KTH ROYAL INSTITUTE
{m} OF TECHNOLOGY
LT
ZKTHS

VETENSKAP
&€ OCH KONST %%

e

Doctoral Thesis in Fibre and Polymer Science

Biobased carbon fibers from solution
spun lignocellulosic precursors

ANDREAS BENGTSSON

Stockholm, Sweden 2022




Biobased carbon fibers from solution
spun lignocellulosic precursors

ANDREAS BENGTSSON

Academic Dissertation which, with due permission of the KTH Royal Institute of Technology,
is submitted for public defence for the Degree of Doctor of Philosophy on Friday the 2nd of
December 2022, at 10:00 a.m. in sal F3, KTH, Lindstedtsvigen 26, Stockholm.

Doctoral Thesis in Fibre and Polymer Science
KTH Royal Institute of Technology
Stockholm, Sweden 2022



© Andreas Bengtsson

© De Gruyter 2018, Paper |

© American Chemical Society 2019, Paper Il
© American Chemical Society 2020, Paper IlI
© American Chemical Society 2022, Paper IV
PaperV Manuscript

TRITA-CBH-FOU-2022:57
ISBN 978-91-8040-407-5

Printed by: Universitetsservice US-AB, Sweden 2022



Abstract

Carbon fibers (CFs) have excellent mechanical properties and a low density, making them
attractive as a reinforcing fiber in composites. The use of CFs is limited to high-end applications,
since they are produced from an expensive fossil-based precursor via an energy-intensive
manufacturing process, explaining the need for cheaper CFs from renewables. CFs can be made
from strong cellulosic precursors, but the low carbon content of cellulose results in a low
conversion yield, and thus an expensive CF. Lignin has a higher carbon content than cellulose but
CFs from melt spun lignin precursors have presented challenges, since these precursors have a low
strength and are difficult to convert to CF in a realistic conversion time.

In the present work, CFs from solution spun precursors consisting of blends of softwood kraft
lignin and cellulose have been developed. The lignin-cellulose precursors (up to 70% lignin) were
prepared with air-gap spinning and wet spinning, using an ionic liquid and a water-based solvent
system for co-dissolution, respectively. Co-processing of cellulose and lignin was beneficial as the
former made the precursor strong and easy to handle, whereas the latter gave a higher conversion
yield than precursors based solely on cellulose. The precursors were converted to CFs via both
batchwise and continuous conversion, using industrially relevant times (< 2 h), with a yield up to
45 wit% after incorporation of a flame retardant.

These CFs have a moderate Young’s modulus and tensile strength up to 75-77 GPa and 1.2 GPa,
respectively, i.e. similar to the values for CFs from fossil-based isotropic pitch and they can thus
be classified as general-grade CFs. These biobased CFs have a disordered turbostratic graphite
structure, and their tensile properties are affected by the precursor structure, the conversion
conditions, and the final diameter. These CFs can potentially be used as a sustainable component
in non-structural and semi-structural applications.

Keywords Carbon fiber, Carbonization, Cellulose, Kraft pulp, Softwood kraft lignin, Solution
spinning, Stabilization



Sammanfattning

Kolfibrer har utmarkta mekaniska egenskaper och en lag densitet, vilket gor dem attraktiva som
styrkebarande komponent i kompositer. Kolfibrer anvéands framst i applikationer dar god prestanda
Overvéger dess hoga kostnad, vilken grundar sig i anvéndandet av en dyr fossilbaserad startfiber
som konverteras till kolfiber i en energikrdvande process, vilket forklarar behovet av billigare
kolfibrer fran fornyelsebara ravaror. Kolfibrer kan tillverkas fran starka cellulosabaserade
startfibrer, men cellulosans laga kolinnehall resulterar i ett 1agt utbyte, vilket leder till en dyr
kolfiber. Lignin har ett higre kolinnehdll och har smaltspunnits, men den ldga styrkan hos
startfibern samt den langa konverteringstiden &r utmanande.

| detta arbete har kolfibrer utvecklats frén losningsmedelsspunna startfibrer innehallande
blandningar av barrvedslignin och cellulosa. Startfibrerna, innehallande upp till 70% lignin, har
spunnits med luftgapsspinning samt vatspinning, dar en jonvatska respektive ett vattenbaserat
l6sningsmedelssystem anvénts. Att samprocessa cellulosa och lignin var fordelaktigt eftersom den
forstndmnda gjorde startfibrerna starka och latthanterliga medan den sistndmnda &kade
konverteringsutbytet jamfort med cellulosabaserade startfibrer. Kolfibrer framstélldes bade satsvis
och kontinuerligt under industriellt relevanta tider (<2 timmar), med ett konverteringsutbyte upp
till 45% efter tillsats av ett flamskyddsmedel.

Dessa kolfibrer har en relativt 1ag elasticitetsmodul om 75-77 GPa och dragstyrka om 1.2 GPa,
vilket ar i paritet med kolfibrer fran fossilbaserad isotrop stenkolstjara, vilket gor att de kan
klassificeras som kolfibrer av intermedidr kvalitet. Kolfibrerna har en oordnad turbostratisk
grafitstruktur, och de mekaniska egenskaperna paverkas av konverteringsbetingelserna,
startfiberns struktur samt slutdiametern. Dessa kolfibrer kan potentiellt anvandas som en hallbar
komponent i icke- samt partiellt-styrkebarande applikationer.

Nyckelord Barrvedslignin, Cellulosa, Karbonisering, Kolfiber, Losningsmedelsspinning,
Stabilisering, Sulfatmassa
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1 Introduction

Carbon fibers (CFs) are fibrous materials consisting mainly of carbon atoms (90 wt%).*
Due to their excellent specific stiffness and strength, commercial CFs are highly
attractive as a reinforcing agent in composites. However, the high price of CFs has
limited their use to applications where performance overrules the importance of low cost,
such as aerospace, military, luxury automobiles and sporting equipment applications.
The high cost of CFs is due to the expensive production process at high temperatures
(above 1000 °C) and expensive fossil-based precursors, predominantly (>96%)
polyacrylonitrile (PAN), but also coal-tar and petroleum pitches.? About half of the cost
of PAN-based CFs is attributed to the precursor, explaining the strong motivation to
develop cheaper and more sustainable precursors based on renewable sources.??

Cellulose and lignin are renewable macromolecules and clearly potential raw materials
for the preparation of CF precursors. Already in the 1960s and 1970s, it was shown that
solution spun cellulose precursors could be used to produce CFs with competitive tensile
properties.*® Unfortunately, those CFs from cellulosic precursors were expensive due to
the low conversion yield (10-30 wt%), originating from the low carbon content of
cellulose (44.4 wt%) and this explains why only about 1% of the commercial CFs are
currently being made from cellulose.”

The increasing awareness of climate change and the need to decrease our dependence on
fossil-based materials in the late 1990s and early 2000s led to an extensive search for
alternative low-cost CF precursors, related to several of the 17 sustainable development
goals set by the United Nations.® Lignin, available from pulp mills and with a high carbon
content (61-64%), gained much attention.® It was early noticed that the high carbon
content of the lignin gave a high yield after conversion to CF. For cost reasons, most of
the research regarding lignin-based CF focused on developing lignin precursors by melt
spinning, but this has been shown to be a very complex task and no commercial product
yet exists.’%23 The problem is that a melt spinnable lignin is usually difficult to stabilize
and carbonize to CF in a realistic period of time. The low molecular mass of lignin results
in a precursor with low tensile properties, and this makes conversion to CF extra difficult.

The underlying idea behind the work described in this thesis was to overcome the
difficulties in making CF from cellulose and lignin separately, thus it is natural to
consider making CF from a precursor consisting of a blend of lignin and cellulose.
However, since cellulose does not melt, the precursor needs to be prepared via solution
spinning. The idea of combining cellulose and lignin is tempting since the problems
related to preparing CFs from each macromolecule may be avoided by co-processing.



1.1 Objectives

The main objective of this work was to develop biobased CFs from lignin-cellulose
precursors. An important objective was to learn how the precursor composition and the
conversion conditions influence the yield and tensile properties of the resultant CFs. The
central idea was that a precursor consisting of both polymers would be beneficial since
cellulose would bring molecular orientation and strength to the precursor whereas the
relatively high carbon content of lignin would increase the conversion yield. The focus
was on studying the conversion of the precursors to CF, but not on the precursor spinning
process. Aspects related to techno-economy were beyond the scope and were not studied.
In terms of the 17 sustainable development goals set by the United Nations, the present
work contributes to, for example, goal number 12 (Responsible Consumption and
Production) as well as goal number 13 (Climate Action).

The work initially focused on preparing CFs via small-scale trials in a batchwise
conversion setup but later progressed into using a continuous conversion setup, enabling
the use of more industrially relevant conditions. The lignin-cellulose precursors were
made by air-gap spinning and classic wet spinning, depending on whether EMIMAC or
cold alkali, respectively, were used as solvent. The effect of, for example, the precursor
composition and diameter as well as those of the stabilization and carbonization
conditions were studied via conventional characterization techniques used in CF
research. Figure 1 shows an overview of the work, including details of the solvents,
spinning techniques and conversion types used in Papers I-V.

Paper

| | ] \

v
Solvent EMIMAc -

Spinning Air-gap
technique

Conversion Batchwise

Figure 1. Diagram of the solvent systems, spinning techniques and conversion types used in this
work.




2 Background

2.1 A brief history of carbon fiber (CF)

2.11 Early work on CF from cellulosic precursors

The earliest evidence of CFs in the literature is Tomas Alva Edinson and his patent from
1880 for an incandescent electric lamp using a carbonized cotton strand as the filament
material.* At that time, the great potential of using CF as a reinforcing fiber was
unknown. In US during the 1950s, the space program gave a push to the development of
stronger grades of CF, backed by strong financial support from the US government and
focused on cellulosic precursors such as rayon. In the late 1950s, Union Carbide
introduced carbon cloths and fabrics and in the early 1960s, carbon yarn, i.e. CF, was
introduced. The latter had a Young’s modulus of 27-69 GPa and a tensile strength of
about 0.5 GPa. In 1964 and through the 1960s, Union Carbide introduced a series of
cellulose-based CFs under the trade name Thornel, made by carbonizing a highly
oriented rayon precursor to obtain a modulus of about 70 GPa. Subsequently, this CF
was stretch-graphitized at more than 2500 °C to give a CF with an exceptional modulus
and tensile strength of 170-690 GPa and 1.2—-3.9 GPa, respectively, at a density of 1.6—
2.0 g/cm3. Much of the pioneering work at Union Carbide was performed by Roger
Bacon and his team, contributing significantly to the understanding of cellulose pyrolysis
and the importance of tension in the early stages of cellulose carbonization.*525-27

2.1.2 Thediscovery of polyacrylonitrile (PAN) as a CF precursor

Simultaneously as the work on CFs from rayon, development work on PAN-based CFs
was carried out both in Japan and in the UK. The first CFs from PAN were prepared in
the late 1950s by Shindo and coworkers at the Government Industrial Research Institute,
Osaka (GIRIO), Japan.?® Shindo and his team realized the importance of oxidation of the
PAN fibers, i.e., stabilization, prior to carbonization, but due to the lack of tension during
stabilization, these CFs had a very low tensile strength of 0.1 GPa. Independently of the
work in Japan, a research group in the UK led by William Watt at the Royal Aircraft
Establishment (RAE) started in 1963 to develop CFs from PAN precursors. After a series
of experiments, the RAE team drew two important conclusions. Firstly, it is important to
prevent the PAN fibers from shrinkage during oxidative stabilization and, secondly,
oxidative stabilization is a diffusion-controlled process, so that a small fiber diameter is
beneficial to prevent the skin-core phenomenon, making it possible to reduce the
stabilization time. It was early noticed that PAN-based CFs had the same tensile
properties as cellulose-based CFs, but at a lower temperature. Additionally, a PAN fiber
had a conversion yield of about 50 wt% instead of the 10-30 wt% obtained after



conversion of cellulose. In the late 1970s, this made PAN as the chief precursor for CFs,
supported by the rapid improvements in the CF tensile properties.?®

2.1.3 Pitch as a CF precursor

Parallel to the development of CFs from PAN and rayon, important work on CFs from
melt spun isotropic coal-tar pitch was carried out in Japan by Sugio Otani. Later, several
pioneers joined the field developing mesophase (anisotropic) pitch, giving CFs with an
exceptionally high Young’s modulus (>700 GPa). A careful fractionation and heat
treatment of some pitch-grades made it possible to obtain a spinnable mesophase pitch
with liquid crystallinity, giving CFs with a highly oriented graphite structure. The
conversion yield of mesophase pitch-based CFs is high (about 80 wt%), but if corrected
to the necessary fractionation, the yield is only about 30 wt%." In 1969, Sugio Otani also
discovered that it was possible to make CFs from lignin via melt and dry spinning of
thiolignin and lignosulphonates.?® The tensile properties of the lignin-based CFs were,
however, modest in comparison with those of CFs from PAN and mesophase pitch, and
the work was discontinued.

2.1.4 Recent development work on CF from lignocellulose

Since the 1970s, PAN has been and still is the dominant CF precursor, but around the
millennium shift, the increasing concerns relating to environmental pollution and the
growing demand for lightweight materials led to the resumption of research on CFs from
lignin, with the focus on developing low-cost CFs with a lower carbon footprint. In the
last 25 years, several research groups, mainly in the US and Europe, have devoted
extensive efforts to the development of CFs from melt spun and dry spun lignin
precursors,10-13.1517-22:30-33 Dagpite significant research efforts, no commercial success has
yet been achieved. The main challenge has been the difficulty in achieving a melt
spinnable lignin precursor that becomes stabilized in a realistic time. The lignin
precursors are also brittle and difficult to handle, which hampers the use of a more
industrially relevant continuous process. The tensile properties of the CFs prepared are
on par with CFs from isotropic pitch. During the last 15 years, attempts have been made
to improve cellulose-based CFs, often with a focus on improving the conversion yield
by the addition of a flame retardant.3*4°

In 2015-2017, the first reports were published on CFs from solution spun lignin-
cellulose bicomponent precursors. Independent research activities began in Germany and
Sweden, followed by activities in Finland and Australia, with the aim of taking advantage
of both the high carbon content of lignin and the strength of cellulose.***



2.2 Properties and structure of CF

CFs are fibers with over 90 wt% carbon having typical diameters of 7-15 ym.t The
properties of CFs span a wide range depending on the precursor and on the conversion
conditions. CFs with a more graphite-like structure usually have higher electrical and
thermal conductivities than CFs with a low degree of graphitization. Depending on grade
of CF, the density varies between 1.4 and 2.2 g/cm? and the elongation at break is low,
typically 1-2%. The Young’s modulus of CFs is strongly related to the orientation and
the degree of graphitization of the carbon structure, whereas the tensile strength is mainly
limited by the distribution and size of flaws in the fibers.** In contrast to many other
engineering materials, CFs have a high Young’s modulus and high tensile strength in
relation to their density, i.e., CFs have a high specific stiffness and strength (Figure 2),
which means that they are useful in lightweight applications. CFs from PAN and
mesophase pitch have superior tensile properties whereas those from melt spun lignin
and wet spun cellulose (rayon) precursors carbonized at about 1000-1400 °C are
comparable to CFs from isotropic pitch, but CFs from isotropic pitch usually have higher
compressive strength than the CFs made from mesophase pitch.* Stretch-graphitization
of cellulose at temperatures around 2500 °C can result in CFs with excellent tensile
properties.?®
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Figure 2. Typical values for specific stiffness and specific strength of various grades of CFs from
different precursors. Steel and glass fiber is also included for comparison.

The CFs have different carbon structures depending on the precursor and on the
conversion conditions, which give rise to the different tensile properties. CFs from
mesophase pitch have a carbon structure close to that of perfect graphite, whereas CFs



from PAN, cellulose and lignin typically have a turbostratic graphite structure (Figure
3). Turbostratic graphite consists of buckled carbon layers which usually have defects
such as vacancies in the hexagonal array. The interlayer spacing of the (002) plane is
usually greater than 0.35 nm, exceeding that of perfect graphite (0.3354 nm). To achieve
a CF with high tensile properties, it is important that the graphitic crystallites, particularly
the (002) plane, are oriented in the longitudinal direction of the fiber axis.® The tensile
strength of a CF is highly dependent on critical flaws such as voids, and therefore
production of high-strength CF requires a fiber with a minimal number of defects. A
reduction in CF diameter usually reduces the risk of critical defects, but other facts such
as working in a clean environment may be beneficial as it minimizes the risk of
contamination by e.g. dust particles.*¢-4
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Figure 3. Structure of (a) highly ordered graphite and (b) less ordered turbostratic graphite.
Reprinted with permission from Hoffman WP, Hurley WC, Liu PM, Owens TW, The surface
topology of non-shear treated pitch and PAN carbon fibers as viewed by STM, J Mater Res, 6,
1685, 1991. Copyright © 2011, The Materials Research Society, Springer Nature.



2.3 Manufacture of CF

The manufacture of CF includes spinning an organic precursor that is converted into CF
by a series of thermal treatments at high temperatures, followed by surface treatments
prior to winding (Figure 4).! The spinning process is usually separated from the
conversion facility. Industrial production of CFs is a continuous process, and the most
time-consuming step is therefore the bottleneck of the process. The optimal conditions
in each conversion step depend on the precursor and on the desired properties of the CF.
A wider utilization of CF in composite materials is inhibited by the high price of CF,
originating from the costly PAN precursor and the energy-demanding conversion
process. About half of the production cost of PAN-based CF is related to the precursor,
and one third is associated with the equipment.*® The use of potentially low-cost raw
materials such as renewable lignin and cellulose is therefore of great interest.

Precursor Carbon fiber (CF)
Stabilization Carbonization Graphitization
Air Inert Inert

>90 wt% C

R

200-300°C 300-2000°C

min

2000-3000°C

Figure 4. Schematic illustration of the CF production process.

2.3.1 Raw materials for CF precursors

PAN

The chief raw material for commercial CF precursors is the fossil-based polymer PAN
(Figure 5). The carbon content of PAN is 68%, giving a gravimetric yield of about 50%
after conversion to CF.? Special grades of PAN are used for the spinning of CF
precursors, with a high molecular mass (>200 kDa) and they are made into a co-polymer
using monomers such as methacrylate and itaconic acid.> The use of PAN co-polymers
in the conversion process is beneficial for the tensile properties of the CFs. Due to the
high melting temperature of PAN (319-342 °C) and the risk of degradation before
melting, CF precursors from PAN are usually prepared via solution spinning (wet or air-
gap).2 During the conversion of PAN, toxic fumes such as HCN are formed, which need
to be taken care of.°
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Figure 5. Repeating unit in the PAN polymer.

Pitch

Fossil-based coal-tar and petroleum pitch are tarry substances that are used to make
commercial CF. Pitch is a complex mixture of polyaromatic hydrocarbons, typically
containing three- to eight-membered rings. Common compounds found in pitch are, for
example, naphthalene, phenanthrene, pyrene and picene (Figure 6). Depending on grade
and origin, pitch has a carbon content between 75 and 94% and the softening temperature
varies between approximately 120 and 350 °C. Due to thermoplastic nature of pitch, it is
melt spun into CF precursors.?

naphthalene phenanthrene

Figure 6. Some compounds commonly found in coal-tar and petroleum pitch.

pyrene picene

Cellulose

Cellulose, the most abundant biopolymer on Earth, is a semi-crystalline linear polymer
of D-glucose units covalently linked together with 1—4 B-glycosidic bonds and via intra-
and inter-molecular hydrogen bonds (Figure 7). Together with hemicellulose and lignin,
cellulose builds up the cell wall of wood. Depending on the species, the cellulose content
in the wood cell wall is 40-45%, and its degree of polymerization is several thousand.
Cellulose itself contains 44.4 wt% carbon. The hydrogen bonds in cellulose make the
polymer stiff compared to many other polymers and also makes cellulose arranged in
sheets.> Between the sheets, hydrophobic interactions (van der Waals forces) originating



from the carbon backbone of the glucan rings dominate. The possibility for cellulose to
hydrogen bond with e.g. water, in combination with its hydrophobic nature between
cellulose sheets makes it an amphiphilic molecule.>? The hydrogen bond pattern of
cellulose varies depending on the crystalline structure of the cellulose. Cellulose has four
polymorphs, where cellulose | is the polymorph formed natively in e.g. wood, while
cellulose 11 is formed when cellulose I is dissolved and regenerated back to a solid. The
other two polymorphs (I11 and 1V) are much less common.

OH

“OH

OH OH

Figure 7. The structure of cellulose, showing the hydrogen bond pattern of the Cellulose 11
polymorph.53 Courtesy Jenny Bengtsson.>*

Wood pulp is the major source of cellulose for processing. The dominant chemical
pulping method for producing pulp worldwide is the kraft process, but the sulphite
process also exists. In kraft pulping, wood chips are cooked in a hot aqueous solution
containing sodium hydroxide and sodium sulphide, the white liquor. During the cook,
chemical bonds in lignin are broken leading to delignification and almost all the lignin
goes into solution together with a significant part of the hemicellulose. Apart from
degradation and dissolution of carbohydrates, also the degree of polymerization of
cellulose decreases due to alkaline hydrolysis of the glycosidic bonds between sugar
monomers. The cook needs to be terminated before the selective bulk phase
delignification stops and the unselective residual phase delignification starts, where
carbohydrate degradation would be too severe. After kraft cooking, the pulp is bleached
to remove the residual lignin and to increase the brightness.> The pulp used for spinning
of regenerated cellulose fibers, dissolving pulp, contains very low amounts of lignin and
hemicelluloses.®

Lignin

In nature, lignin is the second most abundant macromolecule, making up 20-35% of the
wood cell wall. Lignin is a polyphenolic with several important biological roles in wood,
where it gives stiffness to the cell wall and defends the tree against microbial degradation.
Additionally, lignin plays an important role for water and nutrition transportation.5” The
chemical structure of lignin is a complex three-dimensional network of aliphatic and
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aromatic moieties, synthesized from three major monolignols which differ in the number
of methoxy groups (—-OCHs3) in the aromatic part (Figure 8). Grasses and annual plants
are based on p-coumaryl alcohol and softwood lignins are built up from coniferyl
alcohol. The hardwood lignins, however, are synthesized from both coniferyl alcohol
and sinapyl alcohol.

Lignin biosynthesis occurs via radical-radical couplings, resulting in various types of
ether and carbon-carbon bonds, where the latter are commonly referred to as condensed
bonds. In the lignin macromolecule, the monolignols are present as p-hydroxyphenyl,
guaiacyl and syringy! residues.5” Figure 8 also shows the most common bond in lignin,
the p—O—4’ linkage, which is the main bond degraded during the delignification stage of
a pulping process. About 10-13% of the oxygen atoms at the 4-position in lignin are free
phenols, and the rest form ether bonds.5” Softwood lignins have less B~O—4’ bonds than
hardwood lignins due to their free position at the 5-position on the phenol, having no
methoxy group.%” A consequence of this is that softwood lignin is more branched due to
the possibility for condensed bonds such as p—5" or 5-5’ to form.

OH OH OH
OCH;  HyCO OCH,
oH oH OH
[p-Coumaryl alcohol  Coniferyl alcohol Sinapyl alcohol p-O—4’ ether bond

Figure 8. The three starting compounds (monolignols) for lignin biosynthesis and the most
common bond in lignin, the B—O—4" ether bond (blue), here between two guaiacyl units. The
conventional numbering of the carbon atoms is also shown.

The kraft process generates large amounts of black liquor containing lignin, which is
concentrated by evaporation and subsequently combusted in the recovery boiler to
recover cooking chemicals and to recover the energy. The recovery boiler is however
often the bottleneck in a pulp mill, and it may therefore be advantageous to partially
isolate kraft lignin from the black liquor prior to its entry into the recovery boiler. This
gives an opportunity to utilize kraft lignin as a feedstock for processing into value-added
products. Two efficient methods for isolation of kraft lignin are the LignoBoost® and
LignoForce™ processes, which gives a lignin with low ash content (<1%). The structure
of kraft lignin differs from that of native lignin due to the chemical reactions occurring
in the kraft cook as well as during the separation of the lignin from the black liquor.



11

2.3.2 Spinning of CF precursors

Man-made fibers such as CF precursors are usually spun via melt or solution spinning,
where the properties of the raw materials dictate the choice of technique. Pitch and lignin
can be melt spun while PAN, cellulose and lignin-cellulose CF precursors are prepared
via solution spinning. This section describes some aspects of melt and solution spinning,
with an emphasis on the spinning of lignocellulose-based precursors.

Melt spinning

In melt spinning, the polymer is fed to an extruder where it is sheared and heated to
produce a polymer melt which is extruded through a spinneret to form fibers (Figure 9).
After extrusion, the polymer fibers are stretched and cooled to solidify. The stretching,
controlled by the relation between the extrusion and winding speed, improves the
orientation of the polymer chains. Melt spinning is often the preferred spinning technique
since it uses less chemicals and allows for higher spinning rates than that in solution and
dry spinning. However, for a successful melt spinning the polymer needs to be
thermoplastic and have a glass transition temperature (Tg), and the material must be
stable towards degradation in the extruder, which is not always the case, as volatiles
produced by degradation introduce defects and deteriorates the quality of the spun fiber.
Another technical challenge encountered during melt spinning of some materials is the
risk of crosslinking in the extruder which may result in an unstable spinning.

Material feed

Extruder
c Spinneret

Winding unit

Figure 9. Schematic illustration of melt spinning.

In general, lignins are thermoplastic and can be melt spun to CF precursors, but
depending on type, molecular mass, carbohydrate content and separation conditions,
their thermoplastic properties vary.%® In particular, softwood and hardwood lignins differ
substantially in their behavior during melt spinning. Hardwood lignins generally have a
more linear structure and thus a lower Tq compared to softwood lignin, and are thus easier
to melt spin into CF precursors.*® The T of hardwood kraft lignin is about 120 °C while
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that of softwood kraft lignin may be as high as 150 °C.%8 Lignin may however degrade
in the extruder and form volatiles, giving fibers with large voids and pores. To tackle
this, extensive research efforts have been made to improve the spinnability of lignin via
fractionation!>22:2359, chemical modification®?.8  or  blending  with
plasticizers!?13182161  Any pretreatment before spinning, however, increases the cost of
the precursors. The lignin precursors are additionally often weak and brittle, making
further processing difficult.4?

Solution spinning

Man-made fibers from cellulose and PAN are spun via solution spinning techniques as
both polymers degrade before melting. Solution spinning relies on the dissolution of a
polymer in a solvent followed by extrusion into a coagulation bath comprising an anti-
solvent, leading to fiber formation (Figure 10).526% Subsequently, the fibers are stretched,
washed, and treated with a spin finish prior to drying and winding. If the spinneret is
submerged in the coagulation liquid, the process is called wet spinning, but the technique
is called air-gap spinning when a small air-gap (~10 mm) is used between the spinneret
and coagulation liquid. Viscose fibers are produced industrially by wet spinning and
lycocell fibers are produced by air-gap spinning. The filament diameter can be controlled
by varying the orifice diameter and/or the draw ratio (DR), and the latter is defined as
the ratio of the uptake speed to the extrusion speed. Solution spinning of lignin-
containing fibers requires a fiber-forming polymer such as cellulose.

Dope tank Spinfinish Drying  Winding
application cylinder system
Gear pump 4\%
~_

Coagulation bath ! . )
Wash and drawing baths

Figure 10. Schematic illustration of wet spinning. In air-gap spinning, the extrusion is instead
performed above the coagulation bath.

The polymer solution, called the dope, is often the key to successful solution spinning.
Polymers are often difficult to dissolve, partly due to the limited entropic gain upon
dissolution. Cellulose is in general more difficult to dissolve than lignin, and this means
that the potential candidates for preparation of lignin-cellulose dopes are limited to the
solvents capable of dissolving cellulose. Cellulose is insoluble in several classical
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solvents due to its strong intra- and inter-molecular secondary bonds (hydrogen bonds
and van der Waals forces).5>%* The cellulose solubility can be increased by derivatizing
it chemically, such as in the viscose process where cellulose is reacted with CS; to form
cellulose xanthate, making it water soluble under alkaline conditions at room
temperature. The CS; is, however, neurotoxic and must be recovered in the spinning.

Direct dissolution of cellulose and lignin without chemical modification is desirable. One
class of solvent capable of directly co-dissolving lignin and cellulose are ionic liquids
(ILs), such as 1-ethyl-3-methyl imidazolium acetate (EMIMAC), see Figure 11.%26% The
solvent used to make lyocell fibers, N-methylmorpholine-N-oxide (NMMO), is also
capable of co-dissolving lignin and cellulose.®® The chief advantage of these solvents is
that they can dissolve cellulose having a high degree of polymerization, and at high solid
concentrations, which enables air-gap spinning.*2¢” Air-gap spinning is beneficial for
producing highly oriented fibers and ILs such as EMIMAC are considered to be green
solvents due to their relatively high boiling points.®® ILs are unfortunately relatively
expensive solvents and are, due to their high boiling points, difficult to recover.®

Figure 11. Molecular structure of 1-ethyl-3-methyl imidazolium acetate (EMIMALC).

Cheap, non-toxic, and recyclable solvents are of interest in solution spinning. One water-
based solvent system for the direct dissolution of cellulose is cold alkali. In the 1930s, it
was found that cellulose is soluble in 6-8 wt% aqueous sodium hydroxide when the
temperature is below normal (about 0 °C).%° The maximum cellulose concentration in
cold alkali is 7-8 wt% and the cellulose needs to have a lower degree of polymerization
than when dissolved in NMMO or 1Ls.” The viscosity of a cold alkali dope makes wet
spinning suitable but the dopes are relatively unstable and prone to gelation, although
addition of a dope stabilizer such as ZnO or urea improves the stability
significantly.54707 Since kraft lignin is soluble in water under alkaline conditions, co-
processing of kraft lignin and cellulose via a cold alkali solvent system opens an
interesting route to prepare CF precursors, and this has been investigated in the present
work.
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2.3.3 Conversion to CF

Stabilization

To make the precursor ready for carbonization, stabilization is achieved by oxidation at
200-300 °C to ensure that the stabilized fiber does not fuse, lose its shape, or develop a
hollow fiber core. Irrespective of precursor, stabilization is the bottleneck in industrial
CF production. Stabilization of PAN and pitch takes one to several hours, in contrast to
carbonization which takes a few minutes and graphitization which takes only a few
seconds.! Regardless of precursor, extensive efforts have been made to reduce the
stabilization time,3%.7274

Oxidative stabilization influences the conversion yield and the tensile properties of CF.
Stabilization of cellulose is highly recommended since it minimizes the formation of
undesirable compounds such as levoglucosan, which would greatly reduce the
conversion yield. Stabilization of cellulose can additionally be assisted by additives
having flame-retardant properties. The flame retardants catalyze the dehydration and
charring reactions, and this increases the conversion yield.>"

The chemical reactions occurring during stabilization depend on both the precursor and
the conditions used (e.g. heating rate, final temperature, dwell time, tension), but
common stabilization reactions are oxidation, dehydration, dehydrogenation,
crosslinking, and cyclization. In general, the closer the stabilization temperature is to the
onset temperature of degradation of the precursor, the faster is the stabilization, although
a higher stabilization temperature may negatively affect the fiber quality, so there is a
trade-off between cost and quality. It is also well-known that oxidative stabilization is a
diffusion-controlled process, which means that the stabilization time can be reduced if a
precursor with a small diameter is used. An unstabilized core leads to a hollow CF.204876
During stabilization of PAN, attention must be paid to its exothermic cyclization
reactions which can cause thermal runaway leading to filament breaks.?® It is also known
that PAN and pitch fibers should be stabilized under high tension, but not cellulosic
precursors.*

Stabilization of lignin CF precursors is challenging because the suitable stabilization
conditions are dependent on their origin and molecular mass. During lignin stabilization,
the Ty increases due to crosslinking reactions but, since lignin is thermoplastic, the
stabilization temperature must be below the Tq to prevent fibers from fusing together.
Softwood lignins require shorter stabilization times than hardwoods due to their higher
Ty and greater thermal reactivity. Braun and co-workers studied the stabilization of
hardwood kraft lignin and concluded that the stabilization reactions are initiated by
homolysis of the B-O-4’ bonds followed by oxidation and various radical and
rearrangement reactions.* The high thermal reactivity of softwood kraft lignin enables
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stabilization in an inert atmosphere3! whereas some hardwood lignins require about 100
h of oxidative stabilization to obtain infusibility.>2° The great difference in thermal
reactivity is due to the difference in guaiacyl and syringyl contents, since the extra
methoxy group in syringyl inhibits the possibility of condensation reactions such as
formation of new 5-5" bonds, resulting in a lower stabilization rate of hardwood lignin.

Carbonization and graphitization

After stabilization, the fibers are carbonized at a high temperature in an inert atmosphere
(e.g. N). Carbonization leads to the removal of non-carbon elements such as O, N and
H, resulting in CFs having a carbon content of at least 90 wt%. The carbonization
conditions (temperature profile, residence time, tension, gas flow, etc.) depend on the
precursor and target properties of the CF. The final temperature during carbonization
affects the carbon structure of the CFs — usually a more graphite-like structure is obtained
at higher temperatures (Figure 12). Generally, an increase in temperature results in an
increase in the Young’s modulus of the CFs, but the costs also increases. A continuous
industrial carbonization line for PAN often has a low-temperature (LT; T<1000 °C) and
a high-temperature furnace (HT; T<1600 °C) and sophisticated equipment for tension
control and exhaust removal. In the LT furnace, the carbon content of the fiber rises as
the temperature increases gradually up to about 1000 °C, and the gases and tars produced
must be removed effectively by the inert purging gas. Too high temperature in the LT
furnace can give rise to problems, since decomposed tars may give a sooty deposit on
the CF surface, causing filament stickiness.?> The purpose of the HT furnace is to
increase the CF modulus and produce CFs with a fine diameter. After HT treatment at
about 1500 °C, the carbon content of the fiber has usually increased to about 99 wit%.
Optionally, a graphitization furnace (T>2000 °C) is also installed, enabling production
of high-modulus CF. In a continuous industrial conversion line, the residence time in
each furnace usually differs, meaning that the length of the furnace will also vary.?
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Amorphous

Graphitic

Figure 12. Marsh-Griffith model of the structural transformation of CFs during carbonization and
graphitization, illustrating the transition from amorphous carbon to a graphitic structure.””

Surface treatment of CFs

After conversion the CFs are treated to improve handling and compatibility with the
matrix constituent of the composite. The fiber surfaces are activated by, electrochemical
oxidation, which is the preferred industrial method as it suits continuous processing, and
a sizing is applied on the CFs which improves handling, wettability and minimise the
introduction of surface defects by filament friction.
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3 Materials and Methods

This section gives a brief description of the materials and methods used. Detailed
information can be found in Papers I-V.

3.1 Materials

3.1.1 Lignin

Throughout the work, softwood kraft lignin (SKL) produced by the LignoBoost process
at the LignoBoost Demo in Backhammar (Sweden), was used. Table 1 gives a summary
of the details on the composition of major elements, ash content, glass transition
temperature (Tg), carbohydrate content, Klason lignin and acid soluble lignin of SKL.
Further characteristics of SKL and the methods used for the characterization are given
in Paper 1.

Table 1. Characteristics of the lignin (SKL) used in Papers I-V. [From Paper I]

C (0] S Ash Tg Tot. Klason Acid
(Wt%) (Wt%) (Wt%) (Wt%) (°C) Carbs (mg/g) soluble
(mg/g) (mgl/g)
64 25 14 0.5 151 12 940 63

3.1.2 Cellulose

Three cellulose pulps were used in this work. A fully bleached paper-grade softwood
kraft pulp, Celeste (KP), from SCA Forest Products AB (Sundsvall, Sweden) and a
softwood dissolving kraft pulp (DP) from Georgia Pacific (Atlanta, USA). In the work
described in Paper V, a pre-hydrolysed softwood kraft pulp (spruce/pine) of dissolving
grade with a lower intrinsic viscosity (DP2) was prepared inhouse. Further information
regarding DP2 can be found in Paper V and a paper by Brannvall and Walter.”® Table 2
shows the intrinsic viscosity and carbohydrate content of the pulps.
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Table 2. Intrinsic viscosity and carbohydrate content of the pulps. [From Papers | and V]

Pulp Intrinsic Glc* Xyl* Man * Tot. carbs™ Used in
viscosity (mg/g) (mg/g) (mg/g) (mg/g) Paper
(ml/g)
KP 630 730 64 52 860 Il
DP 460 860 27 19 900 1 &IV
DP2 260 940 24 15 980 \%

"Glc=glucose; Xyl=xylose; Man=mannose
“Including minor amounts of arabinose and galactose

3.1.3 Chemicals

Sodium hydroxide (NaOH, >97%) and 1-ethyl-3-methylimidazolium acetate (EMIMAC,
95%), were purchased from Sigma-Aldrich (Germany). Sodium sulfate (Na;SO., >99%),
sulfuric acid (H2S04, 95-97%) and phosphoric acid (HsPO4, 85%) were purchased from
Merck (Germany) and ammonium dihydrogen phosphate (NH4H2PO, (ADHP), 99%)
from WWR International AB (Sweden). Zinc oxide (ZnO, >99.9%) was purchased from
Alfa Aesar (Germany). As spin finish, Neutral® from Unilever (Denmark) was used.
The chemicals were used without further purification.

3.2 Precursors

The precursors prepared with air-gap spinning using EMIMAC as the solvent in Papers
I-IV were spun by Dr. Jenny Bengtsson at RISE IVF in Mdlndal (Sweden). The
precursors prepared with wet spinning using cold alkali as the solvent were prepared
inhouse.

3.2.1 IL-based (Papers I-IV)

Precursors were air-gap spun on a laboratory-scale spinning setup which consisted of a
spin pump, coagulation bath and take-up rolls. Details regarding the spin dope
preparation can be found in Papers I-1V. In general, the procedure was as follows: sheets
of pulp were chopped, ground, and dried overnight at 40 °C prior to dissolution. Pulp, or
a blend of lignin and pulp, was dissolved in EMIMAC at 70 °C for 60 min in a closed
reactor with stirring at 30 rpm. The solid concentration of the dopes varied between 5.6
and 18 wt% and the temperature during spinning was set to 45-80 °C, depending on the
pulp type and amount of lignin added. The dopes were extruded through multi-filament
spinnerets over an air-gap of 1 cm into a bath of deionised water (<15 °C). Two
spinnerets were used; one with 33 orifices (120 um capillary diameter) and one with 75
orifices (80 um capillary diameter) and the DR varied between 3.3 and 7. In Papers I-
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111, the precursors were washed by soaking the bobbins in a bath with deionized water
for 24 h followed by being treated with spin-finish for improved handling before drying
at 80 °C for 45 min. In Paper IV, washing and drying were performed in-line. A summary
of the produced precursors is compiled in Table 3, including the lignin content, spinning
draw ratio (DR), diameter and the paper in which they were used.

Table 3. Lignin content, draw ratio (DR) and diameter (&) of the EMIMAc-based precursors.
[From Papers I-1V]

Precursor Lignin/Cellulose DR /] Paper
(wt/wt) (um)

KP 0/100 4 27 1&1
SKL:KP 70/30 4 22 &1
SKL:KP 70/30 7 14 &l

DP 0/100 3.3 22 |
SKL:DP 70/30 4 25 |
SKL:DP 50/50 2 28 v
SKL:DP 50/50 4 23 v

In Paper 11, precursor tows of KP (22 um) and SKL:KP (14 um) were impregnated for
approximately 5 seconds in a solution of 0.4 M ADHP to obtain flame-retardant fibers.
Solution left on the fiber surfaces was removed with a paper towel prior to drying in a
fume hood at 23 °C for at least 24 h prior to conversion into CF. The average phosphorus
content in the precursors were 2.4 + 0.1 wt%.

3.2.2 Cold alkali-based (Paper V)

Precursors were wet spun on a laboratory-scale spinning device which consisted of a spin
pump, coagulation bath, wash baths, spin finish applicator, drying cylinder and take-up
rolls. Details regarding the spinning device and the dope preparation are given in Paper
V, only a condensed description is provided here. Cellulose pulp (DP2) with a
consistency of 10 wt% was swollen in 5 wt% NaOH(aq) overnight in a refrigerator. The
swollen pulp was transferred to a vertical kneader followed by the addition of deionized
water, NaOH and ZnO, adjusting the concentrations to 4.5-5.5 wt% cellulose, 8 wt%
NaOH, and 1.5 wt% ZnO. The cellulose pulp was subsequently dissolved by heavy
mixing for 32 min at a temperature between -10 and -0.5 °C. For the preparation of
lignin-containing dopes, lignin (SKL) powder was added to the dissolved cellulose dopes
(4.5-5.5 wt%) under stirring. Prior to spinning, the dopes were filtered over 70 and 32
pum filters followed by deaeration and storage in a refrigerator.
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The CF precursors were spun from dopes containing 0 and 30 wt% SKL using two
coagulation baths designated System S (10 wt% H,SO4 + 15 wt% NaSO4) and System
P (12 wt% H3PO4 + 10 wt% ADHP). System S fibers were prepared with a spinneret
having 100 orifices whereas a spinneret having 300 orifices was used for system P fibers.
In both cases, the orifice diameter was 100 um, and a constant extrusion speed and DR
of 1.3 m/min and 2.5, respectively, were used. Washing, spin finish application, drying
and winding was done inline. Information of the precursors is summarized in Table 4.

Table 4. Data for the cold alkali-based precursors from Systems S and P. @=Diameter;
Titer=Linear density. [From Paper V]

Coagulation Cellulose Lignin/Cellulose Titer /]
system (Wt%) (wt/wt) (dtex) (um)
S 5.5 0/100 2.0 13
S 4.5 30/70 6.0 23
P 55 0/100 3.3 17
P 4.5 30/70 3.0 16
3.3 CFs
In Papers I-I11, the focus was on preparing CFs with a batchwise conversion equipment

whereas in Papers V-V, the focus was on making CFs with a custom-built continuous
conversion equipment.

3.3.1 Batchwise stabilization and carbonization

CFs were prepared via batchwise conversion using precursors either fixed on graphite
frames (to prevent shrinkage) or placed in ceramic crucibles for gravimetric yield
determination (Figure 13).%2
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Figure 13. Precursors fixated on a (a) graphite frame and (b) tows of precursors in
ceramic crucibles for batchwise preparation of CFs.

Oxidative stabilization was carried out in a muffle furnace (Figure 14a) in air (7 L/min)
by heating from room temperature to 250-275 °C using various heating conditions and
different isothermal times (see Table 5). Further details regarding the stabilization
procedure are given in Papers I-V.

Figure 14. Equipment for batchwise (a) stabilization and (b) carbonization.
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Table 5. Conditions used during batchwise stabilization in air.

Paper Heating conditions Heating time Isothermal time
(h) (h)
ry=~ymr C 1
! ?.EC/Cr:r:ir:Il_Z)SZOO?CC 154 !
I (1)'30/%?1_2)5200%0 * 15.4 1,5 0r 10
I 5 °C/min — 250 °C 0.75 1,50r10
1 5 °C/min — 250 °C 0.75 1
v 5 °C/min — 250/260/275 °C* 0.83 0.5
Wi 1 °C/min — 250 °C 3.75 1
\Vakid 5 °C/min — 250/260/275 °C* 0.83 0.25

*Heating at 5 °C/min to 250 °C and then an isothermal period for 10 min followed by heating to
260 and 275 °C at the same heating rate and isothermal periods at each temperature

** Used for System S fibers

*** Used for System P fibers

Batchwise carbonization (Figure 14b) was carried out in a ceramic tube furnace in
nitrogen (200 mL/min) by heating at different rates to various final temperatures (Table
6). Only the heating time is included in the heating time in Table 6, but these furnaces
also have a long cooling time. In Paper I, instant carbonization was also performed by
omitting oxidative stabilization. Further details regarding the equipment and the
conditions are given in Papers I-IV.

Table 6. Conditions used during batchwise carbonization in nitrogen.

Paper Heating conditions Heating time Isothermal time
(h) (h)
1 °C/min — 600 °C +
=il 3 °C/min — 1000 °C 118 0
3 °C/min — 600, 800, 1000,
. 1200, 1400 or 1600 °C 3.4-88 0
1 10, 20 or 40 °C/min — 1000 °C 0.4-1.6 0
V&V 3 °C/min — 1000 °C 5.4 0.2

\% 3 °C/min — 1100 °C 6.1 0.2
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3.3.2 Continuous stabilization and carbonization

The continuous conversion trials described in Papers 1V and V were carried out on a
custom-built setup using a winding system and a tube furnace, see Paper IV for a detailed
schematic illustration of the experimental setup. By varying the relative speeds of the
unwinder and winder units, the fibers were either allowed to contract (negative relative
stretch) or be stretched (positive relative stretch). For example, a relative stretch of 0%
means that the winder and unwinder had the same speed. The experiments in Paper V
were performed using a tensiometer to monitor the tension in the fiber tow. The tube
furnace had three programmable heating zones, a total heated length of 0.6 m, and could
operate at a maximum temperature of 1200 °C. In all cases, the gas flow was set at 4
L/min using an end-to-end flow (countercurrent). Prior to the experiments, the
temperature profile was checked with a thermocouple. The residence time in the furnace
was altered by changing the winding speed, but the maximum residence time per pass
was 60 min. In Paper 1V, the precursors were converted to CFs using a three-stage
protocol but in Paper V (System P) the cold alkali precursors were converted to CFs
using a two-stage protocol (Table 7).

Table 7. Summary of conditions used in the continuous conversion experiments.

Paper Furnace zone Atmosphere  Relative Fiber Residence
temperature stretch tension time
(°C) (%) (cN/tex) (min)
Stabilization
v 250/260/275 Air 0 - 30, 45 or 60
\Y, 250/260/275 Air -1 0.2 15

Carbonization

IV-al 350/410/560 Nitrogen 0 - 15
IV-b1 800/800/800 Nitrogen -10 - 17
IV-b2 1000/1000/1000 Nitrogen -10 — 17

\% 1100/1100/1100 Nitrogen (-10)—(-4) 0.2-1.3 10 or 20
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3.4 Fiber characterization

The morphology and appearance of the fibers were studied in a Hitachi SU3500 scanning
electron microscope (SEM), typically operating at an acceleration voltage of 3-5 kV.
Prior to imaging, the precursors, and in some cases the CFs, were Ag-coated. Precursor
cross-sections were prepared by snapping the fibers with a scalpel in liquid nitrogen or
as the fracture surface from a tensile test, whereas cross-sections of CFs were prepared
by snapped the fibers with a scalpel. The elemental composition of the fibers was
estimated by energy dispersive X-ray analysis (EDXA) using a BSE detector at a
working distance of 10 mm and an acceleration voltage of 10 kV. Data evaluation was
done with Esprit v.1.9.3. software. Further details are found in Papers I-V.

The conversion yield of the CFs prepared by batchwise conversion was determined
gravimetrically by weighing the fiber tows before and after conversion, using at least 50
mg of precursor. The conversion yield of the CFs prepared by continuous conversion
was determined by measuring the linear density in each conversion step and normalizing
with respect to the linear density of the precursor. More details are given in Papers 1-V.

Single fiber tensile tests were performed on a single-filament tensile tester from Diastron
Ltd, developed for the measurement of glass fibers and CFs. The diameters of the CFs
were determined by a laser diffraction system for diameter determination, while the
diameter of the precursors was measured in a light microscope or by using the linear
density. All the tests were performed at a fixed gauge length of 20 mm. Elongation speeds
of 5 mm/min and 0.5-0.6 mm/min were used for the precursors and CFs, respectively.
Testing was carried out at 21 + 2 °C and 31 + 2 % relative humidity. For precursors, the
reported data for each sample are averages of >20 individual filament measurements, and
for CFs >30 individual filaments measurements. More details are found in Papers I-V.

In Papers Il and 1V, changes in chemical functionality of the fibers were determined by
Fourier transform infrared (FTIR) spectroscopy using a Varian 680-IR FTIR
spectrometer equipped with an attenuated total reflectance (ATR) accessory. Prior to the
measurements, a thin layer of fibers was applied on the ATR crystal under constant
pressure. Spectra were recorded in the 4000-650 cm™ range, using 32 scans at a spectral
resolution of 4 cm, and subjected to baseline correction. The reported spectra are
averages of three individual spectra.

To study the fiber’s thermal behavior during stabilization and carbonization,
thermogravimetric analysis (TGA) was used. Typically, 3 £ 1 mg of fiber was placed in
a platinum pan or an alumina pan and heated in either air or nitrogen at a specific heating
rate, usually 10 °C/min, to the desired temperature. Yields estimated from TGA are
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corrected for the initial dry content of the precursors. More details of the TGA analyses
are given in Papers I-V.

In Papers Ill1-V, the carbon structure of the CF surfaces was studied with Raman
spectroscopy but in Paper 111, CF cross-sections were also studied. The carbon structure
was assessed by investigating the full width at half maximum (FWHM) and the intensity
ratio of the commonly observed D (~1340 cm™) and G (~1590 cm™) bands. Further
details about the equipment, laser wavelengths and fitting procedures are given in Papers
n-Vv.

To obtain qualitative and quantitative information about the crystallinity and crystal
orientation, a selection of fibers from Paper IV (data not shown in Paper 1V) and Paper
V were studied with wide angle X-ray scattering (WAXS). Here, fiber tows (precursors,
stabilized precursors, and CFs) were aligned in a fiber sample holder and analyzed with
an Anton Paar SAXSpoint 2.0 system using Cu K-alpha radiation (0.15418 nm), to
calculate parameters such as crystallinity, crystalline orientation, and the size of coherent
scattering domains. Paper V provides a detailed description of the measurements, the
fitting procedure, and the quantitative analysis.
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4 Results and Discussion

This chapter is divided into four sections The first section focuses on the batchwise
conversion of IL-based lignin-cellulose precursors to CFs, the second deals with the
continuous conversion of these precursors, and the third presents an alternative procedure
for the co-dissolution of cellulose and lignin, using a cold aqueous alkaline solvent
system for preparing lignin-cellulose CF precursors and CFs thereof. Finally, the fourth
section presents a comparison of the CFs from the different routes and conversion types
and the results in the present work are discussed in a broader perspective.

4.1 Batchwise conversion of IL-based precursors (Papers I-lll)

In Papers I-111, the lignin-cellulose precursors were converted batchwise in a muffle and
a tube furnace after being fixed on graphite frames to prevent shrinkage during
conversion into CFs, and to maintain the molecular orientation of cellulose obtained in
the spinning.

4.1.1 Effect of precursor composition

To study the effect of the lignin and the cellulose (KP and DP) in combination, lignin-
cellulose precursors (70/30 lignin/cellulose) were converted using the same conversion
conditions. A stabilization profile was used and a carbonization temperature of 1000 °C
was selected on the basis of earlier experience from work with melt spun lignin fibers.
In addition, CFs were made from precursors containing only cellulose pulp, but CFs were
not made from pure lignin precursors since the molecular mass of lignin is too low for
solution spinning and blending with a fiber-forming polymer such as cellulose is
therefore necessary for air-gap spinning.*?

CF appearance

Figure 15 shows SEM images of CFs made from a cellulose and from a lignin-cellulose
precursor. Irrespective of lignin and pulp combination in the precursor, the CFs have a
smooth surface and circular shape with a solid cross-section. This agrees with the
morphology of CFs from other air-gap spun precursors such as lyocell fibers, but it
differs from the appearance of CFs from viscose rayon, which usually have a more
striated surface and irregular cross-section.”® After carbonization at 1000 °C, the CFs
have a carbon content of 91-96 wt%.
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Figure 15. SEM images of CF made from a cellulose precursor (KP, left) and 70:30 lignin-
cellulose precursor (SKL:KP, right). For details regarding the stabilization and carbonization
conditions, see Tables 5 and 6. [From Paper I]

CF yield

The manufacture of CF is an energy-demanding process, due to the high temperatures
employed in stabilization and carbonization. It is therefore of interest to use a carbon-
rich precursor that retains as much carbon as possible, i.e., to maximize the gravimetric
conversion yield. Figure 16 shows the yield for the different precursors, determined by
weighing the fibers before and after conversion to CF. The CFs from precursors of
cellulose alone had a yield of about 22 wt%, which is in the range typically observed for
CFs from cellulosic precursors’, but a 70/30 wt/wt lignin-cellulose precursor gave a
significantly higher yield of about 40 wt%. Almost identical results were obtained when
using a lignin with higher molecular mass, see Paper I. The results presented in Figure
16 confirm that the use of carbon-rich lignin in a cellulose-based CF precursor increases
the CF yield. The pulp type and lignin molecular mass appears to have a negligible
impact on the CF yield.

Figure 16 also suggests there is a synergistic effect between lignin and cellulose during
conversion to CF. A theoretical (“ideal”) carbon yield can be estimated based on the
carbon contents of SKL and the cellulose pulp and the composition of the precursor. The
theoretical carbon yield of the cellulose and 70/30 lignin-cellulose precursors are about
44 and 58 wt%, respectively. Clearly, the CF yields of the lignin-cellulose precursors are
closer to the theoretical carbon yield than those of CFs based on cellulose pulp. The
underlying reason for this synergistic effect is twofold. Firstly, it is known that lignin has
flame-retardant properties and the intimate mixing with cellulose during pyrolysis may
facilitate chemical reactions that favour char formation instead of tars and volatiles.
Several reports in the scientific literature support this idea.**%8° Secondly, the
conversion conditions used may be more suitable for lignin than for cellulose. The final
temperature during stabilization was 250 °C and this temperature is closer to the onset
temperature for thermal degradation of the lignin than the cellulose pulps, see Paper I.
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Figure 16. Gravimetric conversion yield of CFs made from the cellulose precursors and the 70:30
lignin-cellulose precursors using the two pulps KP and DP. The dashed horizontal lines show the
theoretical carbon yield, based on the carbon content and composition of the precursor. Standard
deviation: 0.3 wt% (n=>5). For details regarding the stabilization and carbonization conditions, see
Tables 5 and 6. [From Paper I]

CF tensile properties

The tensile properties of the CFs from the different precursors are summarized in Table
8 and they were similar regardless of lignin content and pulp combination. The CFs from
cellulose (KP or DP) had a Young’s modulus and tensile strength of 71-74 GPa and
0.92-1.00 GPa, respectively, whereas the CFs from the lignin-cellulose precursors
demonstrated a slightly lower Young’s modulus and tensile strength of 64—67 GPa and
0.72-0.88 GPa, respectively. Regardless of precursor, the elongation at break displayed
similar values of 1.3-1.4%. However, the CFs made solely from cellulose had a smaller
diameter (9 um) than the CFs based on a lignin-cellulose blend (14-15 um), and this may
affect the tensile strength. It is well-known that a smaller CF diameter is beneficial for
the tensile strength due to the lower probability of critical defects, suggesting that the CF
tensile strength can be improved by reducing the diameter, which can be tuned by
spinning precursors with a smaller diameter.?8!

Considering the tensile properties, the results in Table 8 suggest that KP can be used
instead of the more expensive DP. The tensile properties are significantly lower than
commercial PAN-based CFs, but in the range of what is typically observed for CFs from
other precursors based on cellulose, lignin and lignin-cellulose fibers after being
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carbonized at a final temperature of about 1000 °C.4>3%:4L7® These tensile properties are
also on par with commercial general-performance CFs from isotropic pitch used in
thermal insulation applications.*

Table 8. Mechanical properties of CFs from cellulose and 70:30 lignin-cellulose precursors
obtained batchwise. E=Young’s modulus; o=Tensile strength; e=Break elongation; @=Diameter.
The numbers in the parentheses are the standard deviations. For details regarding the stabilization
and carbonization conditions, see Tables 5 and 6. [From Paper 1]

Precursor 3 (um) o (GPa) E (GPa) € (%)

KP 9.0 (1.1) 0.92 (0.24) 71 (12) 1.3 (0.27)
SKL:KP 14 (1.2) 0.88 (0.19) 65 (5.4) 1.3 (0.26)
DP 9.0 (1.0) 1.00 (0.23) 74 (18) 1.4 (0.20)
SKL:DP 15 (0.6) 0.88 (0.14) 65 (3.8) 1.3 (0.19)

4.1.2 Effect of stabilization conditions

The prime goal of stabilization, usually carried out in an oxidative atmosphere, is to turn
the precursor into a stable fiber that can undergo carbonization without losing its shape.
The optimal stabilization conditions are precursor-specific and a fine balance between
producing quality fiber and minimizing processing time and cost. The behavior of the
lignin-cellulose precursors during stabilization were initially unknown and suitable
stabilization conditions using a slow (15.4 h) and a fast (0.75 h) heating profile were
studied (Table 5). The precursor used for this investigation was SKL:KP, selected based
on the results obtained when studying the effect of precursor composition (Section 4.1.1).
To further promote the stabilization of the lignin-cellulose precursors, the use of a flame
retardant, ADHP, was also investigated.

Fiber fusion
SEM observations of the CFs derived via slow and fast stabilization profiles showed that

no major fusion occurred (Figure 17). CFs were also prepared by omitting oxidative
stabilization via direct carbonization, which gave the same outcome. In addition, the CFs
had a circular and solid cross-section suggesting that the core of the fibers were
stabilized. These results were supported by the disappearance of the T of the precursors
after stabilization (Paper I1). The rapid stabilization of the lignin-cellulose precursors,
even in the absence of air, is probably related to the thermally reactive guaiacyl units
present in SKL, which are prone to chemical crosslinking.®! The stabilization time of 2
h (fast profile) is on a par with the stabilization times used in the industrial production of
CFs from PAN and significantly shorter than the times needed for stabilization of melt
spun lignin precursors which may require times up to 100 h.%



30

Figure 17. Surface (top) and cross-section (bottom) of CFs made from thick (22 pm) SKL:KP
precursors, derived via oxidative stabilization using slow (left) or fast (middle) heating to 250 °C
(1 h isothermal); or instantly carbonized (right). For details regarding the stabilization and
carbonization conditions, see Tables 5 and 6. [From Paper 1]

Although no major fusion of the CFs was observed, SEM revealed that individual
precursor filaments were partly sticking together, leaving longitudinal surface defects on
the precursors (Figure 18), which could originate from the drying operation in the
precursor spinning, in agreement with earlier observations.** This phenomenon is
discussed further in Sections 4.2 and 4.3.
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Figure 18. SEM image of the observed precursor stickiness on SKL:KP fibers. [From Paper 1]
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Chemical changes induced by stabilization

To gain an insight into the chemical changes during oxidative stabilization of the lignin-
cellulose precursors, SKL:KP was studied with FTIR after stabilization at 250 °C using
the slow and fast heating profiles and different isothermal treatment times (Figure 19).
Generally, the use of the slow heating profile and a longer isothermal time gave the most
pronounced changes. This was particularly evident up to 1 h of isothermal treatment,
while the fibers treated for 5 h displayed no major differences regardless of heating
profile. It should be noted that the greatest changes were observed between 0 and 1 h,
suggesting that the isothermal time overrules the importance of the heating time.

The FTIR spectra suggest that the stabilized lignin-cellulose precursors have a more
dehydrated and oxidized structure with more double bonded carbon, in agreement with
earlier observations.34384358 Oxidation is supported by the gradual decrease in intensity
of the O—H band (3600-3100 cm™) and the increase in intensity of the C=0 band (1730
cm?), and by the fact that the fibers turned black instead of brown. An increase in
intensity of the signals at 3070 and 1600 c¢cm! related to C=C bonds was observed,
indicating a more dehydrated structure. The characteristic lignin signal at 1510 cm™
(aromatic skeletal vibrations) and the C—-O—C/C—O stretching band of cellulose (1080
890 cm™) decreased in intensity during prolonged stabilization, suggesting that
crosslinking and depolymerization of lignin and cellulose occurred, respectively. A more
in-depth discussion regarding the FTIR results is included in Paper II.
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Figure 19. FTIR spectra of thick SKL:KP precursors before and after oxidative stabilization at
250 °C for 0, 1 or 5 h using slow or fast heating. For details regarding the stabilization and
carbonization conditions, see Tables 5 and 6. [From Paper 11]
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Accelerated stabilization by the addition of a flame retardant

A major drawback when manufacturing CFs from cellulose is the low conversion yield.
The use of oxidative stabilization prior to carbonization is one way to increase the yield
of CFs from cellulosic precursors — another way is to incorporate an additive with flame-
retardant properties.” A common flame retardant is ADHP, which can promote
dehydration during stabilization and push the reactions towards char formation.388283
The SKL:KP precursor was therefore impregnated with ADHP and compared with the
corresponding precursor without lignin (KP) impregnated with ADHP. Figure 20 shows
TGA curves of the precursors during heating in nitrogen. Regardless of lignin content,
the addition of ADHP lowered the onset temperature of degradation and increased the
residual mass at 1000 °C. Relative to the precursors without added flame retardant, the
presence of ADHP increased the yield of SKL:KP and KP by about 39 and 146%,
respectively, showing that ADHP can be used to increase the yield during the preparation
of CFs from SKL:KP, although the effect seems to be even more pronounced with the
pure cellulose precursor (KP).
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Figure 20. Thermal behaviour of cellulose (KP) and lignin-cellulose (SKL:KP) precursors with or
without ADHP heated at 10 °C/min in nitrogen. [From Paper 1]

To better understand of the role of ADHP during oxidative stabilization, FTIR was used
to assess the functional groups of the fibers (Figure 21). It was observed that ADHP led
to a more dehydrated and oxidized precursor, where the cellulose was depolymerized to
a larger extent. This is indicated by the lower intensities of the band related to hydroxyl
stretching (3600-3100 cm™) and the C-O-C/C-O stretching band.®® The ratio of
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carbonyl groups C=0 (1730 cm™!) to C=C bonds (1600 cm™') was altered, suggesting that
ADHP affected the stabilization reactions. The same phenomenon has been observed
during the pyrolysis of cellulose in the 220-390 °C range.®*

— Without ADHP
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Figure 21. FTIR spectra of stabilized SKL:KP precursor with or without ADHP. The fibers were
stabilized with the fast heating profile using an isothermal time of 1 h at 250 °C. [From Paper I1]

CF yield

In CF production, the conversion yield is important for cost reasons, and the effect of the
stabilization conditions and ADHP on the gravimetric CF yield during was therefore
studied (Figure 22). Regardless of the stabilization conditions, the CFs from precursors
with ADHP had the highest conversion yield (about 46 wt%), demonstrating that ADHP
can be used to increase the CF yield, in agreement with the findings in Figure 20. The
results also suggest that oxidative stabilization may be unnecessary if ADHP is used,
giving a simplified CF processing route. Without ADHP, it was beneficial to use an
oxidative stabilization step, although no major difference was observed between the slow
(40 wt%) and fast (38 wt%) profiles. Instant carbonization of SKL:KP resulted in a lower
yield (31 wt%), which suggests that oxidative stabilization is advantageous in the
absence of ADHP. Almost identical results were obtained for CFs made from the same
precursor with a smaller diameter (Paper Il). The CFs made from the precursor with
ADHP contained 3—4 wt% residual phosphorus and had a higher oxygen content (8 wt%)
than CFs made from precursors without ADHP (6 wt%). Despite the 70/30
lignin/cellulose ratio, the CF yields in the present work were similar to those obtained
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for CFs from melt spun lignin fibers (46 wt%)*® and significantly higher than those based
on cellulosic precursors (10-30 wt%)’.

B Without ADHP [l With ADHP

Conversion yield (wt%)

Slow Fast Instant carbonization
Stabilization condition

Figure 22. Effect of stabilization conditions and ADHP on the gravimetric conversion yield of
CFs made from SKL:KP. The CFs obtained via oxidative stabilization (slow or fast) were subjected
to an 1 h isotherm at 250 °C. Standard deviation of SKL:KP was 0.3 wt% (n = 5) and of
SKL:KP+ADHP 0.5 wt% (n = 3). For details regarding the stabilization and carbonization
conditions, see Tables 5 and 6. [From Paper I1]

Tensile properties of CFs

The tensile properties of the CFs are of central importance when the potential of a
precursor-system is evaluated. Since the tensile strength of a CF usually increases when
the fiber diameter is reduced, CFs were made from SKL:KP with two different precursor
diameters, 22 pum and 14 pm. Figure 23 shows the diameter and the tensile properties of
the CFs. A small precursor diameter gave CFs with a small diameter, but the presence of
ADHP in the precursor rendered CFs with a slightly larger diameter, presumably due to
the greater yield. The thin precursor gave CFs with a diameter of about 7.5 um, which is
on par with the diameter of commercial CFs from PAN. All the CFs had a elongation at
break >1%, where the elongation at break of the CFs with smallest diameter (1.4-1.5%)
was comparable to that of standard-modulus CF from PAN.%® The CFs made from the
thin SKL:KP precursor had the highest Young’s modulus (76—77 GPa) and the highest
tensile strength (1.07-1.17 GPa), emphasizing the benefit of having CFs with a small
diameter. The stabilization profile seems to have a minor effect on the CF tensile
properties, which suggests that a fast stabilization profile or instant carbonization can be
used.
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The CFs derived from the ADHP-containing precursor had the lowest tensile properties
and contained 3—4 wt% residual phosphorus. This may have inhibited the preferred
structure formation in the CFs, as previously observed in CFs from viscose fibers
impregnated with ADHP.% In the present work, a relatively low carbonization
temperature of 1000 °C was used, and residual phosphorus may be removed by
increasing the carbonization temperature, 338586
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Figure 23. Tensile properties of CFs derived via different stabilization conditions and precursor
diameters. The CFs obtained via oxidative stabilization (slow or fast) were subjected to a 1 h
isotherm at 250 °C. For details regarding the stabilization and carbonization conditions, see Tables
5 and 6. [From Paper I1]

4.1.3 Effect of carbonization conditions

The carbonization during the batchwise conversion of the SKL:KP precursor was
investigated to obtain an understanding of the lignin-cellulose fibers, the thinner SKL:KP
precursors with a diameter of 14 um and the fast stabilization profile being chosen.

Effect of temperature on CF yield and elemental composition

The influence of the carbonization temperature up to 1600 °C was studied using a
constant heating rate (3 °C/min). TGA was used to monitor changes in mass yield up to
1500 °C, and the elemental composition (carbon and oxygen) of the stabilized precursors
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and of the CFs were estimated with EDXA (Figure 24). The conversion of the SKL:KP
precursor to CF gave a yield of about 37 wt% at 1500 °C. Most of the mass loss below
600 °C, and only small changes in mass were observed at higher carbonization
temperatures. Above 800 °C, the mass was almost constant, suggesting that the early
stage of carbonization had been completed. The same behaviour was observed regarding
carbon and oxygen, as suggested by the negligible difference above 800 °C. A CF is
considered to contain at least 90 wt% carbon, and this was reached after 800 °C. This
temperature is evidently required to produce CFs from SKL:KP. A small amount of
sulphur, originating from SKL, was detected, but decreased with increasing
carbonization temperature (Paper Il1).
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Figure 24. The (a) mass yield from TGA and (b) carbon and oxygen contents of CFs from SKL:KP
at different carbonization temperatures. The elemental composition of the precursor is estimated
based on the raw materials SKL and KP. For details regarding the stabilization and carbonization
conditions, see Tables 5 and 6. [From Paper I1]

Effect of temperature on the tensile properties and structure of the CFs

The tensile properties of the SKL:KP precursor before and after stabilization, as well as
of the CFs derived in the 600-1600 °C range are shown in Figure 25. Both the tensile
strength and Young’s modulus decreased after stabilization, whereafter a significant
increase could be observed up to 1000 °C. The carbonization range of 600-800 °C
appears to be essential, as the Young’s modulus and tensile strength increased by almost
200 and 130%, respectively, in this range. Between 1000 and 1600 °C, a slight increase
in Young’s modulus (from 67 to 77 GPa) was observed while the tensile strength
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decreased from 1.05 to 0.63 GPa. This suggests that a carbonization temperature higher
than 1000 °C during batchwise conversion of lignin-cellulose precursor is unnecessary.
The reason for the decrease in tensile strength is not fully understood but it may be due
to an increase in microporosity or to a radial inhomogeneity of the CFs, which are known
to affect the tensile strength.*” The elongation at break increased after stabilization and
decreased after carbonization, illustrative of the transformation from a ductile precursor
to a brittle CF. The increase in elongation at break after stabilization is due to the
destruction of the crystalline cellulose structure, which is further discussed in Section
4.3.3.

CFs were also prepared at 1000 °C using different carbonization times (24—708 min), by
heating at various heating rates (up to 40 °C/min), see Paper I11. Since the CFs displayed
no significant differences in tensile properties, it was concluded that the carbonization
time can be reduced dramatically and that a different experimental setup is needed for
further decrease of the carbonization time.
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Figure 25. Tensile properties of the SKL:KP precursor before and after stabilization and of the
CFs derived between 600 and 1600 °C. E=Young’s modulus; c=Tensile strength; e=Elongation at
break. For details regarding the stabilization and carbonization conditions, see Tables 5 and 6.
[From Paper 11]

To get a deeper understanding of the differences in tensile properties of the CFs prepared
in the 600-1600 °C range, Raman spectroscopy was used to study the carbon structure
due to its ability to distinguish between sp? (e.g. graphite) and sp® (e.g. diamond) bonded
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carbon.®” Figure 26 shows Raman spectra of the CFs and the inset figure shows the full
width at half maximum (FWHM) and the calculated intensity ratios (Io/lg) of the defect-
induced D band at 1350 cm™ and the graphite G band at 1580 cm™. In a carbon material
such as diamond, only the D band is visible, whereas in defect-free graphite only the G
band is visible. However, CFs from PAN, cellulose and lignin usually have a turbostratic
graphite structure, and both bands are present in the Raman spectra.?88& As Figure 26
shows, regardless of carbonization temperature, this is also the case for the CFs from the
lignin-cellulose precursor. However, with increasing carbonization temperature, the Ip/lg
ratio increased while the FWHM of both bands decreased, which indicates that the
carbon structure of the CFs gradually transformed into a more homogeneous structure
with more nanocrystalline graphitic domains and less amorphous carbon.®” It may seem
contradictory that the defect ratio (Ip/lg) increases with structural ordering, but this is
known to be the case for disordered carbon materials prepared in this temperature
range.®” Overall, the Raman spectra suggest that the carbon structure in the CFs from the
lignin-cellulose precursors is highly disordered in comparison to graphite. In Paper IlI,
Raman was used to map cross-sections of the CFs prepared at 1000 and 1600 °C, and
showed that the radial heterogeneity was higher at the latter temperature. This may
partially explain the differences in tensile strength observed for these CFs (Figure 25).
For a more detailed discussion of the Raman results, see Paper I11.
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Figure 26. Raman spectra of CFs (surface) from SKL:KP derived in the 600-1600 °C range. The
inset shows the defect ratio (Io/lc) and the full width at half maximum (FWHM) of the D and G
bands as a function of the carbonization temperature. For details regarding the stabilization and
carbonization conditions, see Tables 5 and 6. [From Paper 11]
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4.2 Continuous conversion of IL-based precursors (Paper V)

The long heating and cooling times in batchwise conversion (Papers I-IIl) and the
limitations in altering the stretching/tension explains the transition to continuous
conversion. In these experiments, a slightly lower lignin-cellulose ratio was used (50/50
wt/wt), which is beneficial for the precursor strength. The precursors were received from
Dr. Jenny Bengtsson at RISE IVF in Mdlndal. The raw materials used for spinning the
precursors (33 filament tow) were SKL and DP, which were spun with two DRs, 2 and
4, giving fibers with diameters of ca 28 um and 23 um, respectively. During the
continuous conversion trials, it was noted that the precursor quality was very important
compared to when using batchwise conversion. Fibers sticking together after the
precursor spinning led to partially inseparable CFs, but online washing and drying
reduced this problem compared to the problems encountered in Papers I-I11. It should be
emphasized that the start-up of the continuous conversion setup was an iterative process,
where a low tension during the start-up phase was critical to avoid rupture of the tow.

4.2.1 Continuous stabilization

Continuous stabilization of the SKL:DP precursor was investigated, and since it is highly
desirable to minimize stabilization time, this was the focus. The temperature profile
during stabilization was chosen based on the results of the batchwise conversion trials
and TGA results in Papers I-111, where a higher lignin/cellulose ratio (70/30 wt/wt) were
used. Cellulose (DP and KP) has a higher thermal stability than SKL, and a slightly
higher maximum stabilization temperature (275 °C) was therefore selected (Table 7).

Chemical changes monitored with FTIR

The precursors were stabilized for 30, 45 and 60 min in air using equal unwinder and
winder speeds (relative stretch 0%). TGA revealed that the residence time had a minor
influence on the yield during stabilization, see Paper 1VV. Regardless of residence time,
the color of the precursor changed from brown to black, indicative of oxidation and
dehydration.3* The FTIR spectra (Figure 27) indicated that the continuous stabilization
induced chemical changes, in good agreement with the FTIR spectra in Figure 19 of the
batchwise stabilized SKL:KP precursor. The continuously stabilized precursors had a
more oxidized and a more dehydrated structure, where the cellulose had partially
degraded — the assignment of the signals and their interpretation is discussed in Section
4.1.2 The FTIR spectra also indicate that the effect of the oxidative stabilization was
greater during the first 30 min, suggesting that a longer stabilization may not be needed.
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Figure 27. FTIR spectra of the DR2 SKL:DP lignin-cellulose precursor (50/50 wt/wt) before and
after continuous stabilization for 30, 45, and 60 min at 275 °C. For details regarding the
stabilization conditions, see Table 7. [From Paper IV]

Changes in oxidation degree and tensile properties

Oxidation is one of the major reactions occurring during stabilization. From the FTIR
spectra, a semi-quantitative calculation of the oxidation degree can be made by
calculating the ratio of the signal intensities of C=0 bonds (1716-1730 cm) and the
signal at 1425 cm! related to aromatic ring vibrations in lignin and C—H bending in CH;
of cellulose.®® It is also interesting to compare the oxidation degree with the tensile
properties. Figure 28 shows the oxidation degree and the tensile properties of SKL:DP
as a function of stabilization time. For comparison, the oxidation degree of the stabilized
SKL:KP precursor (70/30 wt/wt) prepared with the batchwise setup (fast, 1 h at 250 °C)
in Paper 1l is also included. Figure 28a shows that the oxidation degree increased with
residence time during continuous stabilization, although the fibers stabilized for 45 min
and 60 min had almost the same oxidation degree. It seems that the continuous
stabilization at 275 °C was more efficient than the batchwise stabilization at 250 °C, as
suggested by the significantly higher oxidation degree after 60 min of the former. Despite
the difference in lignin content and pulp type of the precursors, this clearly indicates that
the stabilization temperature affects the time required for stabilization.*® Figure 28b
shows the Young’s modulus and tensile strength of SKL:DP as functions of residence
time during continuous stabilization. The tensile properties, particularly the Young’s
modulus, decreased with increasing stabilization time due to depolymerization and
degradation of the crystalline structure of cellulose. The decrease in tensile strength after
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stabilization of the lignin-cellulose precursor was however relatively small compared to
that after stabilization of regenerated cellulose fibers, suggesting that the modes of
degradation differ.*%° A possible explanation is that lignin undergoes crosslinking during
stabilization, which increases the molecular mass and, thus, the tensile strength.?
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Figure 28. Effect of stabilization time on (a) oxidation degree calculated from FTIR and (b) tensile
properties of continuously stabilized DR2 SKL:DP (50/50 wt/wt). Oxidation degrees of the
batchwise stabilized SKL:KP (70/30 wt/wt) calculated from Figure 19 is also included. E=Young’s
modulus; o=Tensile strength. For details regarding the stabilization conditions, see Table 7. [From

Papers Il and 1V].

Degradation of cellulose crystallinity during stabilization

The hypothesis that cellulose degradation was induced by stabilization was supported by
WAXS measurements of the SKL:DP precursor before and after continuous stabilization
for 30 and 60 min (Figure 29). The lignin-cellulose precursor the displayed characteristic
crystalline reflections of cellulose Il (-110/110/020) but after stabilization these
reflections became less prominent, suggesting that oxidative stabilization resulted in
degradation of the crystalline structure of the cellulose. It has been claimed that a fully
stabilized fiber from a cellulosic precursor should be amorphous, i.e. showing an
amorphous halo in the WAXS diffractogram.*®*° However, even after 60 min
stabilization, the crystalline reflections are still visible to some extent, indicating that the
cellulose is not completely amorphous. Whether or not this is a problem is not clear.
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Precursor

Figure 29. 2D scattering pattern from WAXS measurements of the DR2 SKL:DP precursor (50/50
wt/wt) before and after continuous stabilization at 275 °C for 30 and 60 min. For details regarding
the stabilization conditions, see Table 7.

4.2.2 Transformation of the precursor to CF

In the present work a three-step protocol was developed to obtain CFs with the
continuous conversion setup. Oxidative stabilization at 275 °C was followed by a low-
temperature carbonization at 460 °C and finally a carbonization at 800 or 1000 °C. To
get a deeper insight into the physical transformation of the precursor during continuous
conversion, the tensile properties were measured in each conversion step of the SKL:DP
(DR2) precursor, using 30 min stabilization. Figure 30 shows that both the tensile
strength and Young’s modulus followed the same trend, i.e., a decrease up to 460 °C,
followed by a significant increase. After the treatment at 460 °C the fiber stiffness and
strength were very low, suggesting that severe degradation of SKL:DP had occurred, but
after the treatment at 800 °C, the modulus and strength increased due to the newly formed
carbon structure, in agreement with observations made on samples exposed to batchwise
conversion (Figure 25). After the treatment at 800 °C, the elongation at break dropped
drastically indicating a transformation from a ductile to a brittle fiber. The diameter
decreased up to 800 °C, but remained constant thereafter, suggesting that only a minor
mass loss then occurred.
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Figure 30. Tensile properties of DR2 SKL:DP (50/50 wt/wt) after each step during continuous
conversion (stabilization time 30 min). E=Young’s modulus; c=Tensile strength; e=Elongation at
break; @=Diameter. For details regarding the conversion conditions, see Table 7. [From Paper

IV].

The conversion yield and the carbon and oxygen contents were also measured after each
conversion step (Paper V). In agreement with the results from the batchwise conversion
(Figure 24), the yield and oxygen content decreased up to 800 °C, accompanied by an
increase in the carbon content, whereafter the values became constant. It is therefore
suggested that a lignin-cellulose precursor transforms to a CF at about 800 °C during
continuous conversion, in agreement with the batchwise results.

4.2.3 Comparison of CFs from continuous and batchwise conversion

The SKL:DP precursors (DR 2 and 4) used to prepare CFs in the continuous conversion
setup (30 min stabilization) were converted to CF batchwise using as similar conditions
as possible, and the tensile properties are shown in Table 9. Regardless of conversion
procedure, the tensile strength and CF diameter were about the same whereas the
Young’s modulus differed significantly, suggesting a difference in the carbon structure.
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The CFs derived batchwise were mounted on graphite frames to prevent shrinkage during
conversion (relative stretch=0%, i.e., constant length), whereas a total relative stretch of
-10% (fiber contraction) was used to obtain the CFs via continuous conversion. Raman
spectroscopy revealed no significant difference in the carbon structure (Paper 1V),
suggesting that the difference may be related to the preferred orientation of the
turbostratic graphite structure, which is not measured by Raman spectroscopy. This is
indirectly supported by the difference between the CFs derived from precursors with DR
2 and 4. The latter precursor should have a higher precursor orientation, and this could
be the reason for its slightly higher average CF tensile properties.®

CFs were also prepared with the continuous conversion setup using 45 and 60 min
stabilization, but these CFs had similar tensile properties, suggesting that the stabilization
time in the 30-60 min range had no major influence on the CF tensile properties, which
opens the way for a time-efficient conversion process.

Table 9. Tensile properties of CFs from SKL:DP (50/50 wt/wt) as functions of conversion type
and DR, using 30 min stabilization and 1000 °C as the final carbonization temperature. E=Young’s
modulus; o=Tensile strength; e=Elongation at break; @=Diameter. Details regarding the
conversion conditions are found in Tables 5— 7. [From Paper 1V]

Conversion DR o E € (/]
(GPa) (GPa) (%) (Hm)
Continuous 2 0.74 (0.16) 46 (4.6) 1.6 (0.3) 14.5 (1.1)
Continuous 4 0.84 (0.19) 49 (6.9) 1.7 (0.3) 11.9 (1.2)
Batchwise 2 0.80 (0.17) 63 (5.3) 1.3(0.3) 15.3 (0.9)
Batchwise 4 0.92 (0.20) 67 (10.5) 1.4 (0.4) 12.0 (1.0)

The conversion yield was determined for the CFs prepared from both conversion types
and revealed that the CFs derived via batchwise conversion had a slightly higher yield
(34 wt%) than those from continuous conversion (29-30 wt%). This may be due to the
difference in harshness of the conversion types but may also have been affected by the
difference in the methods of measuring the yield (gravimetric vs. linear density). These
yields are additionally lower than those obtained in Papers I-111, which can be explained
by the lower share of SKL in the precursor, as well as to the different stabilization profile.
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4.3 Alternative route: cold alkali-based precursors (Paper V)

The EMIMAC solvent which was used to prepare the precursors in Papers I-1V is able
to co-dissolve cellulose and lignin at relatively high concentrations and permits the use
of a cellulose pulp with high intrinsic viscosity. This enables air-gap spinning of the
lignin-cellulose precursors, which are strong, flexible and easy to handle. However, ILs
such as EMIMALC, are relatively costly and difficult to recover.®4° This implies that it
would be beneficial to find an alternative solvent, preferably water-based, which can co-
dissolve cellulose and lignin. A new route for the preparation of lignin-cellulose
precursors, using a water-based cold alkali as the solvent system, was therefore
investigated.

4.3.1 Spinning of precursors and their properties

Precursor spinning

Lignin-cellulose precursors were successfully wet spun from dopes with SKL:DP2 ratios
up to 30/70 wt/wt, while higher shares of SKL led to poor wet strength during spinning,
and these fibers where thus not studied further. The cellulose concentration in the dope,
4.5-5.5 wt%, is a typical range used in the wet spinning of cellulose fibers using the cold
alkali process.”™ After storage in a refrigerator at 4 °C the lignin-cellulose dopes had a
surprisingly good stability against gelation over time (>1 week), indicating that the lignin
had no detrimental effect on the stability of the solutions. It has recently been reported
that lignin can enhance cellulose dissolution in cold alkali and have the same dope-
stabilizing effect as urea, which tangents with the findings in the present work.%? In the
present work, ZnO, a commonly used dope stabilizer in cold alkali systems, was also
added to the spin dopes.”™"*

Two coagulation bath compositions were used, denoted Systems S and P. System S
(H2S04/Na,S0.) is commonly used in spinning of cellulosic textile fibers via the cold
alkali process and is similar to the coagulation bath used in the viscose process.’%
However, since the lignin-cellulose fibers prepared in the present work are intended to
for use as a CF precursor, a different coagulation bath composition, System P
(H3PO4/ADHP), was used. In Paper I1 it was shown that ADHP with its flame-retardant
properties increased the conversion yield significantly. Here, it was possible to spin
lignin-cellulose precursors with both coagulation systems, and no color change was
observed in the coagulation liquids which suggests little or no lignin leaching.
Nevertheless, the different coagulation bath compositions resulted in precursors with
significantly different inorganic compositions. The dominant elements in the System S
precursors were sodium and sulphur, whereas the System P precursors were dominated
by phosphorus (Paper V).
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Precursor morphology

No effect of lignin was observed in the morphologies of the precursors with 0 and 30
wit% lignin spun from Systems S and P (Figure 31). This supports the idea that cellulose
is the fiber-forming polymer and that the lignin acts as a filler.®® There was, however, a
difference in morphology between the System S and P fibers. System S gave fibers with
an irregular cross-section and longitudinal striations along the surface, similar to fibers
from cold alkali and textile-grade viscose,”®% whereas System P gave fibers with a
circular cross-section and smoother surface, similar to the morphology IL-based and
lyocell fibers.%>% The difference in morphology is probably related to differences in
coagulation rate between the coagulation systems, as the coagulation rate is known to
affect the morphology of regenerated cellulose fibers.®’

Figure 31. SEM images of precursors spun via cold alkali using System S (a) 0 wt% SKL, (b) 30
wt% SKL and System P (c) 0 wt% SKL and (d) 30 wt% SKL. DP2 was used as the cellulose
source. [From Paper V]

Tensile properties of the precursors

The tensile properties and 2D scattering from WAXS of the precursors spun with
Systems S and P are shown in Figure 32. As expected, the incorporation of 30 wt% SKL
reduced the modulus and the tenacity. The precursor tenacity (12-26 cN/tex) is much
lower than that of Iyocell and the EMIMAc-based precursors in Papers I-1V, but the
tenacity of 12 cN/tex (~0.18 GPa) of the lignin-cellulose precursors is significantly
higher than the typical values for melt spun lignin fibers (20-40 MPa).2*% The
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elongation at break increased with increasing lignin content (Paper V) in agreement with
that of lignin-cellulose precursors based on ILs.®” The titer of the precursors was in the
2.0-3.3 dtex range except for the System S precursor with 30 wt% SKL, where a titer of
6 dtex was obtained, due to partial clogging of the spinneret.

To seek the reasons for the differences in tensile properties, WAXS was used for
structural characterization, and Figure 32 shows that the precursors without added lignin
had more distinguishable crystalline reflections. In Paper V, it was calculated that the
precursors without lignin had a crystallinity of about 40%, while those containing lignin
had a crystallinity of about 30%. Azimuthal integration of the 110/020-reflection also
revealed a slightly higher crystalline orientation in the absence of lignin, see Paper V for
more details. These results suggest that a higher crystallinity and a greater degree of
crystalline orientation led to a precursor with higher tensile properties, and that lignin
seems to reduce the crystallinity and thus the tensile properties.

—_—

E (cN/tex
o (cN/tex)

0% SKL (S) | 0% SKL (P) | 30% SKL (S) [ 30% SKL (P)

Figure 32. Effect of lignin (SKL) content and coagulation system (S and P) on the tensile
properties and 2D WAXS patterns of precursors spun via cold alkali. E=Young’s modulus;
o=Tenacity. [From Paper V]




48

4.3.2 Batchwise conversion to CF

To assess the effects of the lignin content and coagulation system, the precursors with 0
and 30 wt% SKL from the two coagulation systems were converted to CFs using the
batchwise setup. System S precursors were stabilized and carbonized at 250 and 1000
°C, and System P precursors were stabilized and carbonized at 275 and 1100 °C. SEM
investigations revealed that the precursor morphology was preserved after conversion to
CF, see Paper V for more details. This agrees with the findings for the CFs from
EMIMACc-based precursors.

Conversion yield and composition of CFs

Table 10 shows the yield and the elemental composition of the CFs. For System S fibers,
a yield of 12 wt% was obtained for the CFs made from cellulose, which increased to 30
wt% when made from a lignin-containing precursor. This agrees with the observations
in Papers I-Ill, that the addition of lignin (SKL) increases the conversion yield of
cellulose-based CFs. The CFs made from System P precursors displayed higher yields,
30 and 39 wt% for cellulose and lignin-cellulose, respectively, which again illustrates
the beneficial effect of ADHP on the yield. CFs derived via continuous conversion
showed an even higher yield of 43-44 wt% (Paper V). When ADHP was used, a lower
stabilization yield was obtained, but instead a significantly higher carbonization yield
was achieved (Papers Il and V). It was also observed that the elemental composition
varied among the CFs. The CFs made from System S had a slightly lower carbon content
(85-87 wt%) and higher oxygen content (12—-14 wt%) than the CFs from the System P
precursors, which had carbon and oxygen contents of 90 and 7 wt%, respectively. In
addition, the CFs from System P contained about 2 wt% residual phosphorus and those
made from lignin-cellulose contained residual sulphur. The precursors also contained
residual zinc, originating from the dope stabilizer.

Table 10. Effect of coagulation system and lignin (SKL) content on the conversion yield and
elemental composition of CFs from cold alkali precursors. [From Paper V]

System Lignin Conversion yield Composition (wt%)
(Wt%) (Wt%) C (0] S P
0 12 85 14 0 0
S 30 30 87 12 1 0
b 0 30 90 7 0 1.7

30 39 90 7 0.5 2.3
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Tensile properties of CFs

The tensile properties and the diameter of the batchwise-derived CFs are shown in Figure
33. The precursor without lignin spun with System S gave the CFs with the highest
Young’s modulus (71 GPa), the highest tensile strength (1.17 GPa) and the greatest
elongation at break (1.7%). For comparison, the System S precursor without lignin was
also converted with the stabilization and carbonization profiles used for System P
precursors. This gave a slightly higher Young’s modulus (77 GPa) but a lower tensile
strength (0.88 GPa), see Paper V for more details. The other CFs displayed significantly
lower tensile properties, but they also had a larger diameter, originating from the
differences in precursor diameter and conversion yield. It seems that the tensile
properties of the CFs correlate with that of the precursors, including the crystalline
orientation and crystallinity of the latter (see Section 4.3.1). WAXS and Raman
measurements were made on selected batchwise-derived CFs. This is discussed in
Section 4.3.3.
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Figure 33. Tensile properties of CFs made batchwise from cold alkali precursors. [From Paper V]
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4.3.3 Continuous conversion to CF

Due to the low CF yield from the System S precursors, focus was put on continuous
conversion of System P precursors using the stabilization profile developed in Paper IV,
with a final temperature of 275 °C. TGA measurements revealed that most of the mass
loss during stabilization at 275 °C occurred during the first 15 min, and this explains the
choice of 15 min residence time for the continuous stabilization (data not shown). In
contrast to the trials in Paper IV, a carbonization temperature of 1100 °C was used since
it is known that a higher carbonization temperature is beneficial for removing residual
phosphorus.859%1% |n these trials a tensiometer was used to monitor the fiber tension.

Continuous stabilization

During continuous stabilization, the fiber tension was kept low at 0.2 cN/tex since it has
been reported that cellulosic precursors do not benefit from high tension at this stage.*
The stabilization time of 15 min can be considered a short time in CF manufacture. As
discussed in Section 4.2.1, the WAXS patterns of the EMIMAc-based lignin-cellulose
precursors showed that the fibers were still displaying crystalline reflections after 60 min
stabilization. Figure 34 show WAXS patterns before and after 15 min stabilization of the
System P precursor without lignin. After stabilization, the crystalline reflections
disappeared and transformed into an amorphous halo, suggesting severe degradation of
the cellulose and a more effective stabilization than of the EMIMACc-based precursor
stabilized for 60 min.%° The observed difference is probably related to the effect of ADHP
but it may also be related to the fact that different pulps were used for spinning of the
precursors. Severe degradation of the original cellulose Il structure was also indicated by
the fact that the fibers changed color, turning completely black after stabilization for 15
min. The Young’s modulus decreased from about 1060 to 320 cN/tex and the tenacity
from 15 to 11 cN/tex. In agreement with the observations in Paper 11, the elongation at
break increased after stabilization, from 3.0 to 6.8%. These results suggest that a
stabilization time of 15 min was sufficient for the System P precursor.

Precursor

P A

Stabilizatic

s

Figure 34. 2D WAXS patterns before and after stabilization of the cellulose precursor made from
System P. [From Paper V]
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Continuous carbonization

The stabilized System P precursors were converted to CFs via continuous conversion at
1100 °C using various residence times (10-20 min) and fiber tensions (0.2-1.3 cN/tex).
CFs have been successfully made using a total conversion time of 25 min (15 min
stabilization and 10 min carbonization), which can be considered very short, giving an
energy-efficient route. Individual CFs were generally separable by hand, but some fusion
occurred. Figure 35 show SEM images of tows of CFs made from both precursors, where
the individual filaments are partly separated. Traces of fiber-fiber contacts along the
longitudinal direction of CF surfaces were observed, and these were noted on the
precursors (Figure 18 and Paper V), indicating that the problem may originate from the
precursor spinning. A surprising result is shown in the inset in Figure 35a, displaying
CFs from the cellulose precursor. Surprisingly, the CFs fused despite the fact that
cellulose is not meltable and should not fuse.”™ These results suggest that stickiness can
be a problem in cellulose-based CFs, and this has been reported to occur in CFs from
rayon and IL-based precursors.®*4° It is also known that recondensation of tarry volatiles
during the conversion may cause CF stickiness.®

Figure 35. SEM images of CFs obtained by continuous conversion of System P precursors with
() 0 wt% SKL and (b) 30 wt% SKL. The inset image in (a) shows two CFs sticking together. The
stabilization and carbonization times were 15 and 10 min, respectively. For more details regarding
the conversion conditions, see Table 7.

Tensile properties of CFs

CFs were prepared by applying various tensions during continuous carbonization, and
their tensile properties are shown in Figure 36. An increase in tension from 0.2 to 1.3
cN/tex resulted in an increase in the Young’s modulus from 35 to 46 GPa, although it
never reached the value of 55 GPa obtained for the batchwise CFs, see Figure 33. No
major increase in tensile strength was observed when the tension was increased. The CFs
from the precursor with 30 wt% SKL were converted only with a low tension of 0.2
cN/tex, and their Young’s modulus and tensile strength were similar to those made from
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cellulose alone with the same tension, suggesting that tension is the important parameter.
The modulus for these CFs were about 35 GPa, which is typically obtained when
preparing cellulose and lignin-cellulose derived CFs batchwise using no fixation (data
not shown), as has also been reported by others.384! Hence, it is critical to maximize the
fiber tension during continuous carbonization.

In these experiments, the CFs were continuously carbonized with a residence time of 10
min, except for the sample obtained with the highest tension (1.3 cN/tex) which required
a residence time of 20 min to avoid rupture of the tow. This suggests that the maximum
tension possible depends on the residence time, and this is in agreement with
observations on the continuous carbonization of rayon fibers impregnated with ADHP.%
This illustrates the complexity of CF conversion and shows that more work is necessary
to obtain CFs having a comparable Young’s modulus to that of CFs obtained by
batchwise conversion.

50 + a 0.9 - b
0.8 -
’-\.45 2 / —
0 0.7 4
L o 0.6 -
35 1 0.5 -
30 v T M T v T v 04 i L] T T
00 04 08 12 00 04 08 12
Fiber tension (cN/tex) Fiber tension (cN/tex)

Figure 36. Effect of fiber tension on the (a) Young’s modulus and (b) tensile strength during
continuous carbonization of System P precursors. Black: 0 wt% SKL; Red: 30 wt% SKL. [From
Paper V]

Structure of CFs

To get further insights into the structure of the biobased CFs, a selection of samples with
different Young’s modulus obtained from the batchwise and continuous conversion trials
were studied with WAXS and Raman spectroscopy. Figure 37 shows the 2D WAXS
profiles of the CFs. Structural parameters, such as crystallite dimensions and interlayer
spacing of the (002) plane, were calculated from the WAXS data (Paper V). No major
differences in the structural parameters of the CFs were observed, but the preferred
orientation of the (002) plane correlated with the Young’s modulus, suggesting that the
orientation of the carbon structure is important for the Young’s modulus. As the modulus



increased, the SAXS signal became anisotropic, suggesting that the larger nanostructures
(typically 1-100 nm) such as voids have a different orientation in the CFs with a high
modulus.%

In agreement with Raman measurements in Papers Il and 1V, measurements of the CFs
from the cold alkali precursors indicated a disordered carbon structure, dominated by
amorphous carbon. Calculations of the defect ratio, Io/lg, from Raman the spectra

revealed that the CFs with the highest Young’s modulus, i.e. the CFs derived batchwise,
had a carbon structure with less defects, see Paper V for details.
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Figure 37. 2D WAXS patterns of CFs with different Young’s moduli obtained via batchwise and
continuous conversion of the cold alkali precursors. E=33 and 53 GPa: 30 wt% SKL System P;
E=35, 46 and 55 GPa: 0 wt% SKL System P; E=77 GPa: 0 wt% SKL System S. For details
regarding the conversion conditions, see Table 7. [From Paper V]



54

4.4 General remarks on CFs from lignin-cellulose precursors

Commercially available PAN-based CFs have extremely high tensile properties and are
classified as high-performance materials for use in the most demanding applications. The
biobased CFs from lignin-cellulose precursors prepared in the present work
(carbonization temperature of 800-1600 °C) have intermediate tensile properties and can
thus be classified as general performance CFs, able to compete with fossil-based CFs
from isotropic pitch and glass fibers, which find a use in a wide range of structural, semi-
structural and non-structural applications. In comparison with earlier attempts to develop
biobased CFs from cellulose or lignin, the use of a blend of these two renewables is
beneficial in several aspects:
e Solution spinning allows the use of a wider range of lignins than melt spinning,
which heavily affects the stabilization time
e The precursor is significantly stronger and easier to handle than a melt spun
lignin precursor during conversion to CF
e Industrially relevant stabilization and carbonization times appear to be possible
e Lignin significantly increases the conversion yield compared to that from a
precursor consisting solely of cellulose
e Lignin does not give tensile properties of the CFs less than those of CFs from a
pure cellulose precursor (see Figure 38)
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Figure 38. Influence of lignin content in the precursor on the Young’s modulus and tensile
strength. E=Young’s modulus; 6=Tensile strength. [From Papers 1-V]
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In the present work, the CFs were made from lignin-cellulose precursors prepared in two
different solvent systems, EMIMAc and cold alkali, having the advantages and
disadvantages listed in Figure 39. EMIMAC is a powerful solvent for the direct
dissolution of cellulose and lignin and, after air-gap spinning, produces strong
precursors, even when as much as 70 wt% lignin is incorporated. The recyclability of
ILs such as EMIMAC is, however, underexplored and this may hinder its commercial
success in the immediate future. In contrast, cold alkali is a water-based solvent system
which has the potential of being a cost-effective solvent. It has a chemistry similar to that
of the mature viscose process (but without CS;) which includes a solvent recycling
process. Compared to EMIMAC, the cold alkali precursors have a lower strength and a
lower orientation due to the lower degree of polymerization of the cellulose and the use
of classic wet spinning. It can be concluded that each solvent system has both advantages
and disadvantages. The most promising route remains to be explored. Time will tell.

Solvent  Advantages Disadvantages
system

+  Non-derivatizing *  Relatively high cost

+  High dissolution capacity «  Recyclability underexplored
EMIMAC +  High cellulose DP

* High lignin:cellulose ratios

Strong precursors

*  Non-derivatizing * Moderate dissolution capacity
COId +  Similar to the viscose process *  Low cellulose DP
. *  Recyclabilit * Low strength of precursors
alkali yerantiy gh e
+  Potentially cost-effective «  Low lignin:cellulose ratios

+  Commodity chemicals used

Figure 39. Some advantages and disadvantages of the two solvent systems used to prepare the
lignin-cellulose CF precursors.
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5 Conclusions

This work demonstrates the potential of preparing biobased CFs via either continuous or
batchwise conversion using solution spun precursors consisting of blends of
commercially available softwood kraft lignin and kraft pulp. These CFs can potentially
serve as a more sustainable alternative to today’s commercial fossil-based CFs for
applications where intermediate tensile properties are sufficient. The main conclusions
from this work are as follows:

e Biobased CFs can be made from lignin-cellulose precursors having a wide
range of lignin-cellulose compositions (up to 70 wt% lignin), where a suitable
lignin content in the precursor will be a trade-off between precursor strength
and conversion yield.

e Solution spinning of the precursors allows the use of a wider range of lignin
types than melt spinning, which is beneficial for the conversion process as
thermally reactive softwood kraft lignin can be used. The precursors can be spun
from spin dopes prepared via co-dissolution with cellulose in EMIMAC or cold
alkali, using air-gap and wet spinning, respectively. The choice of solvent
system and coagulations conditions greatly affect the morphology of the spun
precursors. The precursors can, regardless of lignin-cellulose ratio, be sticky
from the spinning and this increases the risk of inseparable CFs. Whether or not
factors such as recondensation of tars on the fiber surfaces during conversion
contribute to the stickiness of the final CFs has not, however, been established.

e The lignin-cellulose precursors can be converted to CFs using batchwise or
continuous conversion, and for the latter at industrially relevant stabilization
times (15-60 min) and carbonization times (10-20 min). The major reactions
during stabilization are oxidation and dehydration. Stabilization also results in
degradation of the cellulose and crosslinking of the lignin. At a carbonization
temperature of about 800 °C, the carbon content of the lignin-cellulose
precursors increases above 90 wt%, suggesting that this is the lowest
temperature needed to prepare these biobased CFs.

e Incorporation of up to 70 wt% lignin in a precursor increases the conversion
yield significantly, as does the addition of the flame retardant ADHP.
Depending on lignin content and the presence of ADHP, the conversion yield
can be between 12 and 45 wt%. There seems to be a synergistic effect on the
yield of blending cellulose and lignin, suggesting that it is favorable to co-
process lignin and cellulose instead of processing each polymer separately.
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The tensile properties of the biobased CFs prepared at 1000-1100 °C are
intermediate compared to those of commercial CFs, and these products can be
classified as general-grade CFs. The tensile properties were extremely
dependent on the precursor and conversion conditions. An average Young’s
modulus and tensile strength of 75-77 GPa and 1.2 GPa, respectively, were
obtained for the biobased CFs having a commercial diameter of 7 um. The
tensile properties depend on the carbon structure of the CFs, which is dominated
by amorphous carbon containing domains of nanocrystalline graphite, i.e.,
turbostratic graphite. The tensile properties of the CFs are influenced by

a) the conversion conditions, particularly the applied fiber tension,
b) the precursor crystallinity and orientation, and
c) the final CF diameter.

It is evident that the preparation of an oriented and defect-free CF requires the
use of an oriented and defect-free lignin-cellulose precursor.
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6 Future work

The present work shows that biobased CFs from precursors based on blends of lignin
and cellulose can be a viable alternative. The CFs can potentially be used in a range of
semi-structural and non-structural applications. Several scientific and technical questions
need, however, to be investigated to fully elucidate the potential of this material.

Continuous conversion trials under industrially relevant conditions need to be the focus
of future development work. The present work has only included a brief study regarding
continuous conversion. The focus needs to be on the optimization of fiber tension,
residence time, temperature profile, and gas flow conditions in each processing step. It
is desirable to develop process windows for precursors with different compositions
(lignin content, cellulose grade and ADHP content), and this requires more experiments.
A milestone in continuous conversion will be to prepare CFs having the same tensile
properties obtained batchwise in the present thesis (modulus ~75 GPa, tensile strength
~1.2 GPa) using industrially relevant tow sizes such as 1K (1000 filaments). If the goal
is to produce CFs with tensile properties comparable to those based on PAN, hot-stretch
graphitization (>2000 °C) will probably be needed, which can be applied to cellulosic
precursors, although this may increase the cost of the CFs.

The role of ADHP during conversion should be investigated further, as the results
indicate that this may lead to residual phosphorus in the CFs, and this may have a
negative impact on the CF quality. An option is to find an alternative flame retardant.

Conversion is energy-intensive, and energy-efficient conversion techniques should
therefore be explored. Pressure-reduced stabilization to increase the tensile strength of
cellulose-based CFs also seems promising and should be investigated.3® The preparation
of larger amounts of biobased CF is desirable, as this opens the way for composite
development, which is currently unexplored.

The fiber stickiness must be reduced as it decreases the tensile properties of the CFs and
their handleability in subsequent steps of composite preparation. Work is thus needed to
reduce precursor stickiness from spinning, by applying more suitable spin finishes and
altering the spinning conditions (e.g. drying procedure). Recondensation of tars on the
fibers may contribute to the observed stickiness as well, and needs to be investigated by,
for example, examining the effect of gas flow conditions during continuous conversion.

Regardless of the solvent system used for the co-dissolution of cellulose and lignin, work
is needed regarding the recycling of the solvent. In any solution spinning system, a
solvent recovery process must be established to ensure economically viable production.
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