon-
ization. Despite the enhanced order/crystal size, somewhat
lower mechnical properties of PAN/lignin/CNT-based carbon
fibers, as compared to PAN- and PAN/lignin-based carbon
fibers, can be attributed to the presence of voids in the former
fiber. The CNT diameter used in the current study, at 21.0 +
3.1 nm, was significanly larger than the CNT diameter used in
our previous studies, where CNT diameter was in the range
from 1 to 12 nm.'?****’%”® The large CNT diameter in the
current study may at least be partially responsible for the lower
tensile strength of the PAN/lignin/CNT-based carbon fiber.
On the other hand, the lower tensile modulus of the PAN/
lignin/CNT-based carbon fiber as compared to the PAN- and
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PAN/lignin-based carbon fibers was a result of lower graphitic
plane orientation in the former fiber (Table S). Consequently,
the question is this: Is there an advantage to the addition of
CNT in PAN/lignin for making carbon fiber? In yet another
recent study on PAN/CNT fiber, it has been shown that the
addition of 0.5 to 1 wt % CNT in PAN results in about a 25%
increase in axial electrical conductivity and up to a 100%
increase in thermal conductivity of the PAN-based carbon
fiber.”* Similarly, PAN/lignin-based carbon fibers with
enhanced electrical and thermal conductivities can be produced
with the addition of CNT. The exact influence on mechanical
properties, as well as on electrical and thermal conductivity of
the PAN/lignin/CNT-based carbon will depend on CNT
length, diameter, and perfection, as well as on CNT dispersion
in the matrix. Interaction of CNT has been shown on PAN
previously' ”***>**” and on the PAN/lignin blend in this
study. Similarly, PAN/lignin fibers can also be processed with
the addition of graphene nano ribbons, as well as graphene
nano ribbons.*’
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