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SUMMARY
Forestry bioproduct lignin has been long proposed as an ideal material for carbon
fiber precursor due to its abundance, renewability, high carbon yield and cost-effectiveness
as the biorefinery by-product. However, little success of lignin-based commercial carbon
fibers has been reported due to the barriers such as its varying chemical structure, complex
thermal stabilization process, poor miscibility with other polymers, all of which that result
in unmanageable processing, and limited mechanical performance. In this research, using
gel spinning technology, various types of lignin and polyacrylonitrile (PAN) are processed
to form blend fibers in single-component geometry, and sheath/core bi-component fibers.
The effects of lignin on solution properties and processing are characterized by rheology.
The structure, thermal properties, mechanical performance, and morphology of the gelspun fibers and the resultant carbon fibers are reported and discussed herein.
Chapter 1, as the overview, introduces the background, the fabrication, and the
advancement of PAN and lignin-based carbon fibers, as well as the carbon nanotube (CNT)
incorporated carbon fibers. Chapter 2 presents the rheology study of PAN with various
lignin content in solutions to characterize the interactions of PAN and lignin and to
investigate the potential boundary conditions for lignin incorporation. Chapter 3 reports
the effects of softwood lignin (SWL) on gel-spun PAN fiber properties along with thermal
stabilization kinetics of fibers, and shows the incorporation of 25 wt% SWL to reduce
reaction activation energy and to increase the reaction rates of cyclization, oxidation, and
crosslinking reactions. Chapter 4 discusses the processing, structure and the properties of
PAN, PAN/annual plant lignin (APL), PAN/APL/CNT fibers, and the resultant carbon
fibers. PAN fiber, pore-free PAN/APL, and PAN/APL/CNT fibers (with 30 wt% lignin

xviii

incorporation) are processed without phase separation and successfully fabricated into
carbon fibers. Raman spectroscopy indicates that, at increasing carbonization temperature,
PAN carbon fiber undergoes a reordering process and forms a more refined graphitic
structure, and the lignin containing carbon fiber undergoes reordering of polyaromatic
carbon stacks. The incorporation of CNT is shown to promote both reordering processes.
Chapter 5 reports the PAN sheath, PAN/APL core bi-component fibers, and the
derived carbon fibers. The bi-component fiber morphology and maximum draw ratios
change with the ratio between the overall fiber diameter to core component diameter (i.e.,
the size of the core component in the fiber cross section). In addition to the successful
fabrication of the pore-free PAN sheath and PAN/APL core bi-component carbon fiber,
porous bi-component carbon fiber with approximate 24.2% cross section porosity can be
fabricated by changing core component size in fiber cross section. The porous bicomponent carbon fiber serves as an approach for low-density carbon fiber manufacturing.
With an effective lignin incorporation of ~31 wt%, pore-free PAN/APL bi-component
carbon fiber (carbonized at 1,200 °C), exhibits a tensile strength and a tensile modulus of
around 2.1 GPa and 260 GPa, respectively. When carbonized at 1,300 °C, the tensile
modulus of the carbon fibers increases to 274 GPa. PAN fiber carbonized at 1,200 °C and
1,300 °C exhibits a tensile strength of 2.47 GPa and 2.08 GPa, respectively, and a tensile
modulus of 280 GPa and 288 GPa, respectively. Conclusions of the study along with the
recommendations for future works are summarized in Chapter 6.
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CHAPTER 1
INTRODUCTION
1.1 OVERVIEW
Carbon fibers, owing to the remarkable specific strength and modulus, have been
utilized as a versatile reinforcing material in aerospace and automotive industries, sporting
goods, special industrial applications, and even in constructions in the past decades.14 By
definition, carbon fibers are comprised of high (≥ 90 wt. %) carbon content which can be
converted from precursor materials such as cellulose, lignin, and petroleum derived
polyacrylonitrile (PAN), pitch, or some polyolefins with appropriate modifications.
Currently, carbon fibers are predominantly manufactured from PAN precursors, and with
a small fraction derived from pitch precursors. In general, PAN-based carbon fibers exhibit
a tensile strength ranging from 3 to 7 GPa and tensile modulus from 230 GPa to as high as
590 GPa, with optional graphitization.20 Pitch-based carbon fibers are more known for the
high tensile modulus (up to ~ 960 GPa), while exhibiting a relatively low tensile strength
(< 3.5 GPa) than PAN-based carbon fibers. In addition to the excellent mechanical
performance, carbon fibers can be employed to impart functionality because of their good
thermal and electrical conductivities. Typically, PAN-based carbon fibers exhibit electrical
conductivity and thermal conductivity around ~ 104 to 105 S/m, and ~101 W/mK,
respectively. By comparison, electrical conductivity and thermal conductivity of pitchbased carbon fibers are generally better than PAN-based carbon fiber, in the range of ~105
– 106 S/m, and ~102 – 103 W/mK, respectively. This is attributed to the more well-
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developed sheet-like graphitic structures of pitch-based carbon fibers along the fiber axis
compared to PAN-based carbon fibers. (Figure 1.1).

Figure 1.1. Scanning electron micrographs showing the transverse microsctructures of
PAN-based carbon fibers (a) T300, (b) IM7,15 and pitch-based carbon fibers, (c) Thornel
K-1100,17, 24-25 and (d) P-100 fractures. 17

Currently, carbon fibers derived from cellulose, lignin, polyolefins are not prevalent
commercially. Yet the continuing efforts and momentum of low cost carbon fiber
development have called for increasing attention globally. A mechanical performance
comparison of PAN and pitch commercial carbon fibers, along with the state-of-the-art
lignin and polyolefin-based carbon fibers is shown in Figure 1.2. (Details of the carbon
fiber manufacturers and the corresponding properties are listed in Table A.1. and Table
A.2. in APPENDIX A)
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Figure 1.2. Comparison of mechanical performance of PAN and pitch commercial carbon
fibers, and lignin and polyolefin-based carbon fibers.

1.2 CARBON FIBERS
1.2.1 Polyacrylonitrile-Based Carbon Fibers
Polyacrylonitrile, initially developed by DuPont as textile fibers in 1950s, has been
a predominant precursor of carbon fibers due to high carbon yields, good tensile and
compressive properties. Homopolymer PAN is polymerized via monomer acrylonitrile
(AN) that contains highly polar nitrile groups, which can induce strong intermolecular
interactions between polymer chains that hinders molecular orientations and alignment
during fiber manufacturing. To fabricate polymeric fibers, conventional fiber spinning
methods are solvent-free melt spinning, solution-based spinning including dry-jet-wet
spinning, and dry spinning. Owing to the fact that homopolymer PAN can undergo thermal

3

decomposition before reaching polymer melting point, melt spinning of homopolymer
PAN is difficult without the aid of plasticizers or incorporation of co-monomers.28
Common co-monomers of PAN, with typical content of 2 to 15 %, are methyl acrylate,
vinyl acetate, methyl methacrylate, methacrylic acid, acrylic acid, and itaconic acid. While
methyl acrylate and vinyl acetate were used as co-monomers with PAN in order to ensure
better coagulation process and spinnability, incorporation of co-monomer can also improve
molecular orientations in both precursor and carbon fibers to enhance resultant fiber
mechanical performance.25 In addition, acrylic and itaconic acids as co-monomers with
PAN can facilitate cyclization reaction during thermal stabilization step towards carbon
fiber. While textile grade PAN fibers are typically manufactured with molecular weights
ranging from 70,000 to 200,000 g/mol, PAN fibers for carbon fiber precursors are
conventionally fabricated with higher molecular weights up to millions g/mol due to the
desired positive impacts on mechanical properties.31-32
In early 1960s, the first reported carbonized and graphitized PAN fiber only showed
tensile strength and modulus of 0.75 GPa and 112 GPa, respectively.33 Through the
continuous development over the past decades, state-of-art aerospace grade PAN-based
carbon fiber IM7 exhibits tensile strength of 5.5 GPa and tensile modulus of 276 GPa. To
date, high strength commercial PAN-based carbon fibers (IM10 and T1100G) were
reported to achieve tensile strength ranging from 6.6 GPa to 6.9 GPa and tensile modulus
between 310 and 324 GPa,35-37 rendering less than 10% of the theoretical strength and
approximately 30% of theoretical modulus of carbon-carbon bonds.
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1.2.1.1 Stabilization scheme of PAN-based fibers
Stabilization is a critical and complicated process during carbon fiber conversion.
Conventional temperature range of stabilization process is between 200 °C and 300°C, with
precursor fibers under tension in oxidative environment. In general, PAN precursor fibers
are considered to undergo reactions include cyclization, oxidation, dehydrogenation, and
intermolecular crosslinking during the stabilization process in few hours. Figure 1.3. shows
the model reaction paths of PAN during carbon fiber conversion.
Among the thermal stabilization reactions, cyclization reaction refers to how linear
PAN molecular nitrile groups are converted to from stable, cyclic, ladder structures. During
cyclization, exothermic heat is observed and PAN fiber undergoes progressive color
change from slight yellow to gold, brown and then black. This is attributed to the
transformation from the C≡N nitrile group to the conjugated carbon nitrogen double bond
structure, ‒C=N‒.42 Although cyclization can be induced thermally under inert
environment, oxygen-containing groups evolves in PAN ladder structure can improve
stability toward higher temperature carbonization step. Therefore, typical cyclization step
in carbon fiber industry are initiated with the presence of oxygen.
During stabilization process of PAN, dehydrogenation can occur simultaneously
with cyclization. It is accompanied by introducing unsaturated bonds and oxygen into
polymer chains to form conjugated C=C bonds in the polymer backbone and stabilize
carbon chains. During dehydrogenation, nitrile groups are left unreacted and water is
eliminated with the formation of C=C bonds. When PAN fibers are stabilized in oxidative
environment, oxygen uptake reactions occur and incorporate oxygen into ladder polymer
backbone. While some studies suggest that oxidation requires cyclized ladder structure as
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prerequisites,41 some reported that oxygen uptake reactions can take place at any stage of
heat treatment to accelerate cyclization initiation and promote crosslinking among polymer
chains. In general, optimal oxygen uptake for improved carbon yield and carbon fiber
mechanical properties is about 8% to 10%.49-51 Intermolecular azomethine crosslinking
reaction originates from protons abstracted from a polymer chain by the nitrile nitrogen in
the neighboring chain. While cyclization can be intramolecular or intermolecular, studies
have proposed the propagation of crosslinking when cyclization skips from one chain to
another chain.

Figure 1.3. Chemical reaction during stabilization and carbonization of PAN fiber production.6
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1.2.1.2 Carbonization and Graphitization of PAN-based Fibers
After the thermal stabilization stage, the non-meltable and flame-resistant stabilized
fibers are heated in inert environment typically from 1,000 ˚C to 1,700 ˚C in order to
convert to carbon fibers.52 During this stage, the ladder polymer structure first undergoes
crosslinking in low temperature and subsequently goes through condensation reactions to
result in turbostratic carbon forms when carbonized around 1,600 ˚C. This carbon phase is
comprised of well-oriented, three-dimensional carbon-type crosslinks between graphitelike layers which attribute to improved tensile strength of carbon fibers. The process with
further heating up to 3,000 ˚C is called graphitization. Although graphitized fibers normally
show higher moduli due to more ordered structure, tensile strength of graphitized fibers are
generally compromised.

1.2.2 Lignin-based Carbon Fibers
1.2.2.1 Lignin Background and Structure
Lignin, often referred as the second most abundant natural biopolymer to cellulose
on earth,54 is a polymer of phenylpropane units that accounts for 10% to 30% of wood.53,55
Within plants, lignin provides essential functions such as internal transport of water and
nutrients, imparting rigidity to cell wall, and acting as a permanent bonding agent between
cell walls to create impact, bending and compression resistant structures. Although first
recognized in 1838 as an “encrusting materials” that embeds cellulose in woods, the term
“lignin” was not introduced until 1865 as a name derived from Latin word of wood,
lignum.53, 55-57 However, the concept and the chemical structure of lignin have been left in
nebulous state ever since its discovery. In general, lignin is considered as an amorphous,
three-dimensional polyaromatic heteropolymer that comprises of phenylpropane
7

monomers that linked in various ways through enzymatic dehydrogenation followed by
radical coupling. The main three monomers, or monolignols, are p-coumaryl, coniferyl,
and sinapyl alcohols that are different in the number and positions of the methoxyl groups
on the aromatic rings. In the lignin structure, the monolignols undergo combinatorial radial
coupling process and are thus present in forms of p-hydroxylphenol, guaiacyl, and syringyl
units, shown as Figure 1.4. Although lignins from all species of plants consist more or less
of all three units, grass or annual plant lignins are mainly composed of p-hydroxylphenol
units with slight amount of guaiacyl and syringyl units. Softwood (gymnosperm) lignins
are mostly composed of guaiacyl units with low amount of syringyl and p-hydroxylphenol
units. Hardwood (angiosperm) lignins, on the other hand, mainly consist of guaiacyl and
syringyl units and low level of p-hydyoxylphenol units. A proposed structure of lignin
comprised of coniferyl alcohol was shown as Figure 1.5.

Figure 1.4. Lignin monomers (a) p-coumaryl alcohol, (b) coniferyl alcohol, (c) sinapyl
alcohol and the respective units (d) p-hydroxyphenyl, (e) guaiacyl, and (f) syringyl
lignins.
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Figure 1.5. Proposed softwood lignin chemical structure.2

1.2.2.2 Historical Perspectives of Lignin-Based Carbon Fibers
Generated by the industrial pulping process for approximately 26 to 50 million tons
in annual world production,60-61 lignin was traditionally neglected as the byproduct and
considered as a low value biofuel burned for heat and power.62-67 Recognizing the costeffective, abundant, and renewable characteristics of lignin, a number of studies have
devoted effort to employing lignin for value added products such as activated carbon,
plastic materials, and carbon fibers. Until now, the best reported lignin-based carbon fiber
from modified technical lignin has exhibited average tensile strength, modulus, and
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extensibility at 1.07 GPa, 82.7 GPa, and 2.03%, respectively.13, 81 Figure 1.6., which
illustrates the frequency of lignin-based carbon fiber patents and articles by year,
demonstrates the increasing attention that lignin-based carbon fiber has received over the
last several decades.

Figure 1.6. Lignin-based carbon fiber-related patents (light) and
journal articles (dark) by year.5

In the 1960s, Otani et al. demonstrated carbonizing melt- or dry-spun fibers (20–
30 µm in diameters) comprised of akali lignin, thiolignin, or ligninsulfonate. Interestingly,
although Otani et al. stated that carbonized lignin composite fiber with HMWP showed
lower mechanical properties after carbonization, they claimed that stronger precursor fiber
can be manufactured when incorporating high molecular weight polymers (HMWP) such
as polyvinyl alcohol (PVA) and polyacrylonitrile (PAN). They reported tensile strengths
of carbonized fibers ranged from 0.147 GPa to 0.785 GPa. In the early 1970s, the Nippon
Kayaku Company, which developed and commercialized Kayacarbon lignin carbon fibers,
made them available for a brief period.

In these products, the lignin and PVA as

plasticizer, were dissolved in alkali solution and further dry spun to form precursor
fibers.10-11
10

In the early 1990s, Sudo et al. reported utilizing the pitch of hydrogenolysis or
phenolysis modified steam-exploded lignin as carbon fiber precursors.77 The purpose of
hydrogenolysis and phenolysis was to remove the hydroxyl and hydroxyl methyl functional
group on lignin cross linkages, which could compromise the thermal fluidity of lignin and
thus limited spinnability. The authors also investigated the spinnability and thermal
stability of the modified lignin pitch and showed resultant carbon fibers with an average
diameter of 7.6 ± 2.7 µm and exhibited tensile strength ranging from 0.31 GPa to 0.66 GPa,
a modulus of elasticity of 40.7 GPa, and elongation at break ranging from 1.0% to 1.4%.
Kubo and coworkers later reported carbonized fibers from hardwood and softwood acetic
lignin82 and Organosolv lignin.82 Although they observed no major breakthrough from the
mechanical properties, interestingly, they found that softwood acetic lignin fiber could be
directly carbonized under nitrogen without a thermal stabilization stage. However, the
process of softwood acetic lignin fiber under direct carbonization showed porous structures
on fiber surface and thus exhibited weak mechanical performance. Owing to the porous
structure, Uraki et al. further investigated the possibility of employing direct-carbonize
softwood acetic lignin fiber for activated carbon fiber applications.13 Uraki’s work still
recommended brief thermal stabilization (1 hour at 250 °C) for softwood acetic lignin fiber
to maintain the fibrous shape. They then carbonized the stabilized fibers at 1,000 °C for
one hour with nitrogen, followed by a steam activation mixed with nitrogen stream at 900
°C for 40 to 80 minutes in an electric furnace. The activated carbon fiber from softwood
acetic lignin showed a surface area ranging from 1,400–1,930 m2/g, which was claimed
to be comparable to the highest performance of contemporary commercial activated carbon
fibers.14
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During the early 2000s, Kadla et al. fabricated carbon fibers from Organosolv lignin
(AlcellTM), softwood kraft lignin (Indulin ATTM), and hardwood kraft lignin along with the
polymer blend with poly(ethylene oxide) (PEO) through melt spinning.5 They reported
lignin blends with PEO to show miscible with lower glass transition temperature (Tg) and
better spinnability but all PEO/Alcell fiber and PEO/hardwood lignin blends with ≥ 5%
PEO content as thermally unstable. They shows that carbon fiber with diameters from
31–46 µm, and tensile strength, modulus, and elongation at break to be 339–448 MPa,
33–59 GPa, and 0.79%–1.25, respectively. However, they reported no correlations
between carbon fiber mechanical properties and the PEO blend content or molecular
weight (100–600 Kg/mol). In addition, carbon fibers with melt-spun precursor from
blends of hardwood kraft lignin and synthetic polymers such as poly(ethylene
terephthalate) (PET) and polypropylene (PP) were also reported by Kubo and Kadla.83-85
They mixed various ratios of lignin and synthetic polymers and subsequently processed
them into pellets that were later thermally extruded, forming precursor fibers. While they
reported that the blending with PET/PP decreased the carbon fiber yield, they showed
enhanced thermal stability from lignin/PET blends. They showed while structures from the
lignin/PP carbon fiber were porous, those from lignin/PET carbon fibers exhibited a
smooth surface. Consequently, they observed that lignin/PP carbon fibers exhibited lower
mechanical properties than lignin and lignin/PET carbon fibers. They reported that
lignin/PET carbon fibers the average tensile strength and modulus of elasticity properties
improved 16% and 54%, respectively over those of lignin carbon fibers. Table 1.1
summarizes the mechanical performance of lignin, lignin/PP, and lignin/PET carbon fibers
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of Kubo and Kadla’s work, among other lignin-based carbon fibers reported from the
literature.
PAN has been proposed as a polymer candidate for coextrusion with lignin.
Studies have shown that feasible processing and properties utilize the PAN/lignin system
for solution-based spinning techniques. In 2011, Zoltek and Weyerhaeuser started a
partnership to develop a PAN/lignin composite fiber in pilot-scale production under DOE
funding.1 They spun composite fibers of 15 wt% to 45 wt% of lignin via wet spinning.
However, the production of carbon fibers with only up to 25 wt% lignin was successful
due to increasing micro-voids in composite fibers with increasing lignin content, shown as
Figure 1.7.

Figure 1.7. PAN/lignin composite fiber with (a) 25%, (b) 35%, and (c) 45 % lignin.1

1.2.2.3 Stabilization Scheme of Lignin
Although lignin-based carbon fiber development started in the early 1960s,
information regarding the oxidative thermal stabilization mechanisms and conversions of
lignin was limited.41,

89-91

Unlike the conversion reaction of PAN precursors, which

undergo oxidation, dehydrogenation, and cyclization under thermal stabilization, those of
lignin-based fibers during thermal stabilization are complicated and not well-characterized
because of their complex intermonomer linkages. Braun et al. characterized hardwood
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kraft lignin fibers during thermal stabilization process by elemental and X-ray
photoemission spectroscopic (XPS) analysis. Interestingly, as the β-O-4 linkage
(arylglycerol-β-O-4 aryl ether linkage, shown as Figure 1.8) accounts for approximately
40% to 60% of lignin unit linkages, they reported this linkage as having the lowest bond
dissociation energy in the lignin structure.7, 96-98 Therefore, they proposed that the thermal
stabilization reaction of the lignin was initiated by the hemolytic cleavage of the β-O-4
bonds in oxidative heating, which formed phenethyl and phenoxy radicals. They claimed
that this free-radical chain mechanism would lead to further rearrangement of the lignin
structure with direct linkages between aromatic rings and neighboring aliphatic chains,
accompanied by the release of CO2 and water as byproducts of the autoxidation of carbonyl
and carboxyl groups. Brodin and Norberg et al. later reported softwood and hardwood
lignin fibers stabilized in oxidative and nitrogen environments. Interestingly, they
successfully stabilized softwood lignin fibers under an inert environment, but under an
oxidative environment, the process of stabilization accelerates. While thermally stabilized
in nitrogen, the phenolic-lignin end groups and terminal hydroxymethyl were unable to
form carboxyl groups. Thus, no CO2 was released during stabilization. Proposed lignin
reaction schemes under either an oxidative or inert environment are shown in Figure 1.9.100103

Figure 1.8. (a) Arylglycerol-β-O-4 aryl ether linkage as the dominant interunit
linkage in lignins, (b) phenethyl, and (c) phenoxy radicals.7
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Figure 1.9. Lignin stabilization scheme under (a) oxidative environment9 and (b) nitrogen.10

1.2.2.4 Effects of Lignin on Thermal Stabilization for Polymer Composites
Thermal analysis of lignin-incorporated polymer blends has shown that lignin in
polymer can enhance the thermal stability of polymers, tune Tg for processing purposes,
and alter enthalpy of the melting process and activation energy for pyrolysis reactions.
Previous studies have reported that the altered thermal behavior might be attributed to
possible bonding formation or intermolecular interaction between lignin and polymers,
which implies that the incorporation of lignin affects the polymer blend thermal
stabilization mechanisms during the carbon fiber conversion process. Sazanov et al.
investigated the interactions between PAN and lignin under various forms (a dry powder
mixture and a solution-cast film) and thermal treatments.106 According to differential
thermal analysis, Sazanov et al. reported peak temperature shifts, a broader peak width,
and a decreased peak area on PAN/lignin films when compared to PAN, which they
attributed to the catalytic effect of lignin on PAN cyclization. Although they provided few
details that elucidate how lignin affects the PAN stabilization mechanism, Sazanov et al.
reported that PAN/lignin blend showed a significant difference among the diffusion factors
for PAN carbonization kinetics.
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Table 1.1. Summary of lignin based carbon fiber mechanical properties

1.2.3 Carbon Nanotube (CNT)-Incorporated Carbon Fibers
Since the early 1990s, carbon nanotubes (CNT) have been recognized for their
excellent mechanical, thermal, and electrical properties. Typically available in singlewalled (SWNT), double-walled (DWNT), and multi-walled (MWNT) geometries, CNTs
show diameters ranging from ~1 nm to ~100 nm, depending on the number of walls.
Theoretical calculations and experiments have reported SWNT with a Young’s modulus
and a strength of 0.6-1.3 TPa and 13-52 GPa, respectively. For MWNTs, Yu et al. reported
a tensile strength and a modulus on the outermost layer ranging from 11 to 63 GPa and
from ~270 to ~950 GPa, respectively. Interestingly, no apparent dependence of tensile
strength on the outer shell diameter have been observed. However, an inverse relationship
between Young’s modulus values and MWNT diameters has been shown. Recognizing the
promising mechanical properties of CNTs and the potential reinforcing effects, a number
of studies have investigated the property enhancements of materials with the incorporation
of CNT.

1.2.3.1 PAN/CNT Composite Carbon Fibers
As a predominant precursor of carbon fibers, polyacrylonitrile (PAN) is one of the
promising candidates for polymer/CNT composites. To demonstrate the possibility of
producing polymer/SWNT carbon fibers, Ko et al. fabricated electrospun, continuous
nanofiber yarns.116 Not surprisingly, the elastic modulus and thermal stability of fibers
improved with increasing CNT loading. However, interactions between PAN and CNT
along with the effects of CNT on stabilization and carbonization processes were not clearly
reported. For CNT-incorporated PAN fibers, Chae et al. reported reinforcements of PAN
fibers with various types of CNT. That is, the incorporation of CNT enhances PAN crystal
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orientation, chain extensibility, and crystal sizes and thus improves the tensile properties
of PAN fibers.117 Comparing the PAN fibers with identical processing to PAN/CNT fibers,
Chae et al. demonstrated a significant increase in the fiber tensile strength, the modulus,
and elongation at break by 70%, 75%, and 110%, respectively.120-122 In addition, after the
carbonization process, they found that CNT improved the orientation and turbostratic
carbonaceous structure of the resultant PAN/CNT carbon fibers. This finding demonstrated
the templating effect of CNT on polymers and resulted in improved tensile properties of
carbon fibers. During the fabrication of PAN/CNT composite carbon fibers, the authors
also observed that CNT improved PAN fiber thermal stability and thermal shrinkage. This
finding suggested that CNT incorporation could potentially affect the fiber stabilization
and carbonization process. Liu et al. later investigated the effects of CNT on thermal
stabilization kinetics under various parameters. They reported that the addition of CNT
improved the orientation of the stabilized ladder polymer structure, allowed higher stress
loading during stabilization, and reduced activation energies for both oxidation and
crosslinking reactions.120-122

1.2.3.2 Lignin/CNT Composite Carbon Fibers
To investigate the possibilities of improving the thermal conductivity, mechanical
performance, and electrical conductivity of lignin fiber systems, CNT have been
incorporated into lignin-based fibers. In 2011, Baker et al. reported enhancements on both
the tensile strength and the tensile modulus when CNT (up to 10%) were added into
continuously melt-spun hardwood lignin, organosolv lignin, or softwood/hardwood ligninblend carbon fibers.3 They reported successful CNT dispersion within the melt-spun fiber,
shown in Figure 1.10. The authors also reported that CNT could improve fiber stretching
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and reduce fiber diameters and thus successfully strengthen both precursor and carbonized
fibers. Optimal composite carbon fibers exhibited around 20% and 50% improvement in
the tensile strength and the tensile modulus over neat lignin carbon fibers. However, they
presented no further details or numerical data of the carbon fiber properties. In a recent
literature review, Baker et al. reported improvements of lignin/CNT carbon fiber properties
and described them as “poor” when compared to the property enhancement of precursor
composite fibers.3,5 The review article attributed the poor enhancement to the low
interfacial adhesion between CNT and lignin carbons according to the “pealed” CNT from
the fiber structure during fracturing.5

Figure 1.10. Fracture surface of lignin fiber with CNT dispersed therein.3
More recently, interest in submicron electrospun lignin-based composite fibers has
increased. Teng et al. reported carbonized electrospun lignin-based fiber with the addition
of MWNT (1 to 6 wt%).130-133 In their study, MWNT incorporation (≤ 4 wt% loading) in
fibers could improve the tensile moduli of as-spun and thermostabilized fibers and the

19

elongation at break of carbonized fibers. However, Teng et al. also reported the curling of
MWNT-containing fibers during carbonization that later resulted in loss of tensile moduli
after carbonization. In addition, TEM images revealed MWNT pullouts from fibers under
stress loading, suggesting poor load transfer between lignin and MWNT in fibers. These
observations along with the poorly ordered/aligned MWNT in fiber explained the reduction
in tensile moduli of the carbonized fibers. Surprisingly, unlike PAN-based carbon fibers,
in which electrical conductivity substantially increased with the addition of CNT, no
improvement on the electrical conductivity of lignin/MWNT carbon fibers was observed
until 6 wt% loading of MWNT.

1.2.4 Fiber Spinning of Solution-Based Lignin/Polymer Blends
Owing to the indefinite molecular structures and complex crosslinking forms of
lignin that can limit lignin processability and the resultant fiber properties, recent
investigations have called for a better understanding and modulation of the rheological
behavior of lignin in melt, gelation, and the molecular assembly with polymers solutions.
That is, controlling the syringyl/guaiacyl monolignol ratio in the lignin structure is shown
to affect the viscosity of the melt. Poly(ethylene oxide) in solution with lignin can decrease
the size of lignin aggregates and regulate lignin molecules to form less-branched,
anisotropically cylindrical self-assemblies to enhance processability.130,134-136 Multiple
recent studies have reported that the incorporation of lignin in PAN solution can reduce
solution viscosity, affect blend miscibility, solution spinnability, and resultant fiber
morphology.1, 130 However, to date, the fundamental understanding of the interactions
between lignin and PAN or other polymers in solution for fiber processing is still limited.
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1.3 THESIS OBJECTIVES
To address the barriers for further development of lignin incorporated carbon fibers,
the objectives of this study are:


To develop effective characterizations of the rheological interactions between
lignin and polyacrylonitrile (PAN) in composite solutions to allow optimized lignin
loading in fiber processing.



To study the processing, structure, and properties of gel spun PAN, PAN/lignin,
and PAN/lignin/carbon nanotubes (CNT) composite fibers.



To study the stabilization and carbonization behaviors of lignin and CNT
incorporated gel-spun PAN-based fibers.



To study and to develop small-diameter PAN/Lignin composite fibers through bicomponent spinning.
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CHAPTER 2
RHEOLOGICAL BEHAVIOR OF POLYACRYLONITRILE AND
POLYACRYLONITRILE/LIGNIN BLENDS
2.1 INTRODUCTION
Throughout the research and development of advanced textiles, high-performance
fibers such as Kevlar® , Dyneema® , Spectra® , and carbon fibers have attracted great
attention due to their high specific strength, modulus, and versatile applications. While the
exceptional mechanical properties of high-performance fibers are attributed to the highly
aligned molecular structure, and minimized defects, voids, and polymer chain
entanglements in fiber structure, processing optimization plays a decisive role of the
resultant fiber properties. Currently, Kevlar® , Dyneema® , Spectra® , and polyacrlonitrile
fibers as carbon fiber precursors are all manufactured from solutions that typically
comprised of 5-20 wt% polymers dissolved in designated solvents.3-7 In order to understand
the polymer molecular behavior in solutions and ensure the fiber fabrication quality,
rheological characterizations of the solution serve as a critical guidance toward further
development. In the past decades, on the basis to advance polyacrylonitrile (PAN) based
carbon fiber performance, investigation of PAN rheological systems related to solution
homogeneity, spinnabiliy, gelation behavior, and coagulation conditions have been an
unceasing research focus. Recently, surging interests in low-cost carbon fibers have called
for more cost-effective alternatives for carbon fiber precursor materials and conversion
processes. Lignin, as an abundant biorefinery byproduct and a melt-spinnable material, has
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received increasing attentions for its utilization in carbon fiber. However, no demonstration
of melt-spun lignin-based carbon fibers has been reported to date to meet the performance
target of low cost carbon fibers set by the U.S. Department of Energy.10-15 More recently,
lignin has been proposed to be processed in solution state with other polymers, specifically
with PAN, to form blend fiber with further conversion into carbon fibers. Nonetheless, the
addition of lignin is shown to reduce polymer solution viscosity and affect spinnability.1213

Furthermore, lignin/polymer blends have also been reported with porous structure,17

phase separation,18 reduced drawability,19-20 and thus limited the mechanical performance
of resultant fibers.
In order to fully render the potential of mechanical performance of lignin incorporated
fibers and the derived carbon fibers, understanding of the interactions between lignin and
polymers in solutions or melts is critically desired. In this work, fundamental study of PAN,
and PAN/annual plant lignin (APL) solutions with APL incorporation up to 37.5 wt% (with
respect to total solid content) are conducted through dynamic shear rheology. Interactions
between PAN and APL are depicted based on the characteristics of solution thermoreversibility, miscibility, and viscoelastic behavior.

2.2 EXPERIMENTAL
2.2.1 Materials and Solution Preparation
Polyacrylonitrile-co-methacrylic acid (PAN-co-MAA; 4 wt% MAA, Mv = 247,000
g/mol) was acquired from Exlan, Co. (Osaka, Japan) and the sulfur free, annual plant lignin
(APL) powder Protobind 2400 from the soda pulping process was provided by GreenValue
(Media, PA). Organic solvent dimethylformamide (DMF) was obtained from SigmaAldrich and distilled before use. For PAN solution, PAN slurry is initially prepared by
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adding polymer powder into DMF in a glass reactor with a solid concentration of 15 g/dL,
followed by eight hours of stirring at 200 rpm at room temperature to prevent polymer
agglomeration. After the stirring process, the slurry is slowly heated to 80 °C in silicone
oil bath under continuous stirring at 200 rpm. The solution was then maintained under the
same conditions for five hours before collection. Throughout the solution preparation, a
nitrogen stream of 10 standard cubic feet per hour (SCFH) was introduced to avoid solution
oxidation in glass reactor. Collected PAN solution then undergoes a 20-minute degas
process under vacuum at 60°C before further characterizations. For PAN/APL composite
solutions, APL solids were first dissolved in DMF by orbital shaker (MaxQ 4450, Thermo
Scientific.) at 180 rpm and maintained at 40°C for eight hours before the subsequent
addition of PAN polymer powder to form PAN/APL slurry in a glass reactor. PAN/APL
solutions were then prepared under identical stirring, heating, and degas procedures to PAN
solution. In this study, 3.5 g and 9 g of lignin solids are dissolved in 1 dL of DMF with
control PAN solids (15 g/dL) to form PAN/APL1 and PAN/APL2 solutions with total solid
content of 18.5 g/dL (18.9 wt% lignin in solids) and 24 g/dL (37.5 wt% lignin in solids),
respectively.

2.2.2 Solution Characterizations
Rheology characterizations of all solutions are conducted using Discovery Hybrid
Rheometer (TA Instruments) in parallel plate geometry, with a 60-mm plate on top and
Peltier plate on the bottom with a gap size of 1 mm in between. Isochronal temperature
scans of solutions at 1 rad/s from 60°C to 0°C, and then back to 60°C at a rate of 2°C/min
were performed to investigate solution themo-reversibility, and storage modulus (G’) and
loss modulus (G”) response to temperature. Dynamic frequency sweep measurements from
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0.1 rad/s to 100 rad/s of each solution were performed at a temperature ranging from -7 °C
to 56 °C (± 0.05 °C), with an increment of 7 °C. This temperature range is chosen in order
to investigate the polymer behavior from solution state to viscoelastic stretching of as-spun
dope, and during coagulation. During sample loading, a thin layer of silicone oil was
applied to cover the exposed surface of solution to prevent solvent evaporation and
moisture absorption during experiment.

2.3 RESULTS AND DISCUSSION
Isochronal temperature scans of PAN solution and PAN/APL blend solutions at an
oscillatory frequency of 1 rad/s are shown as Figure 2.1. In each trial, solution sample
undergoes a cooling scan from 60 °C to 0 °C, followed by a reheating scan from 0 °C to
60 °C. For PAN solution (Figure 2.1a.), storage modulus (G’) increases with a decrease in
temperature during cooling scan due to the reduced mobility of polymer chains and vice
versa during the reheating scan. Throughout the cooling and subsequent reheating process
between 60 °C and 0 °C, PAN solution exhibits thermo-reversibility with the recovery in
G’ and G” with respect to temperature gradient. In both cooling and reheating process, G”
> G’ in the entire temperature range, indicating the dominance of liquid-like behavior. For
PAN/APL1 solution (18.9 wt% lignin, Figure 2.1b.), as G” of PAN/APL1 solution still
recover with thermo-reversibility, G’ of PAN/APL1 during reheat deviates from the PAN
G’ curve with enhanced elasticity compared to the cooling scan and exhibits an upturn
starting around 37 °C. This G’ upturn along with the change of G’ curve slope around 37
°C imply a possible binodal temperature of the blend during reheating process.19 In the
case of PAN/APL2 (Figure 2.1c) solution, this effect is manifested with higher APL content
in solution, where the reheat G’ curve further deviates from the original G’ curve of cooling
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scan. In addition, G’ upturn magnitude has increased and caused a local minimum around
37 °C for the PAN/APL2. When the higher magnitude of the G’ upturn is attributed to the
strong dynamic asymmetry of the constituent components (PAN and lignin in this case),

Figure 2.1. Storage modulus (G’) and loss modulus (G”) of (a) PAN, (b) PAN/APL1, and
(c) PAN/APL2 solutions under isochronal temperature scans. Filled symbols represent
the cooling scan and empty symbols represent the subsequent heating scan. Solution tan δ
values are summarized in (d).

the minimum around 37 °C in G’ curve suggests a spinodal point of the blend where
minority-component rich domain and majority-component rich domain develop to alter
solution G’ behavior.3, 22-25 Moreover, a crossover point of G’ and G” is observed around
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37 °C, suggesting formation of physical gel network through the thermo-rheological
interactions between lignin and PAN. To monitor interactions between the elastic
component (G’) and the viscous component (G”) of the solutions, loss tangent (tan δ)
curves of PAN, PAN/APL1, and PAN/APL2 during isochronal temperature scans are
shown in Figure 2.1d. In the initial cooling scan, PAN, PAN/APL1, and PAN/APL2
exhibited comparable tan δ magnitude and slope, indicating a similar response between the
elastic and viscous components. During the reheating process, deviations of tan δ curve are
then observed from the PAN/APL1 and PAN/APL2 solutions. Note that the emergence of
G’/G” crossover point is not observed in the temperature scan of PAN or PAN/APL1
solutions but only for PAN/APL2, and the altered behavior of G’ and tan δ with the
increasing lignin content is only shown during the reheating scan but not in the initial
cooling scan. These results suggest that the presence of lignin promotes solution sensitivity
on temperature gradient, and induce polymer gel-network formation during quenching.
Complex viscosity, storage modulus G’, and loss modulus G” of PAN, PAN/APL1,
and PAN/APL2 solutions are presented in Figure 2.2, Figure 2.3, and Figure 2.4,
respectively. For all solutions, strong dependence of solution viscosity on the applied
temperature as well as the similar shear thinning behavior at increasing oscillatory
frequencies is observed. Around room temperature (21 °C), PAN exhibits slopes of G’
versus ω (1.654), and G” versus ω (0.992) log-log plots at the terminal region when ω →
0, in accordance with the scaling law of G’~ ω2 and G”~ ω1. By comparison, PAN/APL1
exhibits the corresponding slopes of 1.446 and 0.981 and PAN/APL2 shows the respective
slopes of 1.426 and 0.974. The decreasing slopes of G’ versus ω, and G” versus ω with
increasing APL content suggest that APL molecules in the composite solutions promote
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more solid-like behavior of the solutions. As the deviation of scaling law with the presence
of lignin implies intermolecular interactions between the blend components, it is of
interests to investigate the blend miscibility and PAN chains behavior in the vicinity of
lignin.
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Figure 2.2. PAN solution viscosity (a), storage modulus G’ (b), and loss modulus G” (c) at various
temperatures.
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Figure 2.3. PAN/APL1 solution viscosity (a), storage modulus G’ (b), and loss modulus G” (c) at various
temperatures.
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Figure 2.4. PAN/APL2 solution viscosity (a), storage modulus G’ (b), and loss modulus G” (c) at various
temperatures.
Homogeneity of polymer melts or solutions is often characterized by the slope of
G’ versus G” log-log plot (Han plot), where a theoretical slope value of 2 indicates a
homogeneous, monodisperse, and entangled polymer solution or melt. While the ratio of
the amount of energy stored (G’) to the amount of energy dissipated (G”) in the polymer
blends are found to be independent of the blend composition ratio, the slope of G’ versus
G” log-log plot is also useful to evaluate polymer blend miscibility. The log-log plots of
G’ versus G” for PAN, PAN/APL1, and PAN/APL2 solutions are shown in Figure 2.5. PAN
solution (Figure 2.5a) exhibits a consistent slope of 1.57 (± 0.03) that is independent of
applied temperature, confirming a homogeneous, monodisperse polymer solution. For
PAN/APL blends (Figure 2.5b and Figure 2.5c), consistency of log G’ versus log G” curves
with independence on temperature and blend composition is also observed, rendering a
slope value for PAN/APL1 (1.56 ± 0.03) and PAN/APL2 (1.57 ± 0.04), respectively. Note
that while lignin is an amorphous, three-dimensional matrix which is distinct from PAN
molecular structure, PAN and PAN/APL blends (with up to 37.5 wt% lignin) exhibit similar
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slope from the log G’ versus log G” curves. The temperature-independent, and the
composition-independent slope value (~1.57) of PAN, PAN/APL1, and PAN/APL2
solutions confirms the single-phase, miscible blend at each temperature of investigation.29
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Figure 2.5. Log-log plot of G’ versus G” for (a) PAN, (b) PAN/APL1, and (c) PAN/APL2
solutions at various temperatures.
isothermal dynamic frequency sweep at all temperatures.

To characterize the intermolecular interactions between PAN and lignin in solution,
Eq. 2.1 provides Arrhenius relationship between temperature (T) and zero-shear viscosity
(η0) of polymer melts or solutions in terms of activation energy (Ea) that describe the
polymer chain restrictive force to flow.31-32 For dynamic shear rheology, η0 can be directly
obtained from the complex viscosity, η*, where ω → 0. η0* (η0 obtained from complex
viscosity) of PAN, PAN/APL1, and PAN/APL2 solutions at various temperatures are
shown in Figure 2.6a.
𝐸𝑞. 2.1

𝐸𝑎

𝜂0 = 𝐴𝑒 𝑅𝑇 ,

(𝑅 = 𝑢𝑛𝑖𝑣𝑒𝑟𝑠𝑖𝑎𝑙 𝑔𝑎𝑠 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡)
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Figure 2.6. Zero-shear viscosity (η*, where ω→0) of PAN, PAN/APL1, and PAN/APL2 solutions
at various temperatures (a), and plot for solution activation energy, (b).

For PAN, PAN/APL1, and PAN/APL2 solutions, η0* is shown to decrease at higher
temperatures. With the incorporation of lignin, PAN/APL1 blend (3.5 g/dL lignin + 15
g/dL PAN solid content) shows similar viscosity compared to PAN solution (15 g/dL PAN
solid content) at – 7 °C. At increasing temperatures (0 to 56 °C), PAN/APL1 consistently
exhibits lower viscosities than PAN solution. This effect is further manifested by
PAN/APL2 when higher loading of lignin is present in solution (9 g/dL lignin + 15 g/dL
PAN solid content). Figure 2.6b illustrates the linear relationship between ln η0* and 1/T
along with calculated activation energies from the slopes and Eq. 1. Interestingly, despite
the reduced viscosities of PAN/APL blends, solution activation energies are found to
increase with increasing lignin content (PAN/APL2 > PAN/APL1 > PAN). This suggests
interaction between lignin molecules and the PAN on the side chains to cause long-chain
branching, where the branches increase chain segment size and rigidity to cause higher
activation energies regardless the lower solution viscosities compared to the linear, short42

side-chain analogues.33 While the activation energy is also closely related to polymer
entanglements, an alternative interpretation for the aforementioned discussions of
activation energy is that the activation energy increase can be attributed to the physical
entanglements between APL and PAN molecules instead of possible PAN/APL chemical
interactions. To verify the argument, solution apparent yield stress, or critical stress where
a structural breakdown of a viscoelastic liquid occurs are evaluated. Eq. 2.2 is the modified
Casson equation that determines the critical stress of polymer melt or solution, in which
G”, σ0, k, and ω are the loss modulus, yield stress, viscosity coefficient, and angular
frequency, respectively.

𝐸𝑞. 2.2

√𝐺" = √𝜎0 + √𝑘𝜔

To describe the relationship between loss modulus G” and angular frequency ω,
modified Casson plots for PAN, PAN/APL1, and PAN/APL2 solutions are shown in Figure
2.7. The intercept of √𝐺" obtained from the linear extrapolation of each dynamic
frequency sweep can be used to obtain the solution critical stress. Comparison of the
solution critical stresses at various temperatures are then summarized in Table 2.1 and
illustrated in Figure 2.8. For all solutions, critical stress decreases at higher temperatures,
indicating that break-up stress of molecular associations for the physical structure in
solution decreases at higher temperatures. At the same time, solution critical stress is shown
to decrease with increasing lignin content in the solution throughout the entire temperature
range. This suggests that the presence of APL does not contribute to prevent physical
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structural breakdown of polymers in solution, which disapproves the proposition of
solution activation energy increases due to the entanglements between PAN and APL.

Figure 2.7. Modified Casson plot for (a) PAN, (b) PAN/APL1, and (c) PAN/APL2
solution at various temperatures.

Table 2.1. Solution critical stress at various corresponding temperatures
Temperature (°C)
Solution critical stress (Pa)
PAN
PAN/APL1
PAN/APL2
-7
2.597
2.231
1.490
0
1.541
1.282
0.859
7
0.565
0.376
0.291
14
0.437
0.316
0.209
21
0.257
0.172
0.136
28
0.122
0.088
0.051
35
0.077
0.041
0.034
42
0.069
0.034
0.015
49
0.040
0.018
0.013
56
0.033
0.017
0.003
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Figure 2.8. Comparison of the solution critical stresses at various
temperatures

Solution relaxation time (λ) under dynamic shear can be calculated according to
Eq. 2.3, where 𝐽′ and [η∗ ] and are the solution compliance and magnitude of complex
viscosity, respectively.31, 36 To obtain the characteristic relaxation time of the solution in
terminal region, the longest relaxation time 𝜆0 , (where ω → 0) of PAN, PAN/APL1, and
PAN/APL2 solutions at various temperatures are shown in Figure 2.9. For entangled
polymers, 𝜆0 is closely related to the onset of nonlinear pseudoplastic region. 3 Therefore,
it is no surprise to see 𝜆0 exhibits a clear shift to lower values with increasing temperatures
for all solutions in this study, indicating a manifested pseudoplastic solution behavior at
higher temperatures. With 18.9% of lignin incorporation, PAN/APL1 exhibits no
significant difference of relaxation time compared to PAN solution. However, when the
lignin incorporation is increased to 37.5%, PAN/APL2 solution shows a general trend in
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decreasing relaxation time in comparison to the other two solutions at respective
temperatures. In an analogy of using reptation model to describe PAN relaxation in
solution,37-38 here the reduction of longest relaxation time 𝜆0 can be considered as a
decrease in reptation time, or less disentanglement hindrance on the polymer chains. This
result agrees with the aforementioned observations of reduced viscosities and critical
stresses of PAN/APL solutions.

Longest relax. time,  (s)
0
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Figure 2.9. Longest relaxation time, λ0 of PAN, PAN/APL1, and PAN/APL2 solutions.

In a solution-based, wet spinning process of fiber manufacturing, the spinning dope
generally undergoes a high-speed shearing deformation into a quenching medium at a
relatively low temperature than the as-spun extrudate. During processing, polymer chains
in fiber structure experience disentanglement, chain alignment and extension to render
enhanced mechanical performance.39-40 While the polymer chain rearrangement can
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complete in a very short time frame during fiber spinning process, it is difficult to monitor
the real-time polymer behaviors in solution. As an approach to envision the polymer
response to high-speed shearing undertaken at reducing temperatures, tan δ of PAN,
PAN/APL1, and PAN/APL2 solutions from dynamic frequency measurements at -7 °C to
56 °C under an oscillatory frequency of 100 rad/s are illustrated in Figure 2.10. All
solutions exhibit a similar trend where tan δ decreases with decreasing temperatures,
corresponding to a transition towards more solid-like dominance behavior during
coagulation. From 21 to 56 °C, PAN/APL2 exhibits respectively higher tan δ than
PAN/APL1 and PAN solutions, indicating that lignin incorporation promotes a viscouscomponent dominance in solution structure at the designated temperatures. In lower
temperatures, interestingly, tan δ values of the solutions converge around 14 °C and further
exhibit inverted order of tan δ values (PAN > PAN/APL1 > PAN/APL2). This converging
temperature of a constant tan δ value suggests the physical crosslink development, or a
possible gel point induced by polymer chains.18 Furthermore, under the shearing process
at a decreasing temperature to -7 °C, the magnitudes of tan δ values (PAN > PAN/APL1 >
PAN/APL2) imply that the incorporation of lignin promotes the PAN physical network
formation and the elastic-component dominance during decreasing temperatures. A
possible explanation for the observation is, since lignin incorporation is shown to reduce
solution relaxation time, the elastic component in the PAN/APL solutions is therefore more
sensitive to the temperature gradient during solid-like (high frequency) motions. In a
rapidly cooling, high-speed shearing process, the PAN/APL solution is expected to
undergo an accelerated transition from viscous-component dominance to elasticcomponent dominance. This is a close analogy to the event of fiber spinning process, where
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the spinning dope can be extruded into a quenching medium (e.g., air or bath) and
undergoes stretching (high-speed shearing) and coagulation (quenching) simultaneously.
As a result, the phenomenon of excessively rapid coagulating characteristic was reported
to cause noncoherent gels during acrylic fiber process and thus reduce the fiber
stretchability when compared to fiber processed with mild coagulation.

Figure 2.10. Solution loss tangent (tan δ) of PAN, PAN/APL1, and PAN/APL2
from dynamic frequency measurements under an oscillatory frequency of 100
rad/s at various temperatures.

2.4 CONCLUSIONS
Fundamental study of PAN and PAN/APL rheological systems with up to 37.5 wt%
lignin incorporation is provided herein as an approach to elucidate the interactions between
PAN and lignin during fiber processing. According to the results, lignin incorporation can
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induce PAN side chain branching and reduce solution viscosity, critical stress, and
relaxation time. Compared to PAN solution, PAN/APL composite solutions exhibit
inverted behavior from more liquid-like structure to more gel-like (or solid-like) structure
under high-speed shearing and quenching process. This result suggests that PAN
coagulation mechanism during fiber manufacturing process is hastened with the
incorporation of lignin. While polymeric fibers such as polyethylene and PAN are shown
to exhibit enhanced mechanical properties with proper processing or drawing during gelstate of the extrudate, these results indicate that operation windows such as gel-state
drawing temperature or coagulating temperature must be carefully tailored for PAN/APL
systems. Isochronal frequency scans of PAN/APL blends display a poor thermoreversibility during reheating process after a precedent cooling scan, indicating the proper
coagulation parameters of the PAN/APL extrudate should be identified to avoid formation
of PAN-rich or lignin-rich domains that can potentially disturb later drawing stages.
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CHAPTER 3
STABILIZATION KINETICS OF GEL SPUN
POLYACRYLONITRILE/LIGNIN BLEND FIBERS

3.1 INTRODUCTION
Throughout the development and increasing demand of carbon fibers,
polyacrylonitrile (PAN) has been the predominant precursor for the production of high
performance carbon fibers and this accounts for more than 90% of the commercial carbon
fibers.2 Owing to the relatively high cost, applications of carbon fibers are rather limited.
3

While significant cost reductions have been achieved in carbon fiber production over the

last three decades, further cost reductions will significantly increase carbon fiber usage,
especilaly in the automotive sector. Current market demand for low-cost carbon fiber is
approximately 300 million kg per year,4-5 As one of the most abundant reneawable
materials on earth and the byproduct of pulp and paper industry, lignin has been considered
an attractive cost-effective alternative to PAN for carbon fiber precursors . To-date, ligninbased carbon fibers have exhibited relatively low mechanical properties compared to the
PAN-based carbon fibers.6-11 Although numerous efforts have been devoted to lignin
dervied carbon fibers since 1960s, understanding of the fundamental chemistry of this
process is still limited and requires further development in translational biorefinery
research.13-18
Over the last decade, there has been interest, in both academic and industrial
laboratories, to integrate the cost advantages of lignin and the good mechanical properties
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of PAN. As a result, PAN/lignin blend based carbon fibers have been processed with
comparable mechanical performance to that of the control PAN-based carbon fibers.19, 21
In one of the reports, it has been suggested that the incorporation of lignin could potentially
increase PAN stabilization efficiency . In two separate studies it was suggested that lignin
incorporation could initiate PAN stabilization process at a realtively lower temperature.2223

However, no details regarding the reaction mechanisms and kinetics were discussed in

these studies. Therefore, in this study we report for the first time, the stabilization reaction
kinetics of gel spun PAN/lignin blend fibers.

3.2 EXPERIMENTAL
3.2.1 Materials and fiber processing
PAN-co-MAA (96/4, Mv = 247,000 g/mol) was acquired from Exlan, Co. (Japan).
Softwood kraft lignin (Indulin AT) was provided by MeadWestvaco (Richmond, VA). Kraft
lignin typically has relatively higher (typically higher than 2 wt%) sulfur content.19 For
comparison, we note that in our previous work,25 annual plant lignin with soda pulping
process was used and that lignin contained about 0.5 wt% sulfur.26-30 As-received lignin
powder was first treated with diluted HCl and distilled water repeatedly, followed by
multiple washes with methanol to filter the insoluble fraction. Methanol-treated lignin was
then washed with distilled water repeatedly and dried under vacuum at 60 °C overnight
before use. Dimethylformamide (DMF) was obtained from Sigma-Aldrich. Co. and used
as received. For solution preparation, PAN and lignin solids are dissolved into DMF within
a glass reactor maintained at 80 ˚C. PAN solution is prepared at a solid concentration of 15
g/dL. When preparing for PAN/lignin solution, 5 g/dL of lignin solid was dissolved in
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DMF while PAN solid concentration remained unchanged. (PAN : lignin solid content
ratio = 75:25.) A spinning system designed by Hills, Inc. and a spinnerette with a 200 µm
diameter hole were used for fiber spinning. Fibers were spun through an air gap of 30 mm
into a methanol coalgulation bath maintained at -50˚C. As-spun fibers were collected at a
spin draw ratio of 3 and subsequently kept immersed in methanol at -30 ˚C for 36 hours to
ensure gelation before further fiber drawings. Post-spin fiber drawing was frist performed
in ambient condition and later in a glycerol bath maintained at 165 ˚C. All fibers in the
current study were drawn to total draw ratio of 10, and the diameter of PAN and
PAN/softwood kraft lignin (SWL) fibers were 21.7 µm and 21.2 µm, respectively.

3.2.2 Characterizations
Dynamic mechanical anaylysis (DMA) was performed on precursor fibers at a
frequncy of 1 Hz using a RSA III solid analyzer. 30-filament fiber bundles were used at a
gauge length of 25.4 mm at a heating rate of 1 ˚C/min from 30 ˚C to 200 ˚C. Tensile
properties of precursor fibers were tested via FAVIMAT on single filaments at 25.4 mm
gauge length and a strain rate of 1 %/s. At least 20 fibers were tested in each case. Scanning
electron microscope (SEM) images of the fibers were collected using Zeiss Ultra 60 FESEM at an accelerating voltage of 5 kV. Fourier transform Infrared spectra (FTIR) of SWL
powder, PAN fiber and PAN/SWL fiber are collected on Spectrum One from PerkinElmer
with a resolution of 1 cm-1. To study the fiber structure, Wide angle X-ray diffraction
(WAXD) patterns were obtained by Rigaku Micromax-002 and Rigaku IV++ detecting
system with operating parameters of 45 kV, 0.65 mA and λ = 1.5418 Å . Softwares
AreaMax V1.00 and MDI Jade 6.1 were used to analyze the WAXD patterns. Thermomechanical analysis (TMA Q400, TA Instruments) was conducted with 10-filament fiber
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bundles at various applied stresses and heating rates (1, 3, and 5 °C/min) to 325 °C under
nitrogen and air environment. Differential scanning calorimetry (TA Instrument Q2000)
under oxidative and nitrogen environments at various heating rates rates (5, 10, and 15
°C/min) from 25 °C to 400 °C were performed on fibers in order to differentiate
stabilization reactions.

3.3 RESULTS AND DISCUSSIONS
Mechanical properties and structural parameters of precursor fibers are summarized
in Table 3.1, and the SEM images of the tensile fractured fiber surfaces and the FTIR
spectra of the precursor fibers are shown in Figure B.1 and Figure B.2, respectively, in
appendix B. The tensile properties of the PAN and PAN/SWL fibers are comparable to
each other. PAN/SWL fiber has a lower PAN crystal size than PAN fiber and similar PAN
crystal orientation. Storage modulus and tan δ curves along with the loss modulus of the
fibers from DMA were shown in Figure 3.1. PAN/SWL exhibited higher storage modulus
over entire temperature range, which agrees with tensile testing results. The PAN tan δ
peak at ~ 90 °C is attributed to βc relaxation of the polymer chain motion in the paracrystalline region. In the current study, PAN and PAN/SWL fiber exhibited relatively
unchanged meridional peak postions obtained from WAXD (Table 3.1), suggesting that
there was no significant effect on polymer chain conformation by incorporating SWL in
the fiber. Interestingly, DMA of PAN/SWL fiber shows a noticeably reduced tan δ peak
magnitude (Figure 3.1a) and a dimished shoulder on loss modulus curve ~ 90 °C
(Figure 3.1b) as compared to the PAN fiber, implying a suppressed βc relaxation that can
result from anti-plasticization effect . While antiplasticization effect is critically dependent
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on the additive species, it is interesting that antiplasticization is observed between pretreated softwood lignin and PAN copolymer in the current study.

Table 3.1. Peak temperatures from DSC data for PAN and PAN/SWL fibers
PAN
PAN/SWL
Tensile modulus (GPa)
14.7 ± 0.8
16.0 ± 0.6
Tensile strength (MPa)
624 ± 61
776 ± 50
Strain to failure (%)
8.7 ± 0.5
8.6 ± 0.4
Facture toughness (MPa)
31.3 ± 3.0
37.2 ± 4.8
fPAN a
0.82
0.82
b
Crystal size (nm)
11.8
9.3
d2θ ≈ 17° c (Å )
5.243
5.263
d2θ ≈ 30° d (Å )
3.031
3.045
2θmeridional scan e ( °)
39.14
39.13
Herman’s orientation factor of PAN, calculated from Azimuthal scan of PAN (2 0 0), (1 1 0) planes.
The crystal size of PAN calculated using WAXD peak at 2θ ≈ 17˚.
c Equatorial PAN d-spacing. (for 2θ~17° diffraction peak)
d Equatorial PAN d-spacing. (for 2θ~30° diffraction peak)
e PAN peak position from meridional scan.
a
b
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Figure 3.1. Storage modulus and tan δ (a) and loss modulus (b) of PAN and PAN/SWL fibers.

Thermal stabilization is a critical processing stage during PAN-based carbon fiber
manufacturing. During stablization, PAN fibers undergo complex reactions including
oxidation, cyclization, and crosslinking that transform PAN polymer chains into stabilized
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ladder polymer strcuture. While the cyclization reaction can be initiated with or without
the presence of oxygen, oxidation and crosslinking can only occur under an oxidative
environment, this allows separation and monitoring of the individual stabilization reactions
under inert or oxidative environments by differential scanning calorimetry (DSC). When
the PAN fiber was stabilized under an oxidative condition, a broad exothermic peak
constituted by multiple peaks from concurrent reactions were observed as Figure 3.2a.
When the PAN fiber was run in a nitrogen environment, a single narrower peak
corresponding to the cyclization reaction appeared as shown in Figure 3.2b.39 While
quickly quenched the sample from nitrogen run back to room temperature followed by a
rerun in an oxidative environment by DSC, two broad peaks were then evolved. These
peaks were assigned to oxidation and crosslinking reactions, with respective order of
increasing temperatures.41-42

Figure 3.2. DSC curves of PAN fibers at a heating rate of 5 °C/min in (a) air, (b)
nitrogen, and (c) nitrogen run followed by rerun in air environments.
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To analyze the effects of lignin on stabilization reactions and kinetics by DSC, PAN
and PAN/SWL fibers were run in nitrogen first and then rerun in air with heating rates of
5, 10, and 15 °C/min, shown as Figure 3.3. In heat treatments under nitrogen, a single
exothermic peak were observed from both PAN and PAN/SWL fibers, attributed to the
cyclization reaction. Shown as Figure 3.3 a and b, PAN/SWL fibers exhibited lower
exothermic heat flow magnitude than PAN fiber. While fast heat release during the reaction
could result in local overheating , this suggested that the incorporation of lignin can
alleviate excessive heat release during cyclization.

Figure 3.3. DSC curves at various heating rates with (a) PAN fiber in nitrogen, (b)
PAN/SWL fiber in nitrogen, and (c) PAN and (d) PAN/SWL fibers rerun in air after runs
in nitrogen.
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To further investigate reaction activation energies and reaction kinetics from DSC,
peak temperatures of cyclization (in nitrogen), oxidation (in air), and crosslinking (in air)
were collected and listed in Table 3.2 for calculations by the Kissinger method (Eq. 3.1)
and Ozawa method (Eq. 3.2), where 𝜑 , 𝑇𝑝 , 𝐸𝑎 , 𝑅 are heating rate (°C/min), peak
temperature (Kelvin), activation enegy, and univsersial gas constant (8.3145

𝐽
𝑚𝑜𝑙∙𝐾

),

respectively.43 With the determination of activation energies, a pre-exponential factor for
the Arrhenius equation 𝐴 =

𝜑𝐸𝑎
𝑅𝑇𝑝2

∙𝑒

rates with rate constant 𝑘 = 𝐴 ∙ 𝑒

𝐸𝑎
⁄𝑅𝑇𝑝

can be calculated to further describe the reaction

−𝐸𝑎⁄
𝑅𝑇 .36-37, 45

𝜑
𝑑(𝑙𝑛 2 )
𝑇𝑝
𝐸𝑎
−
=
1
𝑅
𝑑( )
𝑇𝑝
−

𝐸𝑎
1 𝑑(𝑙𝑜𝑔𝜑)
=
𝑅
0.4567 𝑑 ( 1 )
𝑇𝑝

𝐸𝑞. 3.1

𝐸𝑞. 3.2

Table 3.2. Peak temperatures from DSC data for PAN and PAN/SWL fibers
PAN peak temp. (°C)
Heating Rate (°C/min)

In N2

5
10
15

Tcyclization
281.0
290.2
296.0

Rerun in Air
Toxidation
Tcrosslink
205.6
278.0
220.9
291.1
228.2
299.1

PAN/SWL peak temp. (°C)
In N2
Tcyclization
279.8
290.3
296.4

Rerun in Air
Toxidation
Tcrosslink
194.4
271.3
210.5
302.2
218.8
313.5

Plots of the Kissinger method of PAN and PAN/SWL fibers for activation energy
determination are shown in Figure 3.4 and the reaction kinetics of the cyclization,
oxidation, and crosslinking reactions are summarized in Table 3.3. According to the results

61

from the Kissinger method, PAN fiber exhibited cyclization, oxidation and crosslinking
activation energies of 183.1 kJ/mol, 87.7 kJ/mol, and 127.0 kJ/mol, respectively. With the
incorporation of lignin, the corresponding activation energies were calculated as 163.7
kJ/mol, 77.4 kJ/mol, and 57.3 kJ/mol which are equivalent to 10.6 %, 11.7%, and 54.9%
reduction in the respective activation energies. The decrease in activation energies implies
that lignin participates in (or at least influences) the PAN cyclization, oxidation, and
crosslinking reactions. Interestingly, note that when PAN/SWL fiber exhibited
significantly lower crosslinking reaction activation energy than PAN fiber, the crosslinking
reaction peaks of PAN/SWL fiber shift to higher temperatues with noticeably broader
widths than PAN crosslinking peaks at the same heating rates. These observations in the
PAN/SWL crosslinking reaction peaks suggest that lignin participates in PAN crosslinking
reaction during thermal stabilization process. While crosslinking during stabilization can
promote better load sharing between polymer chains and thus allows more stretching
during carbon fiber processing , the significantly lower PAN/SWL crosslinking activation
energy than PAN fiber suggests that earlier stage crosslinking can be initiated with the
addition of lignin to allow increased stretching during stabilization process. Cyclization,
oxidation and crosslinking reaction rate constants of PAN and PAN/SWL fibers were
calculated using Arrhenius equation and the results are summarized in Table 3.3.
Calculations according to the results from Kissinger and Ozawa methods show that
PAN/SWL fiber exhibits approximately 18% to 24% higher rate constants for all reactions
than PAN fiber at 250 °C. The increased reaction rate constants agree with the observation
of lower activation energies previously discussed. The reduced activation energies along
with the increased reaction rate constants of PAN/SWL fiber suggest reduced processing
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time and reduced energy requirment for carbon fiber manufacturing with the incorporation
of lignin in PAN as compared to only PAN.

Figure 3.4. Plotting for activation energies of (a) cyclization, (b) oxidation, and (c) crosslinking
reactions for PAN and PAN/SWL fiber by Kissinger method.

Table 3.3. Activation energies and reaction kinetics parameters of PAN and PAN/SWL fibers from DSC
Kissinger method
Ozawa method
-1 c
a
-1 b
k250°C (s ) Ea (kJ/mol)a A (s-1)b k250°C (s-1)c
Reaction
Ea (kJ/mol)
A (s )
Cyclization
183.1
6.5 x 1016
0.034
183.0
6.3 x 1016
0.034
PAN
Oxidation
87.7
8.6 x 108
1.483
91.2
2.1 x 109
1.658
Crosslinking
127.0
2.7 x 1011
0.057
129.6
5.0 x 1011
0.056
14
15
Cyclization
163.7
9.4 x 10
0.042
164.5
1.1 x 10
0.039
7
8
PAN/SWL
Oxidation
77.4
9.4 x 10
1.757
81.2
2.6 x 10
2.042
Crosslinking
57.3
3.7 x 104
0.069
63.4
1.6 x 105
0.072
a Reaction

activation energy.
factor.
c Reaction rate constant calculated at 250 °C.
b Pre-exponential

During stabilization reactions, fiber shrinkages were often observed from PANbased fibers. Previous studies show that the fiber shrinkage can be categorized as entropic
relaxation stage (100 – 175 ˚C) within the amorphous polymer phase and the chemical
reaction stage (> 175 ˚C) resulting from cyclization to form ladder structure. Since
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oxidation and crosslinking would require oxidative environment to proceed, fiber
shrinkage kinetics due to cyclization reaction can thus be monitored through thermomechanical analysis under inert environment. Previous studies on PAN cyclization
activation energies from fiber shrinkages were performed under prolonged isothermal
residence in nitrogen, and were shown comparable to the corresponding DSC results.
Although the findings successfully established the relationship between isothermal
temperatures and cyclization kinetics parameters, commercial stabilization process applies
stepwise temperatures and various stresses throughout stabilization zones. While it has
been shown that results from isothermal conditions cannot be obviously compared to nonisothermal process,19, 37 it is of interests to establish the relationships between cyclization
kinetics and applied tensions at non-isothermal heating processes in the current study.
To confirm the feasibility of monitoring reaction kinetics through chemical
shrinkage under different heating rates, Fitzer et al. reported an thermocalorimetry analogy
where higher heating rates could shift the peak of PAN chemical shrinkage derivative curve
to higher temperatures and thus allow the application of Kissinger method. Here the
maximum of PAN cyclization-induced shrinking rate, or the peak of PAN shrinkage
derivative curve due to cyclization, was regarded as an analogy to exothermic peak of
cyclization from DSC. As the TMA cyclization peak locations were in clear shifts toward
higher temperatures with higher heating rates, this allows the applications of both the
Kissinger method and Ozawa method to calculate the reaction kinetics with applied
tensions. The fiber strain curves along with the strain derivative curves with respective to
temperatures from TMA under a stress of 4 MPa are shown in Figure 3.5. During the TMA
experiments, two faster-shrinkage zones were observed from the strain curves. When
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taking the strain derivatives curves with respect to temperatures for PAN (Figure 3.5c) and
PAN/SWL fibers (Figure 3.5d), all strain derivative curves exhibited two peaks: one
located below 125 °C due to entropic relaxation, and the other one located above 225 °C
due to PAN cyclization. To further investigate the effect of tension on fibers during nonisothermal process, loading tensions of 0.2, 2, 4, 5.5, 7.5, 10, and 20 MPa were applied to
all fibers. At least two trials were conducted in each case, to ensure reproducibility.

Figure 3.5. TMA results of strain for (a) PAN fiber, and (b) PAN/SWL fiber, with marked
onset temperatures and the derivative of the strain with respect to temperature for (c) PAN,
and (d) PAN/SWL. All fibers were heated to 325 °C continuously at indicated heating rates.
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In this study, PAN fiber often broke, when applied stress was more than 7.5 MPa
in nitrogen, but the same fiber survived when applied with more than 20 MPa stress in air.
On the other hand, when heating under nitrogen, PAN/SWL fiber could survive with a
loading stress of up to 20 MPa. This further confirms that the incorporation of lignin
promotes PAN stabilization reactions that help it endure higher tension. TMA peak
temperatures (𝑇𝑝 ) from derivative curves of PAN and PAN/SWL fibers under various
stresses and heating rates are summarized in Table 3.4. Under all stresses and heating rates,
PAN/SWL fiber consistently showed lower 𝑇𝑝 and lower onset temperatures than PAN
fiber. This was also observed from previous TMA studies of copolymer PAN and
PAN/lignin fiber. This suggested that lignin, similar to co-monomers for PAN, can promote
PAN cyclization.49

Table 3.4. Strain derivative peak temperatures of Fibers at various applied tensions
PAN strain derivative peak temp. (°C)
PAN/SWL strain derivative peak temp. (°C)
at various heating rates
at various heating rates
Tension (MPa) 1 (°C/min) 3 (°C/min) 5 (°C/min)
1 (°C/min)
3 (°C/min) 5 (°C/min)
0.2
2
4
5.5
7.5
10
20

240.2
242.1
250.0
244.1
247.9
-

257.6
261.5
259.9
261.8
264.1
-

265.1
268.6
270.0
272.0
275.7
-

232.7
234.4
235.0
237.3
238.8
239.4
243.7

252.3
253.0
254.8
255.9
257.3
260.8
263.6

259.0
262.0
262.9
264.1
266.7
268.2
272.6

Activation energy by Kissinger method and the calculated reaction kinetics from
TMA are shown as Figure 3.6 and provided in Table 3.5, respectively. In Figure 3.6a and
Figure 3.6b, linear fitting lines for activation energies were obtained by the Kissinger
1

𝜑

𝑝

𝑝

method. This linear relationship between 𝑑(𝑇 ) and 𝑑(𝑙𝑛 𝑇 2 ) indicated a proper analogy
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between the chemical shrinkage to the thermo-calorimetry of cyclization reaction. When
PAN/SWL fiber consistently shows lower activation energies than PAN fiber at
corresponding conditions, interesting effect of loading tensions on cyclization activation
energies was observed from Figure 3.6c. Under increasing loading stresses, PAN fiber at
4 MPa exhibited an exceptionally high activation energy of 181.5 kJ/mol. On the other
hand, PAN/SWL fiber shows a noticeable activation energy jump of 128.5 kJ/mol at 5.5
MPa under identical conditions, suggesting that cyclization behavior can be altered with
the presence of lignin. To further investigate this phenomenon, reaction rate constants
from TMA of both fibers at various applied tensions at 250 °C, 265°C, and 280 °C were
plotted as Figure 3.7. At 250 °C (Figure 3.7a), PAN/SWL fiber exhibits higher calculated
reaction rate constants than PAN fiber under all applied tensions. Both PAN and
PAN/SWL fibers show gradually decreased reaction rate constants at increasing tensions.
Similar observations were reported from a previous study where PAN fibers, under a small
load, were gradually heated to target temperatures followed by applications of various
tensions in order to study the influence of tensions on PAN stabilization.50-51 The study
showed that when temperatures were high enough (210 ̶ 230 °C) to vibtrate and rotate
molecular chains rapidly into favorable positions to initiate PAN cyclization without
stretching, implementation of tensions under gradual heating in this stage can constrain
molecular chains rearrangment and thus suppress cyclization initiation . While TMA in the
current study were all performed under continuous, non-isothermal heating process started
with various applied tensions, this effect is expected to be manifested at elevating
temperatures. At 265 °C (Figure 3.7b), both fibers exhibit increased reaction rates than at
250 °C, and PAN/SWL fiber continues to exhibit higher calculated reaction rate constants
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than PAN fiber under all stresses while a subtle peak formation at 4 MPa of PAN fiber was
observed. At 280 °C (Figure 3.7c), reaction rate constants of PAN and PAN/SWL fibers
are further increased. PAN/SWL generally shows higher reaction rates than PAN similar
to previous cases. Interestingly, a significant peak reaction rate constant of PAN is
observed at 4 MPa, implying that certain optimum tension can be identified to effectively
promote PAN cyclization process. This observation is in agreement with previous PAN
cyclization index studies,50-51 where it was shown that a threshold tension/stretching of
PAN molecules during stabilization is needed to effectively overcome the dipole - dipole
interaction of nitrile groups and to provide necessary chain re-arrangement for cyclization.
Further increase in tension/stretching disturbs cyclization.51 This is the most likely
explanation of the exceptionally high cyclization activation energy of PAN fiber at 4 MPa
and the activation energy jump of PAN/SWL fiber at 5.5 MPa.

Figure 3.6. Plots for cyclization activation energy according to Kissinger method of (a) PAN, (b)
PAN/SWL, and (c) cyclization activation energies at various loading tensions.
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Table 3.5. Activation energies and reaction kinetics parameters for PAN and PAN/SWL fibers from TMA.
PAN
PAN/SWL
Tension
Kissinger Method
Ozawa Method
Kissinger Method
Ozawa Method
Ea (kJ/mol)
A (s )
Ea (kJ/mol)
A (s )
Ea (kJ/mol)
A (s )
Ea (kJ/mol)
A (s )
(MPa)
0.2
138.7
8.4 x 1012
140.2
1.2 x 1013
125.3
5.0 x 1011
127.3
8.1 x 1011
2
129.7
8.5 x 1011
131.7
1.3 x 1012
126.3
5.6 x 1011
128.3
9.1 x 1011
17
16
11
4
181.5
1.0 x 10
181.0
9.4 x 10
122.9
1.4 x 10
125.1
2.4 x 1011
11
11
11
5.5
127.4
4.1 x 10
129.5
6.7 x 10
127.5
6.5 x 10
128.5
9.2 x 1011
7.5
130.3
6.5 x 1011
132.3
1.0 x 1012
124.1
2.6 x 1011
126.3
4.4 x 1011
10
10
117.3
4.8 x 10
119.9
8.8 x 1010
20
121.2
9.7 x 1011
123.6
1.7 x 1011
-1

-1

-1

Figure 3.7. Cyclization reaction rate constants of PAN and PAN/SWL fibers at (a) 250
°C, (b) 265 °C, and (c) 280 °C under constant heating rate of 5°C/min and various loading
tensions. Reaction rate constants were calculated from the corresponding cyclization peak
temperatures of strain derivative curves and activation energies from TMA.
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-1

While the observations in the current study confirms the effect of optimal tension
to promote PAN cyclization in a non-isothermal process, note that PAN/SWL reaction rate
constant at 280 °C (Figure 3.7c) shows an small peak at 5.5 MPa which is similar to the
small peak of PAN fiber at 4 MPa at 265 °C (Figure 3.7b) and corresponds to the
PAN/SWL activation energy jump at 5.5 MPa from TMA. This raises the interest to
investigate if the effect of optimal tension on cyclization can also be seen from PAN/SWL
fiber. Calculated cyclization reaction rate constants of PAN/SWL fibers at various tensions
and temperatures from 265 ̶ 350 °C are shown in Figure 3.8. At increasing temperatures,
clear peak development of PAN/SWL cyclization rate constants at 5.5 MPa is shown. The
higher tension of 5.5 MPa for PAN/SWL fiber (Figure 3.8) than 4 MPa for PAN fiber
(Figure 3.7c) can be understood in the light of the literature results, where it was reported
that increased crosslinking in PAN fiber will cause an upshift in optimum stress for
cyclization . In the current study, both the significantly lower PAN/SWL crosslinking
activation energy from DSC and the upshift of optimum stress to promote cyclization
confirms that lignin incorporation promotes PAN crosslinking during stabilization. It is not
clear, as to why the optimum stress effect of PAN/SWL on cyclization does not change as
drastically as it does for PAN fiber. Nonetheless, the effect is observed in both cases, and
the effect in PAN/SWL is more subdued than in PAN. However, the delayed appearance
of PAN/SWL activation energy jump and peak cyclization rate constant from 4 MPa to 5.5
MPa, as well as the lower magnitude of the activation energy peak suggests that PAN
molecules in PAN/SWL fiber are less sensitive to stress as compare to control PAN. Higher
optimum tension required for PAN/SWL fiber implies that lignin in fiber contributes to
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load sharing, so that overall higher tension is needed (increase from 4 to 5.5 MPa) in the
composite fiber to effectively rearrange nitrile groups.

Figure 3.8. Cyclization reaction rate constants of PAN/SWL fiber calculated at various
temperatures and applied tensions.

3.4 CONCLUSIONS
Composite fiber comprised of polyacrylonitrile and renewable biomaterial lignin
was succsfully fabricated. With the incorporation of lignin, PAN/SWL precursor fiber
shows improved tensile modulus, tensile strength, and toughness, as compared to the PAN
fiber processed at the same draw ratio. The enhanced mechanical properties along with a
suppressed βc relaxation than PAN fiber suggest the antiplasticization effect of lignin on
PAN. Stabilization reaction kinetics of oxidation, cyclization, and crosslinking were
calculated according to Kissinger method and Ozawa method for PAN and PAN/SWL
fibers by DSC analysis. PAN fibers exhibited activation energies for cyclization, oxidation,
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and crosslinking reaction as 181.3 kJ/mol, 87.7 kJ/mol, and 127.0 kJ/mol, respectively. By
comparison, PAN/SWL showed lower corresponding activation energies of 163.7 kJ/mol,
77.4 kJ/mol, and 57.3 kJ/mol, which are equivalent to 10.6%, 11.7%, and 54.9% reductions
in activation energies, respectively. Cyclization exothermic heat flows of PAN/SWL fibers
were shown to be lower than PAN fiber. This implied that incorporation of lignin can
potentially expedite the stabilization process of PAN-based carbon fibers and also alleviate
local overheating during stabilization. A relationship between cyclization kinetics and
applied tensions on fiber between 0.2 to 20 MPa during non-isothermal heating process
was developed by TMA with an analogy between the chemical shrinkage and the
thermocalorimetry of cyclization reaction. With the addition of lignin, PAN/SWL could
endure loading tensions up to 20 MPa in nitrogen while PAN could suffer from possible
breakages when tension was more than 7.5 MPa. This implied that higher tensions can be
applied on PAN/SWL than PAN fibers during stabilization. Calculated cyclization
activation energies of PAN/SWL were shown to be lower than the ones for PAN fiber at
all stresses. These observations along with lower crosslinking activation energy and higher
reaction rate constants of PAN/SWL fiber confirmed that lignin can promote crosslinking
during stabilization process. With the observations on how lignin incorporation can lower
activation energies in PAN cyclization, oxidation, and crosslinking reactions and enhance
reaction rate constants, this study serves to demonstrate how lignin can potentially reduce
the production time and energy consumption for stabilization process of PAN-based carbon
fiber manufacturing.
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CHAPTER 4
LIGNIN AND CNT INCORPORATED POLYACRYLONITRILE
BASED CARBON FIBERS
4.1 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.1-2 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.3 Bio-macromolecules have been considered as alternative precursor fiber
candidates. Early carbon fibers (in 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 bio-macromolecule on earth, lignin has been proposed as a costeffective alternative for carbon fiber precursor as a renewable feedstock.4-5 However,
mechanical properties of the lignin-based carbon fibers to-date are relatively low, as
compared to the PAN-based carbon fibers.6-9 Lignin fibers are typically processed by melt
spinning, while PAN fibers are processed from solution.5, 7 To integrate the advantages of
good mechanical performance of PAN and the cost advantage of lignin, PAN/lignin blend
fibers have been spun.10-11 However, it has been reported that incorporating lignin into
polymer composites could result in lower mechanical properties. Melt-extruded
polyethylene and polypropylene with lignin (up to 30 wt. %) exhibited lower tensile
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strength with increasing lignin content.12 Melt-spun PLA/lignin fibers also showed
decreasing tensile strength and modulus values when lignin was incorporated.13 Industrial
feasibility of solution-spun PAN/lignin carbon fiber production was investigated by Zoltek
in partnership with Weyerhaeuser under a DOE funded program.14-15 PAN/lignin precursor
fibers with different lignin content (up to 45%), PAN molecular weights, and solution solid
contents were reported.14 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
micro-voids in composite fibers with increasing lignin content.14, 16 Possible causes of
voids were attributed to low solution viscosities, type of lignin employed, and phase
separation during coagulation.5 Pores in PAN/lignin fiber were also observed in a more
recent study as well.17 Additionally, batch thermal oxidation studies suggested significant
differences in stabilization process between PAN and PAN/lignin composite fibers.14, 17
However, understanding of lignin interaction with polymers, and its conversion process to
carbon is still limited.18
Carbon nanotubes (CNTs) have been known for influencing mechanical properties,
thermal shrinkage, polymer orientation, crystal size, as well as thermal and electrical
conductivity of both gel-spun PAN precursors and carbon fibers.19-24 In 2011, Baker et al.
reported melt-spun lignin/CNT fibers.25 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.5 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
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composite fibers and their carbonized products.26 Solids including 1 to 6 wt % of CNT
were prepared in dimethylformamide and PEO (1 wt %) was added to improve spinnability.
Tensile strength and modulus of lignin/CNT/PEO precursor were lower than that 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
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 seen from debonding between CNT and the surrounding matrix according to TEM
images of thermally stabilized and carbonized products.26 Teng et al. further reported that
lignin from different treatments or fractionations could critically affect intermolecular
interactions with CNTs in solution.27 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, both PAN/lignin and PAN/lignin/CNT precursor systems and their carbon
fibers utilizing a gel-spinning technique were presented. 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.
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4.2 EXPERIMENTAL
4.2.1 Materials
Sulfur free, annual plant lignin powder (Protobind 2400) from soda pulping process
was provided by GreenValue (Media, PA) and was selected for composite fiber processing
based on previously reported favorable properties of the PAN/lignin blend films.11,
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Homo-polymer polyacrylonitrile (250,000 g/mol) was acquired from Exlan, Co. (Japan),
and multi-wall carbon nanotubes with an average diameter of 21.0 ± 3.1 nm were purchased
from CheapTubes.com (Brattleboro, VT).22 DMAc was obtained from Sigma-Aldrich. Co.
and used as received. As-received lignin powder (ash content ~1 %) was washed with
diluted HCl 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.

4.2.2 Solution Preparation
Three types of solutions (PAN, PAN/lignin, and PAN/lignin/CNT) were prepared
for spinning. For PAN solution, 14 g PAN was dissolved in 100 mL DMAc at 80 ˚C. For
PAN/lignin solution, 14 g PAN and 6 g lignin were mixed and then dissolved in DMAc at
the same conditions. To prepare for the PAN/lignin/CNT composite solutions, total of three
CNT batches were added separately into the PAN/lignin solution. Each CNT batch was
prepared in DMAc at a concentration of 250 mg/300 mL under 24 hours 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 CNT batches were evaporated by vacuum
distillation. All prepared solutions were maintained at 60˚C before spinning.
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4.2.3 Fiber Spinning and Characterizations
Fibers were gel-spun through a spinnerette with a 200 µm 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. Solid content of PAN,
PAN/lignin (70/30 weight ratio), and PAN/lignin/CNT (70/30/3 weight ratio) for successful
fiber spinning was 14, 20, and 25.75 g/dL for fiber spinning, respectively. Fiber spinning
for PAN/lignin (70/30 weight ratio) was also attempted at a lower solid content of 14 g/dL,
and that for PAN/lignin/CNT (70/30/3 weight ratio), was attempted at 14 g/dL and 20 g/dL
concentrations and were not successful. Note that for the PAN/lignin blend, solid content
for the fiber spinning was notably higher than that for the homo-polymer 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 maintaine 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 hours
and subsequently drawn at room temperature followed by drawing in a glycerol bath at 165
˚C. While maximum draw ratio of PAN fiber could reach over 20, maximum draw ratio of
PAN/lignin fiber was 13. With the incorporation of CNT, the maximum draw ratio of
PAN/lignin/CNT fiber was improved to 20. In this study, for a meaningful comparison
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between the three types of fibers, draw ratio of 13 was selected for all fibers. Dynamic
mechanical analysis was performed on the precursor fiber at 0.1 Hz, 1 Hz and 10 Hz
frequencies using RSA III solids analyzer. 30-filament bundles were used for the test at
25.4 mm gauge length with a heating rate of 1 ˚C/min from 30 to 200 ˚C. Thermal shrinkage
was studied via thermo-mechanical analyzer (TMA Q400, TA Instruments) 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 25.4 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 air flow of 50
mL/min, and at a heating rate of 5 ˚C/min. To study the fiber structure, WAXD patterns
were obtained by Rigaku Micromax-002 and Rigaku IV++ detecting system with operating
parameters of 45 kV, 0.65 mA and λ = 1.5418 Å. 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 Perkin Elmer with a resolution of 4 cm-1. 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 100× 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
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spectra with Gaussian-Lorentzian curve fitting. SEM images were collected using Zeiss
Ultra 60 FE-SEM at accelerating voltage of 2 kV.

4.3 RESULTS AND DISCUSSIONS
4.3.1 Effects of lignin on polymer packing and orientation
The WAXD patterns of the as-spun fiber with draw ratio (DR) of 2 and precursor
with total DR of 13 are shown as Figure 4.1 and Figure 4.2, respectively. The structural
parameters of as-spun and drawn precursor fibers are given in Table 4.1. 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 ratio of d-spacing of 2θ
≈ 17˚ to d-spacing of 2θ ≈ 30˚ (d17˚/d30˚) approaching to √3 (1.732).29-32 At a draw ratio of
2, d-spacing of 2θ ≈ 17˚ and d-spacing of 2θ ≈ 30˚ of PAN fiber are 5.28 Å and 3.19 Å,
respectively (d17˚/d30˚ = 1.656). With the incorporation of lignin, PAN/lignin fiber shows dspacings of 5.26 Å at 2θ ≈ 17˚ and 3.22 Å at 2θ ≈ 30˚. This yields d17˚/d30˚ =1.635 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 2θ ≈ 17˚ and 2θ ≈ 30˚ to be 5.25 Å
and 3.03 Å, respectively and leads to d17˚/d30˚ of 1.733. On the other hand, PAN/lignin fiber
(draw ratio 13) shows smaller d-spacings of 5.22 Å and 3.02 Å, with d17˚/d30˚ of 1.726
which is lower than that of PAN fiber, and the expected value of 1.732 for hexagonal
packing. This suggests that the presence of lignin molecules in the fiber influences the PAN
packing.
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Figure 4.1. WAXD patterns of the as spun precursors (DR = 2) of (a) PAN, (b)
PAN/lignin, and (c) PAN/lignin/CNT, respectively.

Figure 4.2. WAXD patterns of precursor fibers (DR = 13) of (a) PAN, (b) PAN/lignin,
and (c) PAN/lignin/CNT, respectively.
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Table 4.1. Structural parameters of PAN, and PAN/lignin/CNT precursors
Draw Ratio
PAN
PAN/lignin
PAN/lignin/CNT
a
Crystallinity (%)
53
49
52
=2
L2θ ≈ 17˚ b (nm)
3.6
3.0
3.1
c
fPAN
0.57
0.55
0.54
d-spacing 2θ ≈ 17˚ (Å)
5.28
5.26
5.23
d-spacing 2θ ≈ 30˚ (Å)
3.19
3.22
3.19
2θmeridional (˚)
39.65
39.86
39.43
d17˚/d30˚
1.656
1.635
1.640
Draw Ratio

PAN

PAN/lignin

PAN/lignin/CNT

a

65
10.5
0.88
5.25
3.03
39.25
1.733

60
8.3
0.86
5.22
3.02
39.35
1.726

57
9.5
0.85
5.23
3.02
39.13
1.728

Crystallinity (%)
= 13
L2θ ≈ 17˚ b (nm)
fPAN c
d-spacing 2θ ≈ 17˚ (Å)
d-spacing 2θ ≈ 30˚ (Å)
2θmeridional (˚)
d17˚/d30˚
a

The crystallinity is only with respect to PAN crystal since lignin molecules are completely amorphous.
The crystal size of PAN at 2θ ≈ 17˚.
c
Herman’s orientation factor of PAN, calculated from Azimuthal scan of PAN (2 0 0), (1 1 0) planes.

33

b

Meridional peak at 2θ ≈ 39˚ refers to 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.34-36 While the meridional peak location shifts toward lower 2θ values, PAN
crystalline planes expand in meridional direction 34, which is analogous to more extended
polymer chain along the fiber axis, i.e. PAN molecules transform from helical to planar
zigzag conformation. In this work, PAN fiber shows a meridional peak at 2θ = 39.25° at a
draw ratio of 13. When lignin is incorporated in the fiber, meridional peak location shifts
to higher 2θ 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.
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4.3.2 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.37-38 In this study, similar effect was observed as
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 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 2θ ≈ 17˚
and 2θ ≈ 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.

Based on the experimental data, the proposed

schematics of the molecular packing in the three fully drawn fibers are shown in Figure
4.3.

Figure 4.3. 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.
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4.3.3 Effects of lignin and CNT on mechanical properties of the composite
fibers
The tensile properties of the precursor fibers (DR = 13) are reported in Table 4.2.
PAN fiber shows 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 dynamic mechanical analysis are shown in Figure 4.4. 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 higher storage modulus than PAN/lignin fiber over
the entire temperature range. The peak of tan δ plot is referred to as βc relaxation
temperature that relates to the PAN polymer chain conformation in the paracrystalline
region.39 PAN precursor fiber shows tan δ peak at 80.3 ˚C while βc relaxation in the
PAN/lignin fiber shows higher tan δ magnitude, broader range and shifts to lower
temperature (76.9˚C). The lower βc transition temperature and broadened tan δ peak of
PAN/lignin fiber, as compared to PAN fiber, imply that the molecular motion in PAN/lignin
fiber is less restricted. In other words, there is more free volume created by the presence of
lignin molecules in PAN. Higher tan δ magnitude also suggests that the PAN polymer in
PAN/lignin fiber have more helical sequences as compared to the PAN fiber.39 This is in
agreement with the WAXD results discussed above. PAN/lignin/CNT fiber shows a lower
tan δ magnitude, narrower temperature range for the peak, and a higher βc relaxation
temperature (81.4˚C) than PAN/lignin fiber. The lower-magnitude and narrowing tan δ
peak suggest a more tightly packed structure between polymer and CNT that limits polymer
mobility.40-42
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Table 4.2. Mechanical properties of precursor fibers at DR = 13
Draw Ratio = 13
PAN
PAN/lignin
PAN/lignin/CNT
Diameter (µm)
17.5 ± 1
18.5 ± 2.5
17.1 ± 0.3
Tensile strength (MPa)
879 ± 65
742 ± 90
719 ± 45
Tensile modulus (GPa)
19.9 ± 0.4
17.2 ± 1
17.7 ± 0.5
Strain to failure (%)
8.1 ± 0.6
7.1 ± 0.6
8.7 ± 0.5

Figure 4.1. (a) Storage modulus and (b) tan δ plot v.s. temperature of precursor fibers (DR = 13) at 1 Hz.

Infrared spectra of lignin powder, as well as PAN and PAN/lignin fibers are reported
in Figure 4.5a. In lignin, 1720 cm-1 and 1050 cm-1 peaks correspond to the ketone-like
structure. The sharp peaks from 1426 to 1510 cm-1 and peak around 1600 cm-1 are due to
C–C=C stretching in the aromatic rings, which are pervasive within monolignol units. The
peaks from 1200 to 1050 cm-1 are attributed to the C–O stretching in lignin alcohols. For
PAN fiber, peaks at 1374 cm-1, 1453 cm-1 and 2940 cm-1 are assigned to CH2 in the PAN
backbone,43 and the sharp peak at 2243 cm-1 belongs to the C≡N bond of PAN. For
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 cm-1 and
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1050 cm-1 are diminished significantly as compared to lignin spectra. This substantially

Figure 4.5. FTIR spectra (a) of lignin powder, PAN fiber, and PAN/lignin fiber (DR =
13), and (b) possible lignin/PAN interaction on nitrile group
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decreased intensity for the lignin carbonyl peaks suggest this as the potential site for
interaction with PAN nitrile group. The peaks at 1515 cm-1 and 1362 cm-1 in PAN/lignin
fiber can be attributed to N–O stretching. Although these peaks were observed in previous
PAN/lignin studies,10-11 these peaks were not discussed. PAN/lignin fiber spectrum
exhibited a slightly lower maginitude of C≡N peak at 2243 cm-1 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 4.5, suggesting that some of the C≡N peaks gets converted to C=N and
form N–O bond. The broadening of the peak at 1614 cm-1 which can be attributed to the
formation of C=N bond, resulting from PAN interaction with lignin. The appearancec of
N–O peaks at 1515 and 1362 cm-1, the diminishing of ketone peaks at 1720 cm-1 and 1050
cm-1, and somewhat lower C≡N peak magnitude at 2243 cm-1, along with broadening of
the 1614 cm-1 peak are thought to be the essential hints of PAN/lignin bonding formation
at PAN nitrile sites (Figure 4.5b).

4.3.4 Effects 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 4.6. All precursor fibers 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 4.3. According to the
DSC thermograms, all fibers show a single exothermic peak, which are formed by multiple
stabilization reactions and free radical cyclization reaction.44 DSC curve of PAN fiber
shows higher heat flow peak magnitude compared to PAN/lignin DSC curve. This suggests
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that lignin can avoid excessive heat eruption during PAN stabilization, which is similar to
the effect of acid-containing co-monomers on PAN fibers.45-46 Additionally, 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.

Figure 4.6. DSC thermograms for PAN fiber, PAN/lignin fiber, and (c) PAN/lignin/CNT
fiber (All DR = 13) at a heating rate of 5˚C/min with air purging rate of 50 mL/min.

Table 4.3. DSC results of precursor fibers
Precursor Fibers
∆Hstabilization (J/g)
PAN
942
PAN/lignin
PAN/lignin/CNT

748
1189
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FWHM (˚C)
17.3
24.7
25.2

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 strains
during heating are shown in Figure 4.7. 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 oriented
amorphous polymer phase to recoil and due to chemical reaction (at above 175 ˚C)
resulting from ladder structure formation.38,
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The current TMA data shows that

PAN/lignin fiber shows earlier onset of polymer recoiling than 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.38,
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This agrees with the current observations.

Chemical reaction stage (above 175 ˚C) in Figure 4.7 corresponds to the cyclization of
PAN molecules.48 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 (∆Hstabilization ) observed from the DSC, where PAN/lignin fiber exhibits
lower ∆Hstabilization 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.
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Figure 4.7. Strains of fiber during TMA with corresponding temperature profile.

4.3.5 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 4.8. During stabilization, PAN is known to undergo cyclization, oxidation and
dehydrogenation.45, 48-50 Stabilization for lignin is generally considered to be initiated by
the homolytic cleavage of alkyl-aryl ether linkage and leads to further lignin units
rearrangment and crosslinking.51-54 FTIR spectra of stabilized PAN and PAN/lignin fibers
are shown in Figure 4.9. After oxidative stabilization, PAN fiber shows diminishing C≡N
structure at 2244 cm-1.55 Additionally, the appearance of peak shoulders at 1691 cm-1 and
1738 cm-1 corrspond to the C=O stretching of carbonyls. Stabilized PAN/lignin fiber shows
clear 1050 cm-1 – 1200 cm-1 peaks, which are due to C–O stretching with possible overlap
with C–N peak. Similar to stabilized PAN fiber, peak at 1740 cm-1 is assigned to the C=O
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stretching in carbonyls for stabilized PAN/lignin fiber.52 A new peak is observed ~1870 cm1

in the stabilized PAN/lignin fiber. Previous XPS studies used this peak to identify

anhydride linkage formation from the crosslinking of stabilized lignins.52-53
Addtiontionally, small peaks between 2860 – 2970 cm-1 in the stabilized PAN/lignin fiber
spectra represent C–H stretching from aromatic and aliphatic carbons, which are attributed
to lignin units after stabilization.52 The differences between stabilized PAN and PAN/lignin
fiber spectra show the evidence of both PAN and lignin stabilization reactions.

Figure 4.8. Stabilization temperature profile showing temperature stages and residence
time with constant heating rate of 3 °C per minute. Air flow rate is 50 standard cubic feet
per hour (SCFH).
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Figure 4.9. FTIR spectra of (a) PAN and (b) PAN/lignin fibers stabilized under
conditions described by Figure 4.8.
Integrated WAXD scans of precursor, stabilized, and carbon fibers along with the
WAXD patterns of the stabilized and carbon fibers are shown in Figure 4.10. All integrated
scans of precursor fibers show a distinct PAN peak at 2θ ≈ 17° which diminishes upon
stabilization. The peak at 2θ ≈ 26˚ in stabilized and carbonized fibers is due to the formation
of laddered polymer structure and carbon structure, respectively. Structural parameters of
stabilized fibers are shown in Table 4.4. CNT incorporated stabilized fiber shows relatively
large crystal size (1.4 nm v.s. 1.1 nm and 1.0 nm in PAN and PAN/lignin based fibers,
respectively) corresponding to the 2θ ≈ 26˚ peak, suggesting that CNTs promote the
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development of the cyclized ladder structure in the vicinity of CNT. Compared with PAN
stabilized fiber, PAN/lignin shows slightly lower crystal size corresponding to the peak at
2θ ≈ 43°, indicating that the formation of cyclized ladder structure along the fiber axis
might be disturbed by the incorporation of lignin. In addition to larger crystal sizes,
stabilized fiber containing CNT has smaller ladder structure d-spacing of 3.40 Å, as
compared to 3.43 Å and 3.48 Å in PAN and PAN/lignin fibers, respectively. Similar
observations are found in previous studies on PAN/CNT fibers.56-57

Figure 4.10. Integrated scans of precursor, stabilized fibers and carbon fibers for (a) PAN, (b)
PAN/lignin and (c) PAN/lignin/CNT fibers with the corresponding WAXD patterns of stabilized
(d) PAN, (e) PAN/lignin and (f) PAN/lignin/CNT fibers and carbonized (at 1000 ° C) (g) PAN, (h)
PAN/lignin, and (i) PAN/lignin/CNT fibers.
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Table 4.4. Structural parameters of stabilized fibers
Stabilized Fibers
PAN
PAN/lignin
a
L2θ ≈ 26˚ (nm)
1.1
1.0
b
L2θ ≈ 43˚ (nm)
1.4
1.2
fladderc
0.66
0.65
d-spacing (2θ ≈ 26˚) (Å )
3.43
3.48

PAN/lignin/CNT
1.4
1.6
0.65
3.40

The crystal size of ladder structure at 2θ ≈ 26˚.
The crystal size from meridional scan at 2θ ≈ 43˚.
c Orientation of ladder structure of stabilized fibers.
a

b

Stabilized fibers are carbonized under inert environment at a constant heating rate
of 5 °C/min to 1,000°C and 1,100°C. No fusing of stabilized or carbonized fibers is
observed, indicating proper heating rate is applied during each process for lignin
incorporated fibers.9, 58 After carbonization, the ladder structure from stabilization is then
transformed into turbostratic carbon structure.57 SEM images of the carbon fiber cross
sections are shown in Figure 4.11. Under the identical stabilization and carbonization
conditions, PAN and PAN/lignin carbon fibers show minimal voids in the fiber crosssections, 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.19, 38, 48, 57, 59 However,
in a recent PAN/CNT carbon fiber study, void formation was noted, and the presence of
these voids was attributed to non-uniform CNT length, and CNT bundling.24 The structural
parameters and mechanical properties of carbonized fibers are summarized in Table 4.5. At
both carbonization temperatures (1,000 °C and 1,100 °C), PAN/lignin/CNT fibers show
relatively lower orientation as compared to PAN and PAN/lignin fibers, this can result from
lower PAN orientations in CNT containing precursor fibers. The lower orientation along
with the more voids in PAN/lignin/CNT carbon fiber results in lower tensile properties,60
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as compared to the PAN and PAN/lignin fibers. All carbon fibers show improvements in
tensile strength and tensile modulus with simultaneous increase of crystal size for (10)
plane with increasing carbonization temperatures. When carbonized at 1,000 °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, tensile modulus of 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 1,000 °C with identical
conditions, 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 1,100 °C, 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%). To determine the statistical significance of the comparison between carbon fiber
properties, a p-value test at the confidence limit of 95% was performed on the data sets of
carbon fiber mechanical performance using the JMPTM 13 software. Results of the
statistical significance are summarized in APPENDIX C.

Figure 4.11. SEM images of carbon fiber cross sections of (a) PAN, (b) PAN/lignin, and (c)
PAN/lignin/CNT carbonized at 1100 °C
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Raman spectra of carbon fibers are shown in Figure 4.12. Raman D-band (at ~1340
cm-1) is attributed to the structural disorder and G-band (at ~1560 cm-1) is assigned to the
graphitic planes. FWHM of both D and G bands along with the intensity ratio are normally
used to characterize carbon materials61-65 and to understand the carbonization mechanism
of wood materials.66-67 For example, amorphization trajectory can also be used to analyze
carbonization behaviors by describing the transformation of neat graphite to nanocrystalline graphite, and further to sp3 amorphous carbon. As carbon transforms along this

Figure 4.12. Raman spectra of fibers (a) PAN, (b) PAN/lignin and (c) PAN/lignin/CNT carbonized at
1000°C and 1100°C.

amorphization trajectory, ID/IG will first increase due to defects in the graphite structure,
and then decrease during nano-crystalline graphite formation. This is followed by a further
decrease in ID/IG owing to the formation of amorphous carbon.62-63 In Raman spectroscopy
studies on carbon materials, Tuinstra-Koenig law was often employed to estimate crystal
size by correlation with intensity ratio ID/IG.68 However, studies have shown that TuinstraKoenig correlation is not applicable when crystal sizes were below 2 nm, as it resulted in
significant discrepancies.69-70 In this study, we note that the crystal sizes obtained from
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WAXD in Table 4.5 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 trajectory were used to study the electrospun kraft lignin and PAN fibrous
materials carbonized at 600, 800 and 1,000 °C by Dallmeyer et al.71 While PAN is
considered as a semi-crystalline material, carbonization between 600 and 1,000 °C induces
the nano-crystalline carbon formation that yields decreasing ID/IG values with increasing
carbonization temperature. Lignin, in contrast, started with much more amorphous state,
can transform to nano-crystalline graphite from nucleation and growth of disordered
aromatic rings. PAN and lignin were then reported to undergo distinct stages of
carbonization between 600 to 1,000 °C.71
When carbonized at 1,000 °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 4.12). 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
ID/IG values (Figure 4.12 a, b) while PAN/lignin/CNT fiber shows noticeably increased
intensity peak ratio from 1.66 to 2.30 in going from 1,000 to 1,100 °C (Figure 4.12c). This
implies that the incorporation of CNT might induce the transformation from amorphous
carbon to nano-crystalline graphite when carbonized from 1,000 to 1,100 °C, as the
development of D-peak can indicate the ordering of amorphous carbons.63
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Table 4.5. Structural parameters and tensile properties of carbon fibers

The D and G band FWHM of the carbon fibers are shown in Figure 4.13 and Figure
4.14, respectively. In general, D-band FWHM of carbonized wood components are
reported to decrease with increasing carbonization temperatures, indicating the ordering of
polyaromatic carbons and the breakage of crosslinking between aliphatic carbons and small
aromatic carbons.67, 71 For the lignin incorporated carbon fibers in this work, a similar trend
is observed (Figure 4.13). Both PAN/lignin and PAN/lignin/CNT fibers show noticeable
decrease in D-band FWHM, when carbonization temperature is increased. However, Dband FWHM of PAN fiber does not exhibit significant change. This suggests that when
incorporating lignin into PAN, re-ordering of polyaromatic stacks still occurs at elevated
carbonization temperautres. Although both PAN/lignin and PAN/lignin/CNT fibers show
narrowing D-band FWHM, PAN/lignin/CNT exhibits 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. Narrower Gband FWHM implies more ordered structure of carbon crystallites.65-66, 72 Although G-band
FWHM of carbon materials is expected to decrease at higher carbonization temperatures,
Dallmeyer et al. reproted an increasing G-band FWHM when lignin is carbonized from
600 to 1,000 °C. This might be ascribed to the increase in non-aromatic conjugated
structure during polyaromatics reordering.71 In Figure 4.14, PAN carbon fiber shows a
decrease in G-band FWHM from 1,000 °C to 1,100°C which can be attributed to more
refined structure at increased carbonization temperatures.73 In contrast, G-band FWHM of
PAN/lignin carbon fiber stays relatively unchanged when carbonization temperature is
increased from 1,000 to 1,100°C. This unchanged G-band FWHM of PAN/lignin suggests
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that the breaking of crosslinking between the aliphatic and aromiatic carbons discussed
above can offset the ordering of PAN crystalline carbons. This indicates that the 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 band FWHM in going from 1,000 to 1,100 °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
concentration.56

Figure 4.13. D-band FWHM when carbonized from 1000°C to 1100 °C for (a) PAN, (b) PAN/lignin and
(c) PAN/lignin/CNT.

Figure 4.14. G-band FWHM when carbonized from 1000°C to 1100 °C for (a) PAN, (b) PAN/lignin and
(c) PAN/lignin/CNT.
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4.4 DISCUSSIONS 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 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 first evidence of 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 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 exhbited 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. 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.14,
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16-17, 74

This comparison, shows the

advantage of the gel-spinning technique for making void free carbon fibers from
PAN/lignin blend.
When carbonized at 1,100 °C under identical conditions, the mechanical properties
of PAN/lignin carbon fiber are 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 gelspinning process, lignin can be incorporated into PAN-based carbon fibers without
compromising mechanical properties. Mechanical 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 traget tensile strength is 1.72 GPa, and the
target tensile modulus is 172 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 of 1,400 to 1,600 °C,2, 75 while the carbonization in
the current study was only carried out at a maximum temperature of 1,100 °C. (b) Fiber
modulus almost linearly increases with increasing carbonization temperature.2 (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 to 1,600 °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 improvements in tensile strength and modulus can be expected. While
comparing the mechanical properties of the PAN/lignin carbon fibers in the current stduy
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to that of the Zoletk study, it should be noted that the fibers in the current study were
processed in batch mode at a maximum temperature of 1,100 °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 1,400 to 1,600
°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 4.5.76
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 of
5.5 to 5.8 GPa, and in the range of 350 to 380 GPa, respectively.77 At short gauge length
tensile strength of gel-spun PAN-based carbon fiber was as high as 12 GPa.77 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 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. Lignin being a bio-renewable product, PAN/lignin based carbon fibers will be more
sustainable than PAN-based carbon fiber, as PAN is currently derived from petroleum. In
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addition, due to the three diemnsional 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 dimension structure,
and hence low compressive strength.2, 78
With the incorporation of lignin, CNT, or both, carbonization behavior of PAN is
altered. When carbonization temperature increases, PAN shows narrowing G-band FWHM
corresponding to lower structural disorder and a relatively unchaged D-band FWHM.
PAN/lignin shows no significant change in G-band FWHM but a noticeably narrowing DFWHM that is attributed to aliphatic and aromatic carbons re-ordering. PAN/lignin/CNT
carbon fiber shows significant reduction of both G and D band FWHM, as compared to the
PAN/lignin carbon fiber. This suggests that the presence of CNT can induce both structural
re-ordering of PAN and aliphatic/aromatic carbon reodering during carbonization. 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 of 1 to 12 nm.19, 24, 57, 79-80 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
PAN/lignin based carbon fibers was a result of lower graphitic plane orientation in the
former fiber (Table 4.5). Consequently, the question is, is there an advantage of the addition
of CNT in PAN/lignin for making carbon fiber. In yet another recent study on PAN/CNT
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fiber, it has been shown that the addition of 0.5 to 1 wt% CNT in PAN, results in about
25% increase in axial electrical conductivity and upto 100% increase in thermal
conductivity of the PAN-based carbon fiber.24 Similarly PAN/lignin based carbon fibers
with enhanced electrical and thermal conductivities can be produced with the addition of
CNT. 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,
perfection, as well as on CNT dispersion in the matrix. Interaction of CNT has been shown
on PAN previously,19, 24, 40, 59, 80 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 oxide nano-ribbons.81
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CHAPTER 5
GEL-SPUN POLYACRYLONITRILE,
POLYACRYLONITRILE/LIGNIN BI-COMPONENT CARBON
FIBERS
5.1 INTRODUCTION
Carbon fibers, exhibiting superior specific strength and modulus, have attracted great
attention as reinforcing material in aerospace, sporting goods, premium automotive, and
structural applications.3-5 Currently, high performance carbon fibers are predominantly
manufactured from petroleum-derived polymer, polyacrylonitrile (PAN). Owing to the
high production cost, carbon fiber remains a specialty product and the use of carbon fiber
in broader applications is still limited. To produce low-cost carbon fibers, cost-effective
alternatives for carbon fiber precursor materials are needed.4, 6 As a carbon fiber precursor
candidate since 1960s, lignin has a high carbon yield with a low production cost compared
to PAN. In addition, lignin is one the most abundant biopolymers on earth.4, 7-8 Yet no pure
lignin-based carbon fibers to date have been reported to meet the low-cost carbon fiber
mechanical performance standard (1.72 GPa tensile strength, 172 GPa tensile modulus) set
by the U.S. Department of Energy. As an alternative approach to fabricate low-cost carbon
fibers enabled by the use of lignin, recent studies have focused on the blend processing of
PAN with lignin or lignin sulfonate.2, 9-12 Some of these studies have reported porous
structure,2, 11, 13 and reduced mechanical performance of the resultant carbon fibers with
the incorporation of lignin.1, 13 To address these issues, a study of gel-spun PAN/lignin
blend (annual plant lignin, 30 wt%) carbon fiber has shown that lignin incorporation does
not cause pores in the fiber structure nor yield reduced mechanical properties when
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compared to PAN carbon fiber under identical fabrication process (e.g., draw ratio and the
processing conditions of stabilization and carbonization.)10 Yet the maximum draw ratio
of the gel-spun PAN/lignin blend fiber was relatively low compared to that of PAN control
fiber. While fibers manufactured at higher draw ratio can render smaller diameter to reduce
number of defects per unit volume in fiber structure and thus lead to improved tensile
strength of resultant carbon fibers,5, 14-15 processing improvement to enhance drawability
and to reduce the diameter of PAN/lignin blend is highly desired to fully realize the
mechanical performance of PAN/lignin carbon fibers.
Developed around 1940s, bi-component fiber spinning is a versatile technique that
enables the fiber processing with two distinct spinning dopes that can each impart specific
properties.16-19 Although bi-component spinning was originally proposed for melt
processing, previous studies have shown that bi-component technique can be applied in
gel-spinning process to enhance maximum draw ratio of high carbon nanotubes (CNT)
loading fibers or fabricate small diameter (~ 1 µm) PAN/CNT carbon fibers.20-21 In the
current study, bi-component fibers with PAN and PAN/lignin components with the
respective sheath-core geometry are fabricated by gel-spinning process. While high lignin
loading (> 30 wt%) can be incorporated in PAN/lignin blend core component to enhance
the PAN-based carbon fiber renewability, the PAN sheath can provide protection and
endurance to the fiber towards higher draw ratio to reduce defects and fiber diameter for
better mechanical performance of the derived carbon fiber. Processing, structure, thermal
characterization of the PAN fiber and bi-component fibers along with the mechanical
performance of precursor fiber and carbon fiber are reported herein.

118

5.2 EXPERIMENTAL
5.2.1 Materials and Processing
Polyacrylonitrile (PAN) copolymer with methacrylic acid (PAN-co-MAA, 96/4) with
a viscosity average molecular weight of 247,000 g/mol was obtained from Exlan, Co.
(Osaka, Japan) and the annual plant lignin (APL) powder Protobind 2400 was provided by
GreenValue (Media, PA). Organic solvent dimethyformamide (DMF) was purchased from
Sigma-Aldrich and distilled before use. For PAN solution, PAN solids were added into
DMF in a glass reactor with a solid content of 15 g/dL at room temperature, followed by
eight hours of stirring before being slowly heated to 80 °C in silicone oil bath. The solution
is then maintained at 80 °C for five hours under constant stirring at 200 rpm before
collection. For PAN/APL solution, APL solids were first dissolved and maintained in DMF
at a solid content of 9 g/dL at 40 °C in an orbital shaker (MaxQ 4450, Thermo Scientific.)
at 180 rpm for eight hours. The APL solution was then transferred to glass reactor with
subsequent addition of PAN polymer at a solid content of 15 g/dL. This yields 37.5 wt%
lignin incorporation (9 g/dL) with respect to total solid content of PAN/APL solution (24
g/dL). Similar to the PAN solution, PAN/APL solution first undergoes an eight-hour
stirring at room temperature and a slow heating process in silicone oil bath to 80 °C,
followed by a five-hour stirring process at 200 rpm before collection. All collected
solutions were maintained in oven 60 °C for three hours before use. PAN sheath, PAN/APL
core bi-component composite fibers were spun using a spinning unit manufactured by
Hills, Inc (Melbourne, FL). PAN solution and PAN/APL solution were maintained at 60
°C in solution barrel reservoirs before being co-extruded through a single-hole spinnerette
(diameter of 200 µm) maintained at 75 °C. Schematic of spinning setup is shown in Figure
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5.1a. The extrudate was then passed through a 25-mm air gap and a methanol gelation bath
maintained at -50 °C to form as-spun fiber collected at a spin draw ratio (SDR) of 1 and 2.
After immersion in a methanol bath at -30 °C for twelve hours to ensure gelation, the asspun fibers were then drawn in ambient condition (CDR) and subsequently drawn in a hot
glycerol oil bath (HDR) maintained at 165 °C. Total draw ratio (TDR) of drawn fibers were
calculated as SDR × CDR × HDR.

Figure 5.1. Schematics of (a) bi-component fiber spinning apparatus, and (b) sheath-core
bi-component fiber geometry.

5.2.2 Characterization
For bi-component fiber manufacturing, solution flow rates are used to control the
radius ratio between the overall fiber and the core component. Optical microscope was
used to obtain cross section images of as-spun and drawn fiber, in which the sheath and
core component radii ratios were calculated according to component areas in the fiber cross
section, analyzed by software ImageJ. Microscope samples were prepared by embedding
fiber bundles in epoxy followed by sectioning embedded samples to 10–15 µm thickness
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using a microtome (Leica RM2255). Illustration of overall fiber radius, r2 with respect to
core radius r1 is shown in Figure 5.1b. Tensile properties of precursor fiber are analyzed
by FAVIMAT (Textechno H. Stein GmbH & Co. KG) on single filaments at a gauge length
of 25.4 mm and a strain rate of 1%/s. More than 25 trials were conducted for each sample.
Wide angle X-ray diffraction (WAXD) of fiber bundles are investigated on Rigaku
Micromax-002 and Rigaku IV++ detecting systems with operating parameters of 0.65 mA,
45 kV, and λ = 1.5418 Å. WAXD patterns were then analyzed by software AreaMax V1.00
and MDI Jade 9.0. Dynamic mechanical analysis (DMA) of fibers was conducted on 25filament fiber bundles at a frequency of 1 Hz using RSA III solids analyzer (Rheometric
Scientific Co.) at a heating rate of 1 °C/min from 30 °C to 170 °C. Thermo-mechanical
analyzer (TMA Q400, TA Instruments) was used to study the stress-temperature evolution
in fibers under iso-strain mode. Differential scanning calorimetry (DSC; TA Instruments
Q100) was conducted on all fibers in oxidative environment with an air flow of 50 mL/min
and a heating rate of 5 °C/min from 30 °C to 400 °C. Scanning electron microscopy (SEM)
was performed on a Zeiss Ultra 60 FE-SEM with an accelerating voltage of 3 kV. Raman
spectra of carbon fibers were obtained in VV mode using a HORIBA Scientific Raman
microscope system (Xplora, λ = 785 nm) at a laser power (10% power) of 5.6 mW with a
100x objective. Analysis of the Raman spectra was done by PeakFit software with
Gaussian-Lorentzian curve fitting of D-band and G-band peaks.

5.3 RESULTS AND DISCUSSION
5.3.1 Precursor fiber processing and properties
Optical micrographs of the as-spun bi-component fibers (DR = 2) are shown in
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Figure 5.2. When the sheath (PAN solution) and core (PAN/APL solution) components
were extruded with low flow rate (0.4 cc/min each), the ratio between effective outer fiber
radius to that of core radius (r2/r1) is ~1.10. When increase the sheath/core component flow
rates to 0.5 cc/min and 0.6 cc/min (for both component), r2/r1 is then increased to ~1.25 and
~1.52, respectively. The fiber spinning flow rates, maximum draw ratios of control PAN
fiber and bi-component fibers along the r2/r1 value and the derived overall lignin content
of bi-component fibers are summarized in Table 5.1. Fabricated under the identical
processing conditions, maximum draw ratio of 28 was achieved on single-component PAN
fiber. With the most incorporation of lignin, the maximum draw ratio of BF-A fiber (Table
5.1, r2/r1 ≈ 1.10) was then reduced to 16. This reduction in maximum draw ratio with the
presence of lignin in PAN fiber agrees with our previous study of homopolymer PAN/APL
blend, where 30 wt% APL loading can decrease the maximum fiber draw ratio from ≥ 20
to 13.8 In the current investigation, when r2/r1 increases from ~1.1 to ~1.25 and ~1.52, the
maximum draw ratio of bi-component fibers was improved from 16 to 18 and 20,
respectively. This observation indicates that PAN sheath supports the integrity of
PAN/APL core component during fiber drawing stage to achieve better fiber drawability.

Figure 5.2. Optical micrographs of as-spun bi-component fiber cross sections of (a) BF-A
(r2/r1 = 1.10), (b) BF-B (r2/r1 = 1.25), and (c) BF-C (r2/r1 = 1.52) fibers. Scale bar applies
to all three images.
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Table 5.1. Fiber spinning flow rate, fiber maximum draw ratio and derived diameter ratio
Fiber sample
PAN fiber
Bi-component fiber (BF)
BF-A2
BF-B2
BF-C2
Flow rates (PAN : PAN/APL, cc/min)
1:0.4 : 0.4 0.5: 0.5
0.6 : 0.6
Maximum draw ratio (DR)
28
15
17
20
r2/r1 of as-spun fiber, DR=2
~1.10
~1.25
~1.52
Overall APL incorporation* (wt.%)
~31
~24
~16
*Calculated

based on r2/r1

Structural parameters and mechanical properties of the fibers at a draw ratio of 10
are listed in Table 5.2. PAN fibers and bi-component fibers at various draw ratio are shown
as PANDR, BF-ADR, BF-BDR, and BF-CDR, respectively. At the same time, bi-component
fibers exhibit lower crystallinity, PAN crystal size, and PAN crystal orientation compared
to PAN control fiber at a draw ratio of 10. The lowered crystallinity, crystal size, and PAN
crystal orientation imply that the presence of lignin affects PAN crystal ordering.
Unsurprisingly, when compare the mechanical performance of PAN control fiber with bicomponent fibers (Table 5.2) at draw ratio of 10, bi-component fibers consistently exhibit
decreasing tensile strength and tensile modulus with increasing size of core component
(decreasing r2/r1). These observations of the structural parameters and mechanical
performance agrees with our previous report of homo-PAN/APL blend fibers at a
maximum draw ratio of 13.10 Optical microscopy images of the drawn PAN20 fiber, and
bi-component fibers at the corresponding maximum draw ratio BF-A16, BF-B18, and BFC20 cross section are shown in Figure 5.3. PAN20 fiber cross section exhibits a bean-like
shape (Figure 5.3a). Interestingly, while the as-spun bi-component fibers all display a
similar bean-like cross section (Figure 5.3), drawn bi-component fibers show various cross
section shapes depending on the size of core component in fiber cross section. With
increasing r2/r1 values, BF-A16, BF-B18, and BF-C20 are shown with cross sections of
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irregular, bean-like, and polygon-like shapes, respectively. In addition, voids are observed
in the draw fibers cross sections, where void content increases with increasing r2/r1 values
of BF-B18 (Figure 5.3c, g) and BF-C20 fibers (Figure 5.3d, h) but not observed in PAN20
(PAN single component cross section) fiber, BF-A16 fiber (PAN/APL predominant cross
section), nor the as-spun precursor fibers. These observations suggest that the during
drawing processes (e.g., ambient and hot drawing stages), the PAN (sheath) and PAN/APL
(core) components can experience non-uniform deformation and thus render the variant
cross-sectional shapes depending on the r2/r1 value. Structural parameters and mechanical
properties of PAN20 and the bi-component fibers BF-A16, BF-B18, and BF-C20 are
summarized in Table 5.3. Despite the voids presented in BF-B18 and BF-C20 fibers, all bicomponent fibers at the maximum draw ratios exhibit marginally improved tensile
properties compared to PAN fiber at a draw ratio of 20 (PAN20). P-value tests at a
confidence limit of 95% was performed on the fiber tensile data using the JMPTM 13
software to determine the statistical significance of the comparison of precursor fiber
properties (APPENDIX D.1). Similar structural parameters (e.g., PAN crystal size,
crystallinity, and orientation) are observed among all fibers except for a slightly lower PAN
crystal size of BF-A16 fiber. This suggests that under sufficient drawing (higher draw ratio),
APL incorporation in blend does not affect the PAN crystal ordering or alignment.
Table 5.2. Fiber (total draw ratio = 10) mechanical properties and structural parameters
Fiber sample
PAN10 fiber
Bi-component fiber (BF)
(SDR × CDR × HDR = 1 × 2 × 5)
BF-A10
BF-B10
BF-C10
Effective diameter (µm)
19.8 ± 0.8 20.9 ± 0.6 20.6 ± 1.1 20.0 ± 1.6
Tensile strength (MPa)
759 ± 1.0
546 ± 42 591 ± 61 655 ± 103
Tensile modulus (GPa)
15.9 ± 0.5 12.7 ± 0.5 13.3 ± 0.9 14.0 ± 1.0
Xca (%)
46
42
41
44
Xsb (nm)
9.8
9.3
9.1
9.4
fPANc
0.82
0.78
0.81
0.81
a

PAN crystallinity.
PAN crystallite size, calculated from PAN (2 0 0, 1 1 0) peak by Scherrer equation.
c
Herman’s orientation of PAN. Calculated from azimuthal scan of PAN (2 0 0), (1 1 0) planes.
b
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Figure 5.3. Optical microscopy images of (a) PAN20, (b) BF-A16, (c) BF-B18, and (d) BFC20 fiber cross sections, and the SEM images of (e) PAN20, (f) BF-A16, (g) BF-B18, and
(h) BF-C20 fibers cross sections. The scale bar in (a) applies to optical microscopy images
(b), (c), and (d).

Table 5.3. Fibers (various draw ratios) mechanical properties and structural parameters
Fiber sample
PAN20 fiber
Bi-component fiber (BF)
(SDR = 2, CDR = 1.5)
BF-A16*
BF-B18*
BF-C20*
Effective diameter (µm)
14.4 ± 0.3 16.5 ± 0.8 15.8 ± 0.7 14.5 ± 0.8
Tensile strength (MPa)
753 ± 32
843 ± 64
849 ± 53
800 ± 59
Tensile modulus (GPa)
16.0 ± 0.3 17.3 ± 0.6 16.7 ± 0.6 17.8 ± 0.6
Xca (%)
65
65
65
65
b
Xs (nm)
10.6
9.9
10.8
10.6
fPANc
0.86
0.85
0.85
0.84
a

PAN crystallinity.
PAN crystallite size, calculated from PAN (2 0 0, 1 1 0) peak by Scherrer equation.
c
Herman’s orientation of PAN. Calculated from azimuthal scan of PAN (2 0 0), (1 1 0) planes.
*
Maximum draw ratio.
b

To investigate the effect of PAN/APL core on dynamic mechanical performance of
the fibers, storage moduli and tan δ values from DMA at 1 Hz of all fibers at the same draw
ratio of 10 are shown in Figure 5.4. While all fibers display decreasing storage moduli with
increasing temperature, PAN10 fiber exhibits higher storage modulus than all bi-component
fibers over entire temperature range. Meanwhile, bi-component fiber storage moduli are
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shown to reduce with decreasing r2/r1 (increasing APL incorporation in fiber cross section),
which is consistent with the tensile moduli of DR=10 bi-component fibers determined from
tensile testing. PAN tan δ peak around 90 °C (Figure 5.4b) is referred as the βc transition
which describes the PAN molecular motion of helical sequences in the paracrystalline
regions.22-24 With the increasing APL incorporation (BF-A10 > BF-B10 > BF-C10) in core
component, bi-component fibers show increasing tan δ magnitudes and broadened widths
compared to that of PAN fibers. The broadened tan δ peaks suggest that PAN molecular
motions in the paracrystalline are less restricted, and the increasing tan δ magnitudes imply
that PAN polymer chains might exhibit higher helical sequence and less planar zig-zag
conformations with the presence of the APL in fiber.10, 24

Figure 5.4. (a) Storage moduli, and (b) tan δ of PAN fiber and bi-component fibers from
DMA at 1 Hz. Arrow direction indicates increasing lignin incorporation in the fiber cross
section (decreasing r2/r1).

While WAXD and DMA results indicate that lignin incorporation affects the PAN
structure in fibers, for bi-component fiber where the PAN sheath and PAN/APL core
undergo simultaneous heat treatment and tension loading during carbon fiber fabrication,
it is important to monitor the thermo-mechanical response of the sheath/core components
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during processing. The stress-temperature evolution of PAN and bi-component fibers
under iso-strain mode is then investigated by TMA. A constant pre-strain of 0.3% was
applied on all fibers on a 10-filament bundle sample before fibers are heated from 25 °C to
175 °C and then cooled down from to 50 °C at a heating rate of 5 °C/min in air. A total of
three heating-cooling cycles is applied in each trial. The stress evolution of fibers obtained
from TMA is shown in Figure 5.5. For PAN fiber, stress development from thermal
shrinkage is observed during the initial heating scan starting above 70 °C which
corresponds to the entropic relaxation of polymer chains (Figure 5.5a)

Figure 5.5. Stress development of PAN fiber and bi-component fibers under iso-strain mode (0.3
% pre-strain) from TMA (a), and the (b) stress-temperature evolutions of all fibers during the
second and third heat scans.

When cooling is initiated after the initial heating scan, a reduction of stress is observed and
thus renders a peak shrinkage stress around 7.5 MPa right before cooling process. Note that
although the shrinkage stress peaks still form in the subsequent thermal scans, the
magnitudes of shrinkage stress peak decrease in the second and the third heat treatment.
This indicates an irreversible entropic relaxation process, attributed to the stretched
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polymer chains recoil in the amorphous phase that results in permanent deformation during
the first thermal scan.25 With the incorporation of lignin in the core, bi-component fibers
exhibit earlier onsets and significantly higher magnitude of entropic stress ranging from
15.8–22.9 MPa along with a more pronounced irreversible entropic relaxation when
compared to PAN fiber. This suggests that APL incorporation promotes recoiling of
stretched polymer chains in amorphous phase in the core component. Additionally,
shoulder formation and broadening of entropic stress peaks are observed from bicomponent fibers during stress evolution in the first heating scan, suggesting the sheath
and core components may experience different entropic relaxation rates in the first heat
scan. During the second or third heat scan, PAN10 fiber and bi-component fibers exhibit
good thermal reversibility of shrinkage stresses upon heating and cooling, suggesting a
more stable polymer structure. Unlike the shoulder formation during the first heat scan, no
shoulders or multiple stress peaks were observed in the second and third heat scans,
indicating the stress evolution rate gradients between the sheath/core components is now
diminished, potentially due to crosslinking between the sheath and core component. Since
PAN βc transition (~90 °C in the current study) is attributed to the molecular motions in
the paracrystalline region, previous PAN iso-strain, thermo-mechanical study indicates that
a minimum stress around PAN βc transition temperature can be used to distinguish PAN
stress developments due to intrinsic thermal shrinkage/expansion (< 90 °C) or entropic
stress (> 90 °C).25 Stress-temperature evolutions of all fibers in the second and third scans
are magnified and depicted in Figure 5.5b. Entropic stresses of PAN10, BF-A10, BF-B10,
BF-C10 fibers are denoted as p1, a1, b1, and c1 and the corresponding intrinsic thermal
shrinkage stresses are symbolized as p2, a2, b2, and c2, respectively. For PAN fiber in the
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second and third heat scan, the amplitude of entropic stress between 90 °C and 175 °C (p1
in Figure 5.5b) is 3.5 MPa, and the magnitude of intrinsic thermal shrinkage stress (p2)
between 90 °C and 25 °C is 1.2 MPa. With the least lignin incorporation across the fiber
cross section among bi-component fibers, BF-C10 (r2/r1 ≈ 1.52) shows slightly decreased
magnitude for both entropic stress (c1: 2.5 MPa) and intrinsic thermal shrinkage stress (c2:
0.9 MPa) compared to PAN fiber. With the increasing presence of lignin in the fiber cross
section, BF-B10 (r2/r1 ≈ 1.25) and BF-A10 (r2/r1 ≈ 1.10) exhibit increasing entropic stresses
(b1: 4.6 MPa, a1: 5.1 MPa) and intrinsic thermal shrinkage stresses (b2: 2.6 MPa, a2: 2.5
MPa) than those of PAN10 fiber. This result indicates that lignin incorporation in the
PAN/APL component promotes both the intrinsic thermal shrinkage and the entropic force
from the stretched polymer chains by inducing a more spring-like molecular structure.
To study the effect of PAN/APL core component on the PAN stabilization process,
DSC thermograms of PAN10 fiber and bi-component fibers are shown in Figure 5.6. For
PAN fiber, one major peak is observed around 263 °C along with subsequent subtle peak
around 320 °C that can be attributed to the concurrent reactions of PAN cyclization,
oxidation, and crosslinking reactions.9,
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With the incorporation of lignin in core

component, bi-component fiber thermograms exhibit a broadening trend of the ~263 °C
peak and an increasing evolution of the ~320 °C peak with increasing presence of lignin in
the fiber cross section (decreasing r2/r1). In the current study, APL-containing fibers have
exhibited increasing heat flow intensity than the single-component PAN10 (PAN-co-MAA)
fibers. This is not observed in our previous observations on homopolymer PAN/APL blend
and PAN-co-MAA/softwood lignin blend studies.9-10 In addition, unlike the case of PAN
fiber, the bi-component fiber heat flow intensity around ~320 °C has increased and even
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surpassed the heat flow intensity of ~263 °C peak. Note that this phenomenon is more
pronounced with the increasing radius of the core component (i.e. more lignin
incorporation). This result which deviates from our previous observations on singlecomponent homopolymer PAN/APL blend and PAN-co-MAA/softwood lignin blend
studies9-10 implies potential chemical interactions between the sheath/core components
during thermal stabilization, and is also consistent to the previous TMA observation of
potential crosslinking between the sheath/core component during heat treatment.

Figure 5.6. DSC thermograms of PAN fiber, and bi-component fibers in oxidative
environment. (Air flow rate = 50 mL/min) Arrow direction indicates increasing lignin
incorporation in the fiber cross section. (Decreasing r2/r1)
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5.3.2 Carbon fibers
5.3.2.1 Thermal stabilization and carbon fiber morphology

Drawn fibers PAN20, BF-A16, and BF-C20 are stabilized by a batch process in
oxidative environment at a constant air flow rate of 50 standard cubic feet per hour (SCFH)
in a tube furnace manufactured by Micropyretics Heaters International (Cincinnati, OH).
During the thermal stabilization process, a fixed heating rate (3 °C/min) and a two-stage
(265 °C / 305 °C) heat treatment with various residence times was applied on fibers.
Stabilized fibers then undergo carbonization process with a nitrogen flow rate of 75 SCFH
and a fixed heating rate of 5 °C/min to 1,000 °C, 1,200 °C, and 1,300 °C, followed by a
10-minute isothermal residence time at the designated temperature to form carbon fibers.
In both stabilization and carbonization process, a pre-stress calculated based on the
precursor diameter is applied onto fiber bundles (typically 25-30 filaments) using weight
assemblies by graphite or tungsten clamps and bolts. Total weight of each assembly
installed on the precursor fibers is fixed during stabilization and carbonization process.
Carbon fiber (carbonized at 1,000 °C) cross section SEM images of fibers PAN20, BF-A16,
and BF-C20 are shown in Figure 5.7. Carbonized at 1,000 °C, PAN20, and BF-A16, carbon
fibers show smooth fiber cross sections with no observable boundary between the sheath
and core component of BF-A16 (Figure 5.7c). Interestingly, honeycomb-like, highly porous
structure consists of carbon sheets along the fiber axis is observed in the core region of BFC20 cross section (Figure 5.7d). It is also interesting that while voids in the core component
is observable on the BF-C20 precursor fiber (Figure 5.3h), carbonized BF-C20 fiber exhibits
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very distinct porous (honeycomb-like) morphology (Figure 5.7d) than the pores observed
in the precursor fiber (Figure 5.3h).

Figure 5.7. Carbon fiber (carbonized at 1000 °C) cross section images of PAN20 (a), BFA16 (b), (c), and BF-C20 (d), (e).

Carbon fiber cross section SEM images of PAN20, BF-A16, and BF-C20 carbonized
at 1200 °C and 1300 °C are shown in Figure 5.8. For PAN20 and BF-C20, carbon fibers
microstructures carbonized at 1200 °C and 1300 °C are similar to the carbon fiber
microstructure carbonized at 1,000 °C (Figure 5.7). For BF-A16, nano-scale particle-like
microstructure emerges among the cross section of the fiber carbonized at 1,300 °C. (Figure
5.8e, h) While these nano-particles are not observed in the PAN20 and nor the porous BFC20 carbon fibers, this suggests that PAN and APL in the core component of BF-A16 can
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be forming distinct carbonaceous microstructure than PAN20 and BF-C20 carbon fibers.
The SEM images of both BF-A16 precursor fibers and carbon fibers do not show a clear
boundary of sheath and core component. (from Table 5.1). Using the image analysis
software ImageJ, the cross-sectional porosity of BF-C20 carbon fiber at 1300 °C (Figure
5.8f) is approximately 24.2%. Example of porosity estimation is shown in APPENDIX D.2.

Figure 5.8. Carbon fiber cross section of (a) PAN20, (b) BF-A16, and (c) BF-C20 carbonized
at 1200 °C, and (d) PAN20, (e) BF-A16, and (f) BF-C20 fibers carbonized at 1300 °C along
with the magnified sections in (g), (h), and (i), respectively. White arrows on (e) indicates
the emergence of the particle-like microstructure in (h).
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5.3.2.2 Carbon fiber mechanical properties and structural parameters

When investigating the tensile properties of the carbon fibers, effective diameters of
PAN20, BF-A16 carbon fiber is determined from the single-filament linear density
measurement, which was then used to evaluate the tensile strength, modulus, and
elongation at break of each carbon fiber filament. For BF-C20 carbon fiber, the effective
diameter is measured from the SEM micrographs of the carbon fibers using image-analysis
software ImageJ. Due to the porous structure, BF-C20 tensile properties are measured by
RSA-III solid analyzer (TA Instruments, Inc.)27 For all carbon fiber tensile testing, a gauge
length of 25.4 mm and a strain rate of 0.1%/s were used. Details of the fiber stabilization
and carbonization and the tensile properties of the resultant carbon fibers are summarized
in Table 5.4. For PAN20 and BF-A16 carbon fibers, increasing carbonization temperature
from 1,000 °C to 1,300 °C enhances the PAN20 and BF-A16 carbon fiber tensile modulus
from 233 ± 8 to 288 ± 9 GPa, and from 225 ± 6 to 274 ± 9 GPa, respectively. Between the
carbonization temperature range of 1,000 °C and 1,300 °C, both PAN20 and BF-A16 carbon
fibers exhibit the optimal tensile strength when carbonized at 1,200 °C, rendering a tensile
strength of 2.47 ± 0.33 GPa, and 2.11 ± 0.30 GPa, respectively. Limited to the porous
internal structure, BF-C20 carbon fiber (carbonized at 1300 °C) exhibits relatively low
tensile strength and tensile modulus of 910 ± 240 MPa and 242 ± 15 GPa, respectively,
when compared to the PAN20 and BF-A16 carbon fibers. P-value tests at a confidence limit
of 95% was performed on the carbon fiber tensile data using the JMPTM 13 software to
determine the statistical significance of the compared carbon fiber properties (APPENDIX
D.1).
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Table 5.4. Carbon fiber stabilization/carbonization conditions and tensile properties

Carbon fiber structural parameters of PAN20 (trials PAN20-4, 5, and 7), BF-A16 (trials
BF-A16-4, 6, and 7), and BF-C20 carbon fibers at 1,000 °C, 1,200 °C, and 1,300 °C are
included in Table 5.5. For all carbon fibers, increasing carbonization temperature results in
increasing crystal sizes (L2θ ≈ 26° and L2θ ≈ 43°), and improved carbonized turbostratic plane
orientation (f002). Note that BF-C20 carbon fiber exhibits a significantly less orientated
turbostratic carbon plane at 1,000 °C yet only a moderately lower orientation of the
carbonized plane at 1,300 °C when compared to PAN20 and BF-A16 carbon fibers. This
suggests that BF-C20 carbon fibers can undergo a more vigorous ordering process of
turbostratic carbon plane than PAN20 and BF-A16 when carbonized at 1,200 and 1,300 °C.
A possible explanation for the observation is that while the voids existence (and possible
propagation) in BF-C20 fibers during lower temperature (1,000 °C) carbonization can be
interfering the turbostratic structure formation along the fiber axis, the effect is less
prominent towards the later carbonaceous structural reordering stage at increasing
carbonization temperatures. Raman spectroscopy is a useful technique to characterize and
interpret the structural features of various forms of carbons, e.g., ordered, graphite-like,
carbon crystallites, and disordered, amorphous, diamond-like carbons.28-30 Raman spectra
collected on the carbon fibers listed in the Table 5.5. are shown in Figure 5.9, where the
Raman D-band peak (~1360 cm-1) is the disorder-induced peak due to the breathing mode
of the sp2 carbons.31-32 The G-band peak (~1580 cm-1), due to the bond stretching of sp2
carbons in rings and chains, is a signature peak arises from an ordered, graphitic structure.33
For PAN20, BF-A16, and BF-C20 carbon fibers, a more developed G-band peak is observed
at increasing carbonization temperature, which agrees with the increasing size of carbon
crystallites from the structural parameters (Table 5.5). Additionally, when carbonization
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temperature is increased from 1,000 °C to 1,300 °C, all fibers exhibit a narrowing D-band
FWHM (Figure 5.10a) that indicates a reordering process of poly-aromatic carbons. This
narrowing D-band FWHM is especially pronounced for BF-C20 carbon fibers (Figure
5.10a), agrees with the previous discussion of more vigorous turbostratic carbon plane
ordering process for BF-C20 carbon fibers carbonized at 1,200 °C to 1,300 °C. For G-band
FWHM of carbon fibers (Figure 5.10b), PAN20, and BF-A16 show a decreasing G-band
FWHM when carbonization temperature is increased to 1,300 °C, indicating a more refined
graphitic structure of the carbon fibers. As for BF-C20 carbon fibers, a relatively unchanged
G-band FWHM is observed throughout the entire carbonization temperature range,
implying that the porous morphology can be limiting the graphitic structure refining
process within the temperature range.

Table 5.5. Carbon fiber structural parameters
Carbon fiber
PAN20
BF-A16
BF-C20
1200 1300 1000 1200 1300
Carbonization temp.(°C) 1000 1200 1300 1000
L2θ ≈ 26° a (nm)
1.4
1.6
1.8
1.3
1.7
1.8
1.2
1.5
1.7
b
L2θ ≈ 43° (nm)
1.8
1.9
2.0
1.7
1.8
1.9
1.6
1.8
1.9
f002 c
0.68 0.78 0.81 0.68
0.76 0.81 0.63 0.73 0.78
Z002 d (deg)
30.08 27.46 26.15 30.04 28.49 27.17 32.95 29.68 28.33
crystal size at 2θ ≈ 26°, calculated according to Scherrer’s equation with K= 0.9.
crystal size at 2θ ≈ 43°, calculated according to Scherrer’s equation with K= 0.9.
c
orientation factor of carbonized turbostratic (002) plane.
d
full-width at half maximum (FWHM) from the azimuthal scan of the carbonized turbostratic (002) plane.
a

b
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Figure 5.9. Raman spectra of PAN20 carbon fibers at 1000 °C (a), 1200 °C (b), 1300 °C
(c), and BF-A16 carbon fibers at 1000 °C (d), 1200 °C (e), 1300 °C (f), and BF-C20 carbon
fibers at 1000 °C (g), 1200 °C (g), 1300 °C (i). Spectra are normalized to D-band peak
and upshifted for clarity.

Figure 5.10. (a) D-band peak FWHM, and (b) G-band peak FWHM of carbon fibers carbonized
at various temperatures.

138

5.4 CONCLUSIONS
In this study, the processing and properties of PAN sheath, PAN/APL core bicomponent fibers and derived carbon fibers are reported. During the fiber spinning process,
increasing flow rates of sheath : core components from 0.4 : 0.4, 0.5 : 0.5, to 0.6 : 0.6
c.c./min results in increasing ratios of overall fiber radius to core-component radius (r2/r1)
of ~1.10 (BF-A fiber), ~1.25 (BF-B fiber), and ~1.52 (BF-C fiber), respectively. Fibers
with higher r2/r1 values render higher drawability. At maximum draw ratio, BF-A16 (draw
ratio 16), BF-B18 (draw ratio 18), and BF-C20 (draw ratio 20) fiber show comparable tensile
properties to PAN20 fiber (draw ratio 20) though BF-B18 and BF-C20 fiber exhibit voids in
the fiber cross sections. However, these voids are not observed in the BF-B and BF-C asspun fibers. TMA results suggests that lignin induces a more spring-like molecular
structure and promotes both the intrinsic thermal shrinkage and the entropic force from the
stretched polymer chains. DSC and TMA analysis of the PAN and bi-component fibers
suggest possible crosslinking between the sheath and core component. PAN20, BF-A16, and
BF-C20 fibers are stabilized and carbonized by batch process at 1,000 to 1,300 °C. BF-A16
carbon fiber, with an effective lignin content ~31 wt.%, exhibits a tensile strength and a
tensile modulus around 2.1 GPa, and 260 GPa, respectively, when carbonized at 1,200 °C.
When carbonized at 1300 °C, the tensile modulus of BF-A16 carbon fiber is increased to
274 GPa. PAN20 carbon fiber exhibits respective tensile strength and modulus of 2.42 GPa
and 276 GPa when carbonized at 1,200 °C, and the tensile modulus can be further increased
to 288 GPa when carbonized at 1,300 °C. When carbonized at 1,300 °C, BF-C20 carbon
fiber exhibits a tensile modulus around 242 GPa and a relatively low (0.91 GPa) tensile
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strength due to the limitation of around 24.2% porosity in the fiber cross sections. This
serves as a potential approach to fabricate low-density PAN/APL carbon fibers.
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS

6.1 CONCLUSIONS
This research systematically investigates on the lignin/polyacrylonitrile (PAN)
blends in solution, the fiber structure, and during the thermal stabilization and
carbonization process to valorize biorefinery waste lignin for its potential in the green
manufacturing and renewability of carbon fibers.
This dynamic shear rheology study of PAN with lignin content up to 37.5 wt.% in
solutions reports the potential boundary conditions for lignin incorporation and
characterizes the interactions of PAN and lignin with respect to fiber processing. The
miscibility of PAN and lignin in solutions are confirmed through a constant
(temperature/composition independent) slope value of log G’ versus log G” curves (Han
plot) for solutions with lignin incorporation up to 37.5 wt% between a temperature range
of -7 °C to 56 °C. Findings show that increasing the incorporation of lignin in PAN solution
promotes a fluid-solid transition during the quenching process under an oscillatory shear
frequency of 100 rad/s, suggesting that possibility that lignin promotes a coagulation
mechanism during the fiber spinning process. In addition, lignin incorporation into PAN
solution reduces solution viscosity, yield stress, relaxation time, and thermo-reversibility.
The rheology findings along with gel spinning technology have been successfully
leveraged to address the un-favored porous structure of PAN/lignin blends reported in the
literature. In the thermal stabilization process, a critical step in carbon fiber conversion,
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lignin was shown to reduce PAN cyclization, oxidation, and crosslinking reaction
activation energies and to increase the corresponding reaction rates, rendering a potential
for reducing time and energy consumption during carbon fiber manufacturing.
Single-component, pore-free PAN/lignin and PAN/lignin/carbon nanotube (CNT)blend fibers as well as PAN-sheath and PAN/lignin-core bi-component fiber are
successfully processed (Chapter 3, 4, and 5). Overall, the presence of lignin in the spinning
dope reduces the fiber maximum draw ratio and affects PAN polymer chain packing in the
precursor fiber. With the presence of CNT, the PAN/lignin/CNT fiber exhibits a more
tightly packed molecular structure with an improved crystalline structure than PAN/lignin
fibers. Raman spectroscopy of PAN, PAN/lignin, and PAN/lignin/CNT carbon fibers
indicates that the carbon fiber structure reordering process is altered by the incorporation
of lignin, and the presence of CNT in PAN/lignin/CNT carbon fibers can promote
structural reordering. Single-component PAN, PAN/lignin, and PAN/lignin/CNT carbon
fibers exhibit a tensile strength of 1.60 GPa, 1.72 GPa, and 1.40 GPa, and a tensile modulus
of 223 GPa, 230 GPa, and 220 GPa, respectively.
Since fibers fabricated with a higher draw ratio can render a smaller diameter to
reduce the number of defects per unit volume in the fiber structure, the decrease in the
maximum draw ratio limits improvements in derived carbon fiber mechanical properties.
With the aid of bi-component fiber spinning, the PAN sheath provides more and more
protection and endurance of fibers as it approaches higher draw ratios. With the
incorporation of ≥ 30 wt.% of lignin, batch-processed PAN/lignin carbon fibers exhibit a
tensile strength of 2.11 GPa and a tensile modulus of 260 GPa, exceeding the low-cost
carbon fiber performance target (1.72 GPa, 172 GPa) set by the U.S. Department of Energy
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and the best PAN/APL carbon fiber mechanical performance reported in the literature to
date. At higher carbonization temperature (1300 °C), the PAN/lignin carbon fiber exhibits
a tensile modulus value as high as 274 GPa. With proper processing parameters, the PAN
sheath, and PAN/APL core bi-component carbon fibers with a porous core (translates to
~24% overall porosity) can be manufactured as an approach for low-density carbon fibers.

6.2 RECOMMENDATIONS FOR FUTURE STUDY
1.

Results of the current study of PAN and PAN/lignin blends showed a reduction in
maximum draw ratios for the lignin-containing fibers, which can be attributed to (1) a
more aggravated liquid-solid transition during quenching that affects the gel-state
processing window, and (2) a reduced thermo-reversibility of the lignin-containing
dopes affecting the viscoelasticity of the fiber during the subsequent drawing stages.
As the mechanical performance of the precursor fiber and the resultant carbon fiber
depends on the molecular structure of the fiber, which rearranges during fiber
processing stages, further instrumental investigation of optimal gel-state processing
parameters (e.g., optimal air gap length, air gap temperature, and coagulation
temperature/duration) of PAN/lignin systems that optimize the properties of
PAN/lignin blend carbon fibers are recommended.

2.

In the industrial carbon fiber manufacturing process, fibers undergo step-wise
temperature zones with various applied tensions in continuous production. Previous
PAN stabilization studies have reported the reaction kinetics at various stabilization
temperatures and residence time; however, little success have been observed to address
the relationship between applied tensions on fibers and the stabilization reaction
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kinetics.

In the current study of stabilization kinetics of PAN/lignin blend, a

relationship between the reaction kinetics, thermo-calorimetry, and a reaction-specific
(cyclization) chemical shrinkage is established. Since the relationship proposed in the
current study can monitor the reaction kinetics in response to various applied tensions
and temperatures in parallel to the thermo-calorimetry results, it is recommended that
a future kinetic study account for this relationship in an examination of the optimal
processing parameters in the industrial PAN carbon fiber manufacturing process.
3.

Raman spectroscopy analysis of PAN and PAN/lignin carbon fibers (Chapter 4)
indicated different polyaromatic reordering process of PAN and lignin during
carbonization. In Chapter 5, the cross-sectional SEM images of the BF-A16 carbon
fiber (effective lignin content ~31 wt.%) showed the emergence of a nanoscale,
particle-like microstructure for fibers carbonized at 1,300 °C. Note that the nanoscale,
particle-like microstructure is not observed in neither the PAN carbon fiber nor the BFA16 fibers carbonized at 1,000 °C and 1,200 °C. These results suggest that the graphitic
structures of PAN/lignin blends differ from those of PAN-based carbon fibers. Further
TEM analysis, Raman spectroscopy mapping of the cross-sectional graphitic structures
of PAN and PAN/lignin carbon fibers, and the potential graphitization studies of the
PAN/lignin blends are recommended.

4.

The study found that fiber cross-sectional shapes (i.e., cross-section circularity) are
related to molecular structure, which can affect the turbostratic crystalline orientation
and mechanical properties of the resultant carbon fibers. Chapters 4 and 5 reported
bean-shaped cross sections of the PAN precursor and carbon fibers. However, the cross
section of the single-component (Chapter 4) PAN/lignin (APL) blend fibers exhibited
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better circularity than the PAN fiber. In addition, the cross-sectional shapes of bicomponent PAN/lignin blends (Chapter 5) differed, depending the size of the
PAN/lignin core component. These observations of various cross-sectional shapes of
fibers suggest that lignin incorporation contributes to the diffusion and coagulation
mechanisms during the fiber manufacturing process. To further optimize the
PAN/lignin blend carbon fiber properties, a root-cause analysis of the varying crosssectional shapes on PAN-sheath and PAN/lignin-core bi-component fibers are
recommended.
5.

To further create value-added applications for the lignin-derived renewable carbons,
APPENDIX E presents a study titled “Lignin-Derived High Surface Area Carbon.”
Using sacrificial polymers to fabricate polymer/liginn blend film, the study showed
that resultant carbons exhibit appproximately four to five times as high surface area
values as the control samples. Further optimization of the system is recommended.
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APPENDIX A
COMMERCIAL CARBON FIBER MECHANICAL PROPERTIES

Table A.1. Mechanical properties of commercial PAN based carbon fiber
PAN based carbon fiber
(Source, Product)
Toray
T300
T400H
T700S
T700G
T1000
T1100G
M35J
M40
M40J
M46J
M50J
M55J
M60J
Hexel
IM6
IM7
IM9
IM10
Cytec
Thornel T650/35
Thornel T300
Mitsubishi pyrofil
HR 40
HS 40
MS 40
TRH50
Zoltek
PX35

Tensile strength
(GPa)
3.53
4.41
4.9
4.9
6.37
6.6
4.71
2.74
4.41
4.21
4.12
4.02
3.92
5.72
5.65
6.14
6.96
4.28
3.75
4.41
4.61
4.41
4.9
4.14
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Tensile modulus
(GPa)
230
250
230
240
294
324
344
392
377
436
475
540
588
279
276
304
310
255
231
395
455
345
255
242

Table A.2. Mechanical properties of commercial pitch based carbon fiber
Pitch based carbon fiber
(Source, Product)
Cytec
P-25
P-30
P-55
P-55S
P-100S
P120S
K-800X
K-1100
Mitsubishi Dialead
K63A12
K13916
K63712
K13D2U
K13C6U

Tensile strength
(GPa)
1.56
1.38
1.38
1.72
2.41
2.41
2.34
3.1
2.6
3.2
2.6
3.7
3.6
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Tensile modulus
(GPa)
172
207
414
415
758
827
896
965
790
760
640
935
900

APPENDIX B
FTIR SPECTRA AND FIBER FRACTURE IMAGE OF PAN AND
PAN/SWL FIBERS

Figure B.1. Scanning electron micrographs of the fracture surface of (a) PAN fiber and (b)
PAN/SWL fiber at draw ratio of 10.

Figure B.2. Fourier transform infrared spectra of (a) softwood lignin (SWL) powder, (b)
PAN fiber, and (c) PAN/SWL fiber.
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In Chapter 2, the rheological characterization of annual plant lignin (APL) and PAN
(with 4% MAA copolymer) suggests possible chemical interaction between PAN nitrile
side chain and APL. In Chapter 4, this chemical interaction is observed by the FTIR
analysis of the APL powder and PAN/APL blend fiber, where: (1) the ketone-like structure
(1720 cm-1 and 1050 cm-1 peaks) from lignin diminishes when forming PAN/APL blend
fibers, (2) N–O peaks at 1515 and 1362 cm-1 emerges in PAN/APL blends, and (3)
decreased magnitude of C≡N peak (2243 cm-1) accompanied by a broadening peak at 1614
cm-1 around C=N region. In this chapter, for softwood lignin (SWL) powder, the peaks at
1510 and 1596 cm-1 are assigned to the aromatic skeletal vibrations [1], and the peaks
around 1268 and 1139 cm-1 are due to guaiacyl unit stretching with carbonyl groups in
lignin structure [1, 2]. For PAN fiber (with 4% MAA copolymer), the sharp peak at 2243
cm-1 is assigned to the C≡N bond of polyacrylonitrile (PAN), and peaks at 1356, 1453, and
2937 cm-1 belong to the CH2 in the PAN backbone [3]. It is possible that the
aforementioned chemical interaction between lignin and the nitrile side chain can still
occur in the PAN/SWL blend fiber. However, unlike the previous homopolymer PAN
spectra, the MAA copolymer in PAN used in this study contributes to the peaks around
1720 cm-1, which makes structural change of lignin hard to be observed. While
characteristic peaks for both SWL powder and PAN fibers are present in the spectra, no
conclusions regarding direct chemical interactions between PAN and SWL can be drawn
in the current study.
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APPENDIX C
STATISTICAL SIGNIFICANCE OF THE PROPERTIES
COMPARISON BETWEEN CARBON FIBERS
Table C.1. p-values for the statistical significance of comparison between carbon fiber properties
Carbon fiber sample
(carbonized temperature)
PAN/lignin (1000 °C)
PAN/lignin/CNT (1000 °C)
PAN/lignin (1100 °C)
PAN/lignin/CNT (1100 °C)

p-value of
tensile strength*
0.061
0.319
0.052
0.014

p-value of tensile
modulus*
0.399
0.093
0.256
< 0.0001

p-value of elongation
at break*
0.020
0.294
0.018
0.074

* with respect to the PAN carbon fiber at corresponding carbonization temperatures.
** A p-value < 0.05 indicates the difference between carbon fiber mechanical properties is significant.

For PAN/lignin fibers carbonized at 1000 °C and 1100 °C, the p-values of carbon
fiber tensile strength and tensile modulus are consistently greater than 0.05, indicating that
PAN/lignin carbon fibers exhibited comparable tensile strength and modulus values to the
PAN fibers carbonized at the same temperatures.
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APPENDIX D
PAN-SHEATH AND PAN/LIGNIN-CORE BI-COMPONENT FIBERS
AND CARBON FIBERS

D.1 STATISTICAL SIGNIFICANCE OF THE PROPERTIES COMPARISON
BETWEEN BI-COMPONENT FIBERS AND CARBON FIBERS
Table D.1. p-values for the statistical significance of comparison between fiber properties
p-value of tensile
p-value of tensile
p-value of elongation
Sample
strength*
modulus*
at break*
BF-A16
< 0.0001
< 0.0001
< 0.0001
BF-B18
< 0.0001
< 0.0001
0.001
BF-C20
0.0225
< 0.0001
< 0.0001
*With respective to PAN20 fiber.
**A p-value < 0.05 indicates the difference between carbon fiber mechanical properties is significant.

Table D.2. P-values for mechanical properties of bi-component carbon fibers
Carbon fiber sample
p-value of tensile p-value of tensile p-value of elongation
at break*
(carbonized temperature)
strength*
modulus*
BF-A16-4 (1000 °C)
0.0005
< 0.0001
0.0014
BF-A16-5 (1200 °C)
< 0.0001
< 0.0001
0.0124
BF-A16--7 (1300 °C)
0.033
0.0053
0.0543
*With respect to PAN20-3, PAN20-6, and PAN20-7, carbon fiber at corresponding carbonization temperatures.
** A p-value < 0.05 indicates the difference between carbon fiber mechanical properties is significant.

For BF-A16 fibers carbonized at 1000, 1200, and 1300 °C, the p-values of carbon
fiber tensile strength and tensile modulus are consistently lower than 0.05, confirming the
lower tensile strength and tensile modulus values compared to the corresponding PAN20
carbon fibers.
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D.2. POROSITY CALCULATION

Figure D.1. SEM cross-sectional images of BF-C20 carbon fiber with (a) manual selection
of the cross-sectional pores, and (b) software selection (red) of pores by ImageJ.

In the example presented by Figure D.1., manual selection and software selection
of pores yields an overall cross-sectional porosity of 24.9% and 22.1%, respectively. In
Chapter 5, an average between the manual and software selection over three different
carbon fiber cross sections was used to estimate the overall porosity of the BF-C20 carbon
fibers.
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APPENDIX E
LIGNIN DERIVED HIGH SURFACE AREA CARBON

E.1 INTRODCUTION
High surface area carbon has versatile applications. It is used for water filtration,
air purification, carbon capture, electrode materials in supercapacitors, fuel storage,
reinforcement agent in rubber tires, and many other places. To create high specific surface
area carbon (>1000 m2/g), activation processes (with steam, strong acid, or base at elevated
temperatures) are conventionally employed and can therefore lead to high production cost
and hazardous byproducts. Recently, worldwide growing interests in next-generation
biorefineries has called for investigations of biofuel, chemical, and value-added
commodity products from lignocellulosic biomass. In this work, we propose a high surface
area carbon material derived from biorefinery waste, lignin. With the addition of a
sacrificial polymer to lignin as precursor materials, high surface area carbon from direct
stabilization/carbonization without any activation process are shown comparable to some
chemically activated carbonized lignin1 and commercial activated carbons.
E.2 EXPERIMENTAL
E.2.1 Materials
Softwood kraft lignin (SWL, Indulin AT) powder was provided by MeadWestvaco
(Richmond, VA), and the soda-pulped annual plant lignin (APL, Protobind 2400,) powder
was acquired from GreenValue (Media, PA). To eliminate the ash content and metal
impurities from manufacturing process, softwood lignin (SWL) and soda-pulped annual
plant lignin (APL) were washed repeatedly by diluted HCl and deionized water upon
receiving. SWL was subsequently washed with methanol in order to filtrate and collect the
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insoluble fraction. After washes, lignins were then dried under vacuum at 60 °C before use.
Dimethylformamide (DMF, ACS grade, 99.8% purity) and poly(methyl methacrylate)
(PMMA) with average Mw of ~15,000, ~350,000, and ~996,000 g/mol were obtained from
Sigma Aldrich and used as received.
E.2.2 Solution and Film Preparation
Two lignin solutions (SWL and APL) are prepared by dissolving lignin powders
into DMF at a concentration of 30 mg/mL and three PMMA/DMF solutions (each with
PMMA Mw of 15,000, 350,000, and 996,000 g/mol, respectively.) are prepared at the same
concentration. Before further use, each solution was kept in the orbital shaker (MaxQ 4450,
Thermo Scientific.) at 45 °C and a speed of 200 rpm for six hours to ensure dissolution.
For PMMA/lignin composite solutions, various volumetric ratios of PMMA and lignin
solution were added into a vial, which is subsequently kept in the orbital shaker at 45 °C
and a speed of 200 rpm for three hours. For film casting, each solution was poured into a
glass mold immediately upon removal from the shaker and placed into a vacuum oven
maintained at 60 °C for twelve hours. During film formations, DMF was evaporated and
subsequently distilled by a glass cold trap for solvent recovery. All samples were then
gently scraped off and collected in vials before use.
E.2.3. Carbonization Process
In the current stage of the study, all samples are converted into carbons by
thermogravimetric analysis (TGA, Q500 by TA Instruments). During each trial, around 30
mg of precursor materials are prepared to first undergo oxidative stabilization with a
heating rate of 5 °C/min from room temperature to 280 °C, followed by a 5-hour isothermal
residence process. Immediately after the isothermal residence, nitrogen stream will be
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introduced to create an inert environment while the stabilized samples are heated from 280
°C to 900 °C at a heating rate of 10 °C/min followed by a 6-hour isothermal residence for
carbonization. All carbonized samples are collected after cooling at room temperature.
E.2.4 Characterization
For surface area and pore size analysis, isothermal nitrogen gas adsorption study
was carried out on various carbon samples using ASAP 2020 (Micromeritics Inc.) at 77
Kelvin. BET and BJH theories are used to obtain the specific surface area and pore size
distribution, respectively.
E.3 RESULTS AND DISCUSSIONS
The surface area results (BET) of each sample along with the details of PMMA
molecular weights, and lignin types and contents for film preparation are summarized in
Table E.1. Trials 1 and 2 are pure lignin powders which undergo identical treatments with
the rest of film samples prepared with PMMA of indicated molecular weights. According
to the results, no clear trend is observed between the lignin type and the specific surface
area of derived carbons (Trial 1 and 2). Upon the addition of low molecular weight (15
kg/mol) PMMA to lignin for film fabrication, the derived carbon surface area almost
doubled (Trial 3 and 4). Interestingly, as the PMMA with higher molecular weight (350
kg/mol) is used for film preparations, higher specific surface area values can be achieved
(Trial 5 and 6). In the current scope of the study, high surface area carbons (~1,000 m2/g)
can be fabricated from the carbonized films using PMMA with molecular weight of 996
kg/mol without chemical activation process.
Fine porous structures are observed from the SEM images (Figure E.1 and Figure
E.2) of the carbonized PMMA-processed lignins. According to the images, nano-sized
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pores are observed on both trial 6 and 7 (Figure E.1b and Figure E.2b), which provides the
visual confirmation of the high surface area value. The pore size distributions of the lignin
and lignin/PMMA carbonized materials are shown in Figure E.3a. Without the
incorporation of PMMA, carbonized lignin powder (Trial 1) exhibited pores size mostly
between 10 to 20 Å . When carbonized with the presence of PMMA (350 kg/mol), trial 5
exhibited slightly increased pore size ranging from 15 to 30 Å and greatly enhanced
incremental pore volume and surface area compared to trial 1. When higher molecularweight PMMA (996 kg/mol) is used under identical PMMA/lignin solid content, this
phenomenon of increasing pore volume is further amplified in trial 7 while the pore size
distributions remained unchanged compared to trial 5. This indicates that longer PMMA
chain lengths (higher molecular weights) can increase pore volumes of the carbonized
products but not the pore size (size of contact sites between PMMA and lignin chains).
When the lignin content in the PMMA/lignin film is increased (trial 9), lower surface area
(Table C.1) and pore volume of the derived carbon are reported with unchanged pore size
compared to trial 7 (Figure E.3b). These observations imply that the pore volume of derived
carbons is possible related to the PMMA diffusion and collision frequency between the
polymers in solutions. Further investigations of PMMA/lignin content ratio and
concentrations in DMF are then required to optimize the surface area values of derived
carbons.
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Table E.1. Processing conditions and measured surface area of carbonized lignin.
PMMA Mw
Sample
Trial Lignin type
Lignin content (wt%)
BET (m2/g)
(g/mol)
ID
1
APL
100
AC
5
276
2
SWL
100
234
AC 13
3
APL
67
15 k
AC 6
478
4
SWL
67
15 k
440
AC 7
5
APL
67
350 k
AC 3
717
6
SWL
67
350 k
AC 4
785
7
APL
67
996 K
AC 9
1031
8
SWL
67
996 K
AC 10
955
9
APL
87.5
996 K
564
AC 12

Figure E.1. SEM images of Trial 6 showing the porous carbonized structure.

Figure E.2. SEM images of Trial 7 showing the porous carbonized structure.
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Figure E.3. Pore volume distribution of (a) the carbonized APL without PMMA (trial 1)
and various molecular weight of PMMA (Trial 5, Trial 7), and (b) the carbonized APL
derived from precursors with various PMMA (996 kg/mol) content.
E.4 CONCLUSIONS
In this work, an eco-friendly manufacturing process of high surface area carbon
derived from biorefinery waste is reported. During the fabrication process, used organic
solvent (DMF) can be recycled and no chemical activation process is required to avoid
environmental hazards. Using PMMA as a sacrificial component, we were able to achieve
carbonized lignin with surface area as high as 1030 m2/g. According to the results, no clear
trend between the surface area of derived carbon and the type of lignin precursors (APL or
SWL) is observed. While PMMA molecular weight is shown critically related to the
surface area values of carbonized products, pore widths of the derived carbon are not
affected by PMMA molecular weight. According to the reported technology herein,
promising potentials of industrial interest and market penetration can be realized with
further optimization and scale-up progress.
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E.5 FUTURE WORKS
E.5.1 Optimization
At the current stage, lignin/PMMA with 33 wt% of 996 kg/mol PMMA resulted in
the highest surface area, while the carbonized sample with 12.5 wt% PMMA resulted in a
lower surface area. Further investigations of various PMMA solid content/ratio in
precursor film fabrication are required in order to increase surface area and possibly
decrease PMMA consumption. Trials with higher molecular weight PMMA and studies of
precursor blended with PMMA of various molecular weights (e.g., combination of
different molecular weights) should be conducted.
E.5.2 Short-scheme Manufacturing Process
In current stage of the study, a control stabilization (300 minutes) and carbonization
(360 minutes) scheme is implemented for comparison purpose. While a shorter
stabilization/carbonization residence time may result in the higher surface area and a higher
carbon yield. Studies of short-scheme manufacturing process are recommended to further
render advantages of green manufacturing of proposed systems.
E.5.3 Scale-up
Currently, precursor film and carbonization trials are all conducted in small-scale
manufacturing process. In order to demonstrate industrial applicability for this work, scaleup trials with comparable carbon properties are required. Currently, precursor films are
fabricated at ~720 mg per piece and derived carbons are achieved at 5 to 10 mg per trial.
Scale-up fabrications of high surface carbon from higher-mass precursors can be conducted
in a box furnace (Lindberg, 51668-HR Box Furnace 1200C, Blue M Electric) as pilot-scale
simulation of industrial production.
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E.5.4 Carbon Nanotubes-Incorporated Lignin Carbons
While the high surface area carbon in this study serves as a potential in energy
storage application, it is difficult to fabricate robust active electrodes with the carbons from
current process due to low aspect ratio. (Figure 1 and 2) Carbon nanotubes (CNT) are
known for their exceptional aspect ratio and mechanical properties. While previous studies
suggest that multi-walled CNT can promote lignin reordering process during
carbonization,2 and increase electrical conductivity of carbonized lignin.3 It is
recommended to investigate the performance of PMMA-lignin derived carbon with
minimal loading (0.1-0.5 wt%) of multi-walled CNT along with its feasibility for energy
storage applications.
E.5.5 Functionality
To further extend the value propositions of the current system in addition to the
green manufacturing process, high surface area carbons herein should be evaluated for
carbon capture and adsorption capabilities to compare with commercial activated carbons.
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