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“You never fail until you stop trying.”
-Albert Einstein
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Abstract
It is in the nature of the human species to find solutions of complex technical problems and
always strive for improvements. The development of new materials is not an exception. One of
the many man-made materials is carbon fibre (CF). Its excellent mechanical properties and low
density have made it attractive as the reinforcing agent in lightweight composites. However, the
high price of CF originating from expensive production is currently limiting CF from wider
utilisation, e.g. in the automotive sector.
The dominating raw material used in CF production is petroleum-based polyacrylonitrile (PAN).
The usage of fossil-based precursors and the high price of CF explain the strong driving force of
finding cheaper and renewable alternatives. Lignin and cellulose are renewable macromolecules
available in high quantities. The high carbon content of lignin is an excellent property, while its
structural heterogeneity yields in CF with poor mechanical properties. In contrast, cellulose has a
beneficial molecular orientation, while its low carbon content gives a low processing yield and
thus elevates processing costs.
This work shows that several challenges associated with CF processing of each macromolecule
can be mastered by co-processing. Dry-jet wet spun precursor fibres (PFs) made of blends of
softwood kraft lignin and kraft pulps were converted into CF. The corresponding CFs
demonstrated significant improvement in processing yield with negligible loss in mechanical
properties relative to cellulose-derived CFs. Unfractionated softwood kraft lignin and paper
grade kraft pulp performed as good as more expensive retentate lignins and dissolving grade
kraft pulp, which is beneficial from an economic point of view.
The stabilisation stage is considered the most time-consuming step in CF manufacturing. Here it
was shown that the PFs could be oxidatively stabilised in less than 2 h or instantly carbonised
without any fibre fusion, suggesting a time-efficient processing route. It was demonstrated that
PF impregnation with ammonium dihydrogen phosphate significantly improves the yield but at
the expense of mechanical properties.
A reduction in fibre diameter was beneficial for the mechanical properties of the CFs made from
unfractionated softwood kraft lignin and paper grade kraft pulp. Short oxidative stabilisation (<2
h) of thin PFs ultimately provided CFs with tensile modulus and strength of 76 GPa and 1070
MPa, respectively. Considering the high yield (39 wt%), short stabilisation time and promising
mechanical properties, the concept of preparing CF from lignin:cellulose blends is a very
promising route.

Keywords Carbon fibre, Softwood kraft lignin, Cellulose, Kraft pulp, Stabilisation, Dry-jet
wet spinning
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Sammanfattning
Det ligger i människans natur att hitta lösningar på komplexa tekniska problem, samt att alltid
sträva efter förbättringar. Utvecklingen av nya material är inget undantag. Ett av flera material
utvecklade av människan är kolfiber. Dess utmärkta mekaniska egenskaper samt låga densitet har
gjort det attraktivt som förstärkningsmaterial i lättviktskompositer. Det höga priset på kolfiber,
vilket härstammar ur en kostsam framställningsprocess, har förhindrat en mer utbredd
användning i exempelvis bilindustrin.
Det dominerande råmaterialet för kolfiberframställning är petroleumbaserad polyacrylonitril
(PAN). Användandet av fossila råvaror och det höga priset på kolfiber förklarar den starka
drivkraften att hitta billigare och förnyelsebara alternativ. Lignin och cellulosa är förnyelsebara
makromolekyler som finns tillgängliga i stora kvantiteter. Det höga kolinnehållet i lignin gör det
mycket attraktivt som råvara för kolfiberframställning, men dess heterogena struktur ger en
kolfiber med otillräckliga mekaniska egenskaper. Däremot har cellulosa en molekylär orientering
som är önskvärd vid framställning av kolfiber, men dess låga kolinehåll ger ett lågt processutbyte
som i sin tur bidrar till höga produktionskostnader.
Det här arbetet visar att många av de problem som uppstår med kolfiber från respektive råvara
kan kringgås genom att utgå från blandningar av desamma. Prekursorfibrer från blandningar av
kraftlignin och kraftmassa från barrved tillverkade med luftgapsspinning konverterades till
kolfiber. Utbytet för kolfibrerna som framställdes var mycket högre än vid framställning från
endast cellulosa. Ofraktionerat barrvedslignin och kraftmassa av papperskvalitet presterade lika
bra som de dyrare retentatligninen och dissolvingmassan, vilket är fördelaktigt ur ett ekonomiskt
perspektiv.
Stabilisering är det mest tidskrävande processteget i kolfibertillverkning. I det här arbetet visades
det att prekursorfibrerna kunde stabiliseras på kortare än två timmar, eller direktkarboniseras
utan någon sammansmältning av fibrerna. Detta indikerar att en tidseffektiv produktion kan vara
möjligt. Impregnering av prekursorfibrerna med ammoniumdivätefosfat ökade utbytet avsevärt,
men med lägre mekaniska egenskaper som bieffekt.
Kolfibrernas mekaniska egenskaper ökade vid en diameterreduktion. En kort oxidativ
stabilisering under två timmar i kombination med tunna prekursorfibrer gav kolfiber med en
elasticitetsmodul på 76 GPa och dragstyrka på 1070 MPa. Att göra kolfiber från blandningar av
lignin och cellulosa är ett lovande koncept om det höga utbytet (39%), den korta
stabiliseringstiden samt de lovande mekaniska egenskaperna tas i beaktande.

Nyckelord Kolfiber, Barrvedslignin, Cellulosa, Kraftmassa, Stabilisering, Luftgapsspinning
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Ammonium dihydrogen phosphate
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Carbon fibre

CFRP

Carbon fibre reinforced plastic

DR

Draw ratio
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Differential scanning calorimetry
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Dissolving kraft pulp

EDXA

Energy dispersive X-ray analysis

[EMIm][OAc]

1-ethyl-3-methyl imidazolium acetate
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Fourier transform infrared spectroscopy
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Ionic liquid
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Kilo Dalton
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Fully bleached paper grade kraft pulp
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Polyacrylonitrile

PF

Precursor fibre

RL

Retentate lignin

SEM

Scanning electron microscopy

SEC

Size-exclusion chromatography

TGA

Thermogravimetric analysis

Tg

Glass transition temperature

TM

Tensile modulus

TS
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Introduction

The increased emissions of greenhouse gasses are a great challenge for modern society.
Globally the transportation sector accounts for 14% of the total amount of greenhouse
gasses and improving the fuel efficiency within this sector is a key-step towards a more
sustainable future. One solution is a more wide-spread use of lightweight composites; a
10% weight-reduction of a car can improve fuel efficiency by about 7%.1 The
outstanding strength-to-weight ratio of carbon fibre (CF) makes it attractive as the
load-bearing component in lightweight composites such as CF reinforced plastics
(CFRPs). However, the high price of CF has limited its use to high-end applications
such as aerospace, military, racing cars and exclusive sporting equipment. The
dominant CF precursor (96%) is petroleum-based polyacrylonitrile (PAN), beside of
coal-tar or petroleum pitch and Rayon.2 There is a strong incentive to find cheaper
alternatives based on renewable sources3.
In view of potential low-cost precursors, renewable lignin and cellulose has gained
increasing attention. In particular, the high availability and carbon content (61–64%) of
kraft lignin4 has made it a promising candidate, based on a high conversion yield after
processing into CF. To date, research regarding lignin-based CF has focused on
developing precursors fibres (PFs) by melt spinning. In numerous studies this has been
shown to be a very complex task5-18, and no commercial success has been reported at
present. Primarily, the mechanical properties of the CFs produced to date are too low to
be of interest for commercialisation. In addition, the delicate balance between
producing an adequate PF that can be handled as well as processed into CF at
acceptable processing times is a great challenge.
In contrast to lignin, cellulose has a beneficial molecular orientation, which also
reflects the higher mechanical properties obtained for cellulose-based CF.
Unfortunately, cellulose has relatively low carbon content (44.4%), generally resulting
in processing yields of 10–30%19. This makes the process economically unfavourable,
and explains why only a minor fraction (<1%) of the commercial CF is cellulose-based.
The fundamental starting point of this thesis is that the problems related to lignin and
cellulose as a CF precursor separately can be superseded by co-processing.
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1.1

Objective

The objective was to study the influence of different grades of softwood kraft lignin
and kraft pulps and selected processing parameters on CF yield and properties of the
CF. The impact of using unfractionated softwood kraft lignin or membrane fractionated
retentate lignins was investigated. In addition, the effect of using a fully bleached kraft
pulp instead of a dissolving grade kraft pulp was also evaluated. The stabilisation
conditions were extensively studied, while the carbonisation profile was held constant
throughout the work. Emphasis was placed on CF tensile properties, CF yield and
processing time.
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2
2.1

Background
Wood constituents

Cellulose, hemicellulose and lignin are the main components in wood, and the presence
of each constituent depends on the wood source (Table 1). Wood also contains a minor
fraction of extractives (0.3–5%), and the exact amount depends on the wood source.20
Table 1.Content of cellulose, hemicellulose and lignin in different types of wood.20

Type of wood
Temperate
Softwood
Temperate
Hardwood
Eucalypt

Cellulose (%)

Hemicellulose (%)

Lignin (%)

40–45

25–30

25–30

40–45

30–35

20–25

45

20

30

2.1.1 Cellulose
Cellulose is the most common biopolymer on earth and is a linear polymer of Dglucose units linked together with 1→4 β-glycosidic bonds (Figure 1). It is one of the
main structural components of wood (40–45%), building up the cell wall together with
hemicellulose and lignin. Its native degree of polymerisation is several thousand, which
ultimately depends on the species. The hydroxyl groups of cellulose give rise to intraand intermolecular hydrogen bonds, making the structure stiff.21

Figure 1. Single cellulose chain with non-reducing and reducing end.
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2.1.2 Hemicellulose
Hemicellulose is a common name for heteropolysaccharides forming the bulk in the
cell wall of wood and other plants. Hemicelluloses contribute to the mechanical
properties of the cell wall, although its full role and significance is not yet completely
understood. The amount and structure of hemicellulose in wood depend on several
factors, such as wood species, growth stage and extraction method. The softwood
hemicelluloses are galactoglucomannan (5–8%), glucomannan (10–15%) and
arabinoglucoronoxylan (7–15%).22
2.1.3 Lignin
Lignin is the second most abundant macromolecule in nature, making up 20–35% of
wood. It provides stiffness to the cell wall of trees, protects against microbial
degradation, and contributes to water and nutrition transportation. Lignin has a very
complex structure comprised of both aliphatic and aromatic moieties, which form a
three-dimensional network. Three monolignols build up lignin by different types of
ether (C–O–C) and carbon-carbon (C–C) bonds, where the latter is also commonly
referred to as condensed bonds. Softwood lignins are mainly comprised of coniferyl
alcohol while hardwoods are built up by coniferyl alcohol and sinapyl alcohol (Figure
2). Grasses and annual plants are mainly based on p-coumaryl alcohol. The chief
difference between the monolignols is the absence/presence of methoxyl groups (–
OCH3). Bio-polymerisation of the monolignols occurs by radical-radical couplings,
which occur after oxidation by enzymes. In the lignin macromolecule, the monolignols
are present as p-hydroxyphenyl, guaiacyl and syringyl residues (Figure 2).23
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Figure 2. The three starting compounds (monolignols) for lignin biosynthesis and their
corresponding residues present in the lignin macromolecule.

The most common bond in lignin is the β–O–4’ linkage (Figure 3), which is also the
main bond degraded during delignification in a pulping process. Softwood lignin is
composed of 35–60% β–O–4’ bonds, whereas hardwood is composed of 50–70%. The
lower amount of β–O–4’ in softwood lignin is due to the absence of syringyl units.23
The absence of a methoxyl group at the 5-position of the guaiacyl unit makes softwood
lignin more reactive and branched due to a higher degree of condensed bonds such as
β–5’ or 5–5’. In the case of hardwood lignins, the presence of syringyl units ultimately
leads to a more linear structure. Approximately 10–13% of the oxygen atoms at the 4position in lignin are free phenols, the remainder form ether bonds23. Of note, the lignin
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structure not only depends on wood species but also on pulping conditions and
isolation method in the pulping process.

Figure 3. Nomenclature for aromatic and aliphatic moieties in lignin represented by two
guaiacyl units linked by the aryl ether bond (β–O–4’, blue), the most common bond in lignin.

2.2

Kraft pulping

Kraft pulping is a chemical pulping method used to produce wood pulp and is the
dominant pulping process in the world. In kraft pulping, wood chips are treated in a hot
aqueous solution consisting of sodium hydroxide and sodium sulfide, which is called
white liquor. During kraft cooking, the chemical bonds in lignin degrade, causing
delignification, and almost all lignin goes into the black liquor together with a
substantial part of the hemicelluloses. Suitable conditions in kraft cooking depend on
the desired pulp properties and wood source used. The amount of delignification can be
controlled by e.g. time, temperature and alkalinity, where harsh cooking conditions
result in a pulp containing almost no lignin. The degree of polymerisation of cellulose,
as well as the process yield decreases as delignification increases.24 After cooking, the
pulp can be bleached to increase whiteness; further cooking would degrade the
cellulose in an undesirable manner, yielding poor quality pulp25. A special type of pulp
produced is the dissolving kraft pulp, which contains very low amounts of lignin and
hemicelluloses. This pulp is used for special applications such as cellulose derivatives
and making regenerated cellulose, where the latter is suitable for processing into manmade viscose fibres or Lyocell26.
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The kraft process generates large amounts of black liquor containing kraft lignin, which
is evaporated and subsequently combusted in the recovery boiler to obtain energy.
However, the recovery boiler may be the bottleneck; therefore, partial isolation of kraft
lignin before reaching the recovery boiler may be beneficial for the mill. This gives an
opportunity to use the isolated kraft lignin as a renewable raw material that potentially
can be processed into value-added products. One efficient method for isolation of kraft
lignin is the LignoBoost process, yielding a lignin with low ash content (~1%)27.

2.3

Carbon fibre (CF)

CF is a fibrous material containing more than 90% carbon 28 and is recognised by its
excellent tensile properties, low density and high resistance to corrosion. CF is
currently used in applications such as aerospace, aircraft, racing cars, and sporting
goods. The tensile properties of commercial CF span a wide range, which largely
depends on starting material and processing conditions. Figure 4 shows a comparison
of the tensile properties of commercially available CFs from PAN, pitch, and Rayon.

Figure 4. Mechanical properties of commercial carbon fibres from PAN, pitch and Rayon

29,30

.

Manufacturing of conventional CF involves spinning of an organic PF that is converted
into CF by a series of heat treatments followed by surface treatments prior to winding
(Figure 5).28 Commonly, the spinning process is separated from the conversion facility.
The optimal conditions largely depend on PF and the desired target properties of the
CF. It is well known that heating rate, final temperature, dwell time, amount of tension
and post-treatments affect tensile properties. Dynamic tension can effectively be
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applied to enhance stiffness and strength, but when and to what extent depends on the
raw material.

Figure 5. Schematic illustration of continuous carbon fibre production.

A wider utilisation of CF-based lightweight composites is inhibited by the high price of
CF, given the high manufacturing costs. About half of the production cost of PANbased CF is related to the precursor, while one-third is associated with the equipment.31
The research on utilising renewable lignin and cellulose has therefore increased
rapidly.
2.3.1 Spinning of precursor fibre (PF)
Commonly used spinning techniques for preparing the PF are wet spinning and melt
spinning. Choice of spinning technique is dictated by the raw materials. In general,
melt spinning is the preferred method since it involves no solvent recovery. However,
melt spinning requires a raw material with thermoplastic properties (having a glass
transition temperature, Tg), or more specifically a material that melts before
decomposition. Pitch-based PFs are prepared by melt spinning while PAN and Rayon
are made by wet spinning, since the last two decompose before melting.2
In general, lignin is regarded a thermoplastic material and can therefore be melt spun.
However, the thermoplastic properties of lignin largely depend on origin, molecular
mass (MM), purity and isolation method.32 Actually, the origin of lignin has a great
influence on spin-ability during melt extrusion. The more linear structure in hardwood
lignin reflects its generally lower Tg compared with the more branched softwood
lignin33. A typical Tg of unfractionated hardwood kraft lignin is approximately 120 °C,
while it may be approximately 150 °C for softwood kraft lignin32. Melt spinning of
softwood kraft lignin requires fractionation or blending with a plasticiser, such as lowMM hardwood kraft lignin33. Extensive research efforts have been conducted to
improve the spin-ability of lignin by fractionation10,17,18,33, chemical modification13,16,34
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or blending lignin with plasticisers 7,8,13,16,35 to obtain high quality PF (solid crosssection). However, these operations increase processing costs. Another issue with melt
spinning of lignin is the high brittleness of the PFs, making handling difficult 36.
One approach to tackle the abovementioned issues is dissolving blends of kraft lignin
and cellulose pulp with an ionic liquid (IL), such as 1-ethyl-3-methyl imidazolium
acetate ([EMIm][OAc]).36,37 The solution (dope) can be processed into filaments with
dry-jet wet spinning, i.e. using the same spinning technique as that used for Lyocell. A
schematic illustration of dry-jet wet spinning is shown in Figure 6. The dope is
extruded through a spinneret into an aqueous coagulation bath via an air-gap (~10 mm),
where the solution acts as an anti-solvent38,39. The air-gap induces orientation of the
extruded fibres39. Subsequently, the filaments are stretched, washed and treated with a
surface finish prior to drying and winding. Compared with melt spinning, this process
is conducted at mild temperatures (~60 °C)36. The filament diameter can be controlled
by varying the orifice diameter and/or draw ratio (DR). Spinning lignin filaments with
this technique requires a helping polymer, such as cellulose, which improves the
flexibility of the resulting PF37.

Figure 6. Schematic illustration of dry-jet wet spinning.
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2.3.2 Stabilisation
Stabilisation is an oxidative treatment conducted at 200–350 °C to prepare fibres that
can undergo carbonisation without fusing or losing its shape. Stabilisation is
considered, irrespective of precursor, the bottleneck in CF manufacturing. Industrially,
stabilisation often occurs on the order of hours, while carbonisation occurs in
minutes.28 Therefore, optimisation of this step is of great importance in CF
manufacturing40.
Oxidative treatment has a positive impact on the conversion yield of PAN, pitch and
cellulosic precursors, such as Rayon. In particular, stabilisation has a significant impact
on the mass loss of cellulosic precursors since it minimises the undesired formation of
levoglucosan and volatiles. Mass loss of cellulose can also be minimised by the use of
flame retardants since they promote the charring reactions.28,41
The main reactions occurring during stabilisation are oxidation, dehydration,
dehydrogenation, crosslinking and cyclisation. Suitable conditions (e.g., heating rate,
final temperature, dwell time, tension) largely depend on precursor and the target
properties of the final CF. For example, the application of dynamic tension during
stabilisation of PAN and pitch is beneficial, while the opposite is true for Rayon.28
Suitable conditions for stabilisation of lignin are largely affected by its origin and
molecular weight. The main reactions during oxidative stabilisation of hardwood kraft
lignin have been investigated by Braun and co-workers9. This group concluded that the
stabilisation reactions are initiated by homolysis of β–O–4’ followed by oxidation and
a series of possible radical and rearrangement reactions. It has been shown that
stabilisation in inert atmosphere is sufficient to stabilise unfractionated softwood kraft
lignin42, while low-MM hardwood lignin may need about 100 h to obtain
infusibility10,15. The dramatic difference in thermal reactivity can be explained by the
difference in guaiacyl and syringyl content. The extra methoxyl group in syringyl
moieties blocks the possibility of condensation reactions such as 5-5’, ultimately
leading to a lower stabilisation rate of hardwood lignin.
2.3.3 Carbonisation
Stabilised PFs are converted into CF in the carbonisation stage (<2000 °C).
Heteroatoms such as O, N and H are removed, thereby increasing the carbon content in
the fibre to >90%. During carbonisation of PAN and mesophase pitch, a turbostratic
graphite-like structure is formed. For high-performance CF, it is necessary to obtain a
preferential orientation of the 002 graphite plane. Consistent with stabilisation, the
optimal conditions depend on precursor and target properties. 28
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Carbonisation studies of lignin are scarcely reported due to challenges with the fibre
spinning and stabilisation stage. The mechanical properties of CFs produced from
lignin to date have shown no positive impact by increasing the temperature above
1000°C16-18.
2.3.4 Graphitisation
Occasionaly, graphitisation (>2000 °C) is carried out, ultimately resulting in a CF with
improved tensile modulus (TM). In particular, the so-called mesophase pitch exhibits a
substantial increase in modulus and strength when graphitised under tension due to
extended growth of crystallites and alignment along the fibre axis. Graphitisation of
mesophase pitch leads to a decrease in interplanar distance, d002, approaching that of
perfect graphitic structure (0.335 nm). 28 Carbonisation of Rayon below 1500 °C yields
CF with TM below 100 GPa28,43, while significant improvement in mechanical
properties can be obtained if temperature is greater than 2000 °C28. All carbons become
plastic above 2000 °C, making it possible to obtain ordered graphite at elevated
temperatures28. High temperature graphitisation is however, energy consuming, and
elevates production costs.
2.3.5 Post-treatments
Post-treatments are performed to improve handling of CF and the compatibility
between CF and matrix in composites. The CF surface can be made more active by
various treatments, such as electrochemical oxidation. Electrochemical oxidation is the
preferred industrial process since it allows for continuous processing of the CF. After
surface treatment, sizing is performed by coating the CF with a thin layer of “matrixcompatible sizings”. This improves handling and wettability and minimises the
introduction of surface flaws caused by fibre-fibre contact.28
2.3.6 Lignin:cellulose blends as CF precursors
Olsson et al.36 were the first to prepare CF from dry-jet wet spun PF made from
lignin:cellulose blends. The PFs were made from 70:30 (w/w) blends of softwood kraft
lignin and dissolving kraft pulp using [EMIm][OAc] as solvent. The authors concluded
that the PFs were flexible and easy to handle with mechanical properties equivalent to
commercial textile fibres. The resulting CFs had a TM and tensile strength (TS) of 68
GPa and 780 MPa, respectively. Byrne et al.44 concluded that stabilisation of
lignin:cellulose blends was enhanced relative to pure lignin and cellulose, respectively.
Although no CF was made, the authors stated that lignin promoted the dehydration
reactions of cellulose in favour of the undesired levoglucosan formation.

12

3
3.1

Experimental
Materials

Softwood kraft lignin (KL) produced by the LignoBoost process was received from the
LignoBoost Demo (Bäckhammar, Sweden). Two retentate lignins (RLs) were produced
by feed batch ultrafiltration of a synthetic black liquor using laboratory-scale
equipment. The RLs were obtained using two Kleansep™ ceramic membranes with
molecular mass (MM) cut-offs of 5 kDa (RL5) and 15 kDa (RL15). The synthetic black
liquor was a 10% lignin solution obtained by dissolving KL in an aqueous
NaOH/Na2SO4 solution (pH 13; ionic strength 2.3 M). The ultrafiltration was stopped
at a volume reduction of ≈ 30%. The retentates were then precipitated by acidification
to pH 2.5 using 1.5 M H2SO4 followed by washing with deionised water. The lignins
(KL, RL5 and RL15) were passed over a sieve (0.5 mm) and dried overnight at 60 °C
at a pressure of 10 kPa.
Softwood dissolving kraft pulp (DP) was purchased from Georgia Pacific (Atlanta, GA,
USA) and fully bleached paper grade softwood kraft pulp, Celeste (KP), was obtained
from SCA Forest Products AB (Sundsvall, Sweden). ISO 5351 was used to determine
the intrinsic viscosity of the pulps.
NaOH (>97%), dimethyl sulphoxide (DMSO >99.7%), lithiumbromide (LiBr >99%) 1ethyl-3-methylimidazolium acetate ([EMIm][OAc], 95%) were purchased from SigmaAldrich (Steinheim, Germany). Analytical grade of Na2SO4 and H2SO4 were purchased
from Merck (Darmstadt, Germany) and ammonium dihydrogen phosphate (ADHP,
99%) was obtained from WWR AB (Stockholm, Sweden). The chemicals were used
without further purification.

3.2

PF preparation

3.2.1 Dry-jet wet spinning
Sheets of pulp were chopped, ground, and dried over night at 40 °C prior to dissolution.
Blends of lignin and cellulose pulp (70/30 w/w) were dissolved in [EMIm][OAc] at 70
°C for 60 min in a closed reactor with stirring at 30 rpm. The solid concentration of the
dope was 18% and the solution temperature during spinning set to 45 or 60 °C for the
lignin:DP and lignin:KP-series, respectively. Cellulose pulp fibres were prepared from
a solution with 12% solid content and a spinning temperature of 60 °C (DP) or 80 °C
(KP). The solutions were spun into PFs with lab-scale spinning equipment, which
consisted of a spin pump, spin bath and take-up rolls. Extrusion was executed through
multi-filament spinnerets over an air-gap of 10 mm into a spin bath of deionised water
(<15 °C). Two spinnerets were used: 33 holes (120 µm capillary diameter) and 75
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holes (80 µm capillary diameter). The DR varied between 3.3 and 7. After spinning, the
PFs were washed with deionised water for 24 h and treated with spin-finish, Neutral®,
from Unilever (Copenhagen, Denmark) for improved handling before drying at 80 °C
for 45 min. The produced PFs are compiled in Table 2, including the DR, diameter and
in which work they were used.
Table 2. Precursor fibres including their draw ratio (DR) and diameter used in this work.

Precursor fibre

DR

Diameter (μm)

Paper

DP

3.3

22

I

KL:DP

4

25

I

RL5:DP

4

24

I

RL15:DP

4

24

I

KP

4

27

I & II

KL:KP

4

22

I & II

RL5:KP

4

25

I

RL15:KP

4

24

I

KL:KP

7

14

II

3.2.2 PF impregnation
PF tows of KP and KL:KP (22 or 14 µm) were dipped for 5 seconds in a solution of 0.4
M ADHP. Solution remaining on the fibres 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 phosphorous-content in the PFs was 2.4 ± 0.1 wt%.

3.3

Stabilisation and carbonisation

CFs used for tensile testing were prepared from fixed PFs mounted on graphite bridges
(Figure 7 (a)).36 The gravimetric CF yield was determined by placing PFs tows (50–290
mg) in ceramic ships according to Figure 7 (b). The reported CF yields are normalised
to the dry content of the PF.
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Figure 7. Precursor fibres fixated on graphite bridges (a) and (b) tows of precursor fibres in
ceramic ships for yield determination.

Oxidative stabilisation was performed in a KSL-1200X muffle furnace (MTI Corp.,
Richmond, USA) in air (7 L/min) by heating from room temperature to 250 °C using
various heating conditions and isothermal times (see Table 3). Carbonisation was
performed in a Model ETF 70/18 tube furnace (Entech, Ängelholm, Sweden) in
nitrogen (200 mL/min) by heating at 1 °C/min to 600 °C followed by 3 °C/min to 1000
°C before cooling to room temperature, rendering in a carbonisation time of 11.8 h.
Instant carbonisation was also performed for PFs at the same conditions by omitting
oxidative stabilisation (Paper II).
Table 3. Conditions used during oxidative stabilisation.

Heating
time (h)

Name

Heating conditions

Slow

0.2 °C/min → 200 °C +
1 °C/min → 250 °C

15.4

5 °C/min → 250 °C

0.75

Fast

3.4

Isotherm at
250 °C (h)

Paper

1

I

1, 5 or 10

II

1, 5 or 10

II

Characterisation

3.4.1 Chemical characterisation of raw materials
Size-exclusion chromatography (SEC)
SEC was performed on lignin solutions (25 mg/mL). Before analysis the mobile phase
(DMSO/10 mM LiBr) was passed through a 0.2 µm filter. The separation was
performed on mixed columns (PolarGel-M, 300 x 7.5 mm) followed by a similar guard
column (50 x 7.5 mm) (Agilent, Santa Clara, USA) at a flow of 0.5 mL/min. A PLGPC 50 Plus integrated system connected with RI and UV detectors was used (Polymer
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Laboratories, Varian Inc., Iselin, USA). Data analysis was performed using Cirrus GPC
software (version 3.2).
Carbohydrate analysis
The samples were hydrolysed according to SCAN-CM 71:09. The acid-soluble and
acid-insoluble residues were measured according to TAPPI UM 250 and TAPPI T222
om-11, respectively. The carbohydrates were quantified as monosaccharides from the
acid hydrolysates. Ion chromatography joint with a pulsed amperometric detector (ICS5000 IC System) equipped with an autosampler (AS 50) was used. Data evaluation:
Chromeleon v 6.60 software.
Determination of ash content
The ash content of the lignins and pulps was determined at 525 °C according to ISO
1762.
Elemental composition
Determination of the elemental composition of the lignin powders was performed by
Analytische Laboratorien GmbH (Lindlar, Germany).
Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES)
The phosphorous content was measured on wet-digested PFs by ICP-OES in a Perkin
Elmer Optima 8300 at a wavelength of 213.615 nm. Calibration was performed with a
10 mg/L calibration solution for phosphorous determination (Wave Cal Solution,
Perkin Elmer, USA).

3.4.2 Thermal analysis of raw materials and PFs
Differential scanning calorimetry (DSC)
A TA Instruments DSC Q1000 (New Castle, DE, USA) was used to determine the
glass transition temperature (Tg) under nitrogen (50 mL/min) using 3.7 ± 0.3 mg lignin
powder or finely chopped PFs in sealed aluminium pans. Moisture was removed in a
pre-drying step at 105 °C for 20 min, followed by quench cooling to 0 °C and then
subsequently analysed by heating at 10 °C/min to 220 °C. Data evaluation was
performed by the Universal Analysis 2000 software. The reported Tg is the average of
triplicates measured as the temperature at half height of the endothermic shift.
Thermogravimetric analysis (TGA)
The thermal behaviour of the raw materials was analysed in a TA Instruments Q5000
IR (New Castle, DE, USA). The sample size used for analysis of the raw materials was
15–17 mg and 4.3 ± 0.7 mg for PFs. The samples were pre-dried at 105 °C for 20 min
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and then heated at 10 °C/min to 1000 °C in nitrogen (25 mL/min). The TGA yield is
measured as the residual mass at 1000 °C and normalised to its dry content.
3.4.3 Fourier transform infrared (FTIR) spectroscopy of PFs
FTIR spectra of PFs were recorded on a Varian 680-IR FTIR spectrometer equipped
with an attenuated total reflectance (ATR) accessory (ZnSe crystal) in the range of
4000–650 cm-1. A thin layer of fibres was applied on the ATR crystal (diam. = 2 mm),
and constant pressure was applied. A total of 32 scans were performed at a spectral
resolution of 4 cm-1 and subjected to baseline correction. The reported spectra are an
average of three measurements.
3.4.4 Evaluation of CF
Scanning electron microscopy (SEM)
A Hitachi SU3500 scanning electron microscope (SEM) operating at an acceleration
voltage in the range 3–5 kV with a secondary electron (SE) detector was used to study
the appearance of the CFs. Prior to analysis the CFs were Ag-coated by a 108auto
sputter coater (Cressington Scientific Instruments Ltd., UK) and then placed on a
sample holder using double-sided carbon tape. Cross-sections were prepared by
snapping the CFs with a scalpel. Elemental composition (at% or wt%) of the CFs was
estimated by energy dispersive X-ray analysis (EDXA) (XFlash detector, Bruker Corp.,
USA) using a BSE detector at a working distance of 10 mm and acceleration voltage of
10 kV. Data evaluation was performed with Esprit v.1.9.3. software (Bruker Corp.,
USA).
Tensile testing
Single fibre tensile testing of the CFs was performed on a LEX820/LDS0200 fibre
dimensional system (Dia-Stron Ltd., Hampshire, UK). The diameter was determined by
a laser diffraction system for diameter determination (CERSA-MCI, Cabriès, France).
A fixed gauge length of 20 mm was used for testing, and an extension rate of 0.5
mm/min was employed. The reported values are the average of >31 individual
measurements. The evaluation was done with the UvWin 3.35.000 software (Dia-stron
Ltd., UK).
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4

Results and Discussion

This chapter is divided into three subsections, and characterisation of the kraft lignins
and the kraft pulps used to prepare the CFs is discussed in section 4.1. In section 4.2,
the impact of using different PFs (lignin and pulp combinations) on CF yield and
tensile properties is discussed. Finally, the effect of using various stabilisation
conditions and PF diameters is covered in section 4.3.

4.1

Characterisation of raw materials (Paper I)

4.1.1 Chemical characterisation
The lignins used in this work were unfractionated softwood kraft lignin (KL) and two
retentates (RL5 and RL15) from membrane filtration, where 5 and 15 denote the MM
cut-off in kDa. Figure 8 shows the size-exclusion elution profiles of KL, RL5 and
RL15. The RLs are enriched in high-MM moieties compared with the unfractionated
KL, demonstrated by the curve-shift to faster elution times as well as the decrease in
signal response above 32 min for the RLs. This suggests that the membrane
fractionation was successful.

Figure 8. Size-exclusion elution profiles of unfractionated kraft lignin (KL) and retentate lignins
(RL5 and RL15). The dashed vertical lines show values for the molecular mass peak of different
pullulan standards.

The cellulose sources were a dissolving softwood kraft pulp (DP) or a fully bleached
paper grade softwood kraft pulp (KP) with an intrinsic viscosity of 460 or 630 ml/g,
respectively. The higher intrinsic viscosity of KP agrees with its higher degree of
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polymerisation and higher amounts of xylose and mannose (Table 4). The lignin
content in KP and DP was below the quantification limit of the method. Furthermore,
Table 4 shows that KL contained low amounts of carbohydrate (12 mg/g), which was
even lower in the retentates. The content of Klason lignin was slightly higher in the
retentates, while the opposite was true for the acid soluble moieties.
Table 4. Carbohydrate and lignin content of the lignin and cellulose samples.

Glc

Xyl

1

3

<1

12

940

Acid sol.
***
lignin
mg/g
63

RL5

<1

2

<1

5

980

24

RL15

<1

2

<1

6

960

21

KP

730

64

52

860

nq

nq

DP

860

27

19

900

nq

nq

*

Sample
KL

*

*

Man

*

Tot. carbo**
hydrates

Klason
***
lignin

Glc=glucose; Xyl=xylose; Man=mannose.

**

Including minor amounts of arabinose and galactose

***

nq =not quantified (below quantification limit)

The ash content of all samples was below 1%. Elemental analysis of the lignins showed
that the carbon content was 64–65%, in agreement with the literature4.
4.1.2 Thermal properties
The thermal properties of the lignins and cellulose pulps are important when discussing
their potential as a CF precursor. In general, the Tg of lignin strongly correlates to its
melt-ability as well as its reactivity during stabilisation. Softwood-based lignins
generally possess higher Tg than hardwood lignins due to their more branched and
condensed structure. The Tg of KL was 151 °C, and this value is in agreement with the
literature data for softwood kraft lignin27. However, no Tg was detectable for the RLs
due to the lower amount of thermally mobile low-MM moieties. The Tg of cellulose is
strongly dependent on the amount of absorbed water, which is difficult to remove due
to extensive hydrogen bonding. The Tg of cellulose (KP and DP) could not be measured
in the present work but was estimated to be 220 °C using extrapolation45.
Figure 9 demonstrate the pyrolysis of the lignins and pulps at a heating rate of 10
°C/min in nitrogen. The samples show different characteristics. The residual mass at
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1000 °C of KL and the RLs was approximately 38 and 40%, respectively, and about
12% for the pulps. The slightly higher residual mass of RL5 and RL15 compared with
KL is due to their lower amount of carbohydrates and larger fraction of thermally
stable high-MM moieties4. The difference in degradation behaviour and residual mass
is expected; the lignins contain 64–65% carbon and also have an aromatic backbone in
contrast to cellulose pulp, which only contains around 44.4% carbon. These results
suggest a higher residual mass of the former after high-temperature pyrolysis. The
major mass loss during thermal degradation of the lignins occurred in the range of 200–
600 °C, in agreement with the literature46,47. Below 240 °C of cellulose pyrolysis,
adsorbed water is removed followed by dehydration of equatorial hydroxyl groups.
Above 240 °C, cellulose suffers from comprehensive mass loss due to tar
(levoglucosan) and volatile formation along with depolymerisation48. Suppression of
levoglucosan is a key step to maximise the pyrolysis yield of cellulose41,43,48.

Figure 9. Thermal behaviour of lignin and cellulose samples heated in nitrogen at 10 °C/min.
Data are normalised to its dry content.

4.2

Effect of lignin and pulp combination (Paper I)

The PFs were fixed on graphite bridges to prevent shrinkage during conversion into
CF. The molecular orientation of cellulose obtained during the spinning step could
therefore be maintained during conversion into CF, which is beneficial for the TM of
the CF36. The CFs were prepared with the same stabilisation and carbonisation
conditions to study the influence of using different combinations of lignin (KL, RL5 or
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RL15) and pulps (KP or DP). In addition, CFs were also made from PFs containing
only KP or DP. However, no pure lignin PFs could be spun since it requires a fibreforming polymer during wet spinning36. It should be noted that all fixated samples
could withstand the stabilisation and carbonisation treatments.
4.2.1 CF morphology and composition
Figure 2 shows representative SEM images of cellulose-derived and lignin:cellulosederived CFs (Figure 10). All CFs had a smooth surface and circular shape with a solid
cross-section, and all CFs contained 92 – 97 at% carbon. The only notable difference
between the cellulose-derived and lignin:cellulose-derived CFs was the observed
diameter difference.

Figure 10. SEM images of carbon fibre made from cellulose (KP, left) and lignin:cellulose
(KL:KP, right) precursor fibre. Reproduced with permission from De Gruyter [Bengtsson, A;
Bengtsson, J; Olsson, C; Sedin, M; Jedvert, K; Theliander, H; Sjöholm, E. Improved yield of
carbon fibres from cellulose and kraft lignin. Holzforschung, 72(12), De Gruyter, 2018, pp.
1007–1016, Fig. 6].
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4.2.2 CF yield
Conventional CF manufacturing is costly. Specifically, the PF preparation is expensive,
and the stabilisation and carbonisation steps are time and energy intensive. Therefore,
the CF yield is an important factor to take into consideration when investigating the
potential of a precursor. The gravimetric CF yield was measured by weighing the
residual mass after oxidative stabilisation and carbonisation. Figure 11 reveals the
significant impact on CF yield from lignin. The CF yield was approximately 22 wt%
when made from KP or DP, which increased to around 40 wt% for the lignin:cellulose
blends. The theoretical CF yield (striped bar) was estimated based on the PF
composition, the carbon content of cellulose (44.4 wt%) and those determined for the
lignins (64–65 wt%). The results show that the lignin:cellulose blends obtained a CF
yield of 69% relative to the theoretical, while it was around 50% for the cellulosederived CFs. This suggests that the lignin:cellulose PFs were more susceptible to the
thermal treatments than the cellulose PFs. The CF yield was the same irrespective of
lignin:cellulose combination, suggesting that paper grade KP can be used in
combination with unfractionated KL to provide a cost-efficient alternative for CF
production.

Figure 11. Gravimetric carbon fibre (CF) yield of cellulose- and lignin:cellulose-derived CFs.
Dark grey bar shows the theoretical yield, based on the carbon content and composition of the
precursor fibre. CFs were obtained via slow oxidative stabilisation for 1 h at 250 °C. For details
regarding slow heating, see Table 3. Standard deviation: 0.3 wt% (n = 5).
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4.2.3 CF tensile properties
Table 5 shows tensile testing of the CFs, which exhibited similar results irrespective of
PF used. The CFs made from cellulose (KP or DP) had TM and TS in the range of 71–
74 GPa and 920–1000 MPa, respectively. The lignin:cellulose-derived CFs
demonstrated a slightly lower TM and TS of 64–67 GPa and 720–880 MPa,
respectively. All CFs possessed an elongation at break >1% and thus meet the target of
elongation set by the US automotive industry. However, the CF tensile properties are
inferior to the target set for TM (172 GPa) and TS (1.72 GPa) but are in the same range
as commercially available Rayon-based CFs (TM 40–100 GPa; TS 0.5–1.2 GPa)30.
It has been suggested that the ash content in the raw materials should be below 0.1% to
avoid a negative impact on CF tensile properties7. However, the ash content of the raw
materials was 0.1–1% and was obviously not detrimental for the mechanical properties.
It is likely that the PF is purified with respect to inorganics (ash) during coagulation
and washing in the spinning stage.
No significant difference was observed with respect to using different lignins (KL, RL5
and RL15) or pulps (KP or DP), suggesting that KL and paper grade KP can be used in
favour of the more expensive RLs and dissolving grade pulp (DP). Notable is the lower
diameter of the CFs made from KP or DP (9 μm) compared with lignin:cellulosederived CFs (14–15 μm). A reduced CF diameter is beneficial for the TS, due to the
decreased probability of critical defects 2. Hence, the TS of the lignin:cellulose-derived
CFs can be improved by reducing the diameter. This can easily be tuned during PF
preparation by changing the orifice diameter or increasing the DR.
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Table 5. Mechanical properties of carbon fibres from cellulose and lignin:cellulose precursor
fibres obtained via slow oxidative stabilisation for 1 h at 250 °C. For details regarding slow
heating, see Table 3.

Diameter (μm)

TS (MPa)

Elong. (%)

TM (GPa)

KP

9.0 (1.1)

920 (240)

1.3 (0.27)

71 (12)

KL:KP

14 (1.2)

880 (190)

1.3 (0.26)

65 (5.4)

RL5:KP

15 (0.9)

720 (110)

1.1 (0.16)

67 (4.5)

RL15:KP

14 (1.0)

810 (110)

1.2 (0.17)

65 (4.4)

DP

9.0 (1.0)

1000 (230)

1.4 (0.20)

74 (18)

KL:DP

15 (0.6)

880 (140)

1.3 (0.19)

65 (3.8)

RL5:DP

15 (0.7)

740 (130)

1.1 (0.21)

66 (4.6)

RL15:DP

14 (0.9)

810 (160)

1.2 (0.23)

64 (4.6)

Sample

4.3

Effect of stabilisation conditions and fibre diameter (Paper II)

The goal of stabilisation is to turn the PF into a stable fibre that can undergo
carbonisation without losing its form. The optimal stabilisation conditions are usually
precursor-specific and a delicate balance between producing quality fibre and
minimising processing time. Stabilisation of lignin-based PF is crucial to prevent fibre
fusion, in contrast to stabilistaion of cellulosic PFs where the primarily goal is to
minimise the comprehensive mass loss in subsequent carbonisation. Hence, the
stabilisation conditions of the lignin:cellulose PFs were investigated. The PFs selected
for this study was KL:KP, based on the results in the previous section (4.2).

4.3.1 Fibre fusion
An indication of a successful stabilisation is the disappearance of the Tg, suggesting
that the stabilised PF has turned into a thermoset. Figure 12 shows DSC thermograms
of KL:KP before and after stabilisation using the slow or fast heating rate. The PF had
a Tg of 176 °C, which disappeared after stabilisation irrespective of heating rate,
indicating that the PFs turned into thermosets. There is a significant difference in
stabilisation time between the slow and the fast heating rate: around 16 h for the former
and approximately 2 h for the latter. This suggests that the stabilisation reactions are
fast likely due to the reactive guaiacyl units present in softwood kraft lignin, which
undergo radical initiated self-polymerisation. It should be noted that the Tg of the PF is
approximately 25 °C higher than the neat lignin (KL, 151 °C), probably due to the
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washing out of low-MM moieties during the fibre spinning as well as the incorporation
of cellulose in the PF.

Figure 12. Differential scanning calorimetry of thick KL:KP precursor fibre before and after
oxidative stabilisation for 1 h at 250 °C using slow or fast heating. For details regarding slow or
fast heating, see Table 3.

The results obtained by DSC were confirmed by SEM observations of the
corresponding CFs (Figure 13). In addition, CFs were prepared by instant carbonisation
to determine whether fusion occurred when omitting oxidative stabilisation. The
prepared CFs showed no fusion irrespective of treatment condition, and all samples
displayed a circular solid cross-section and smooth surface. However, some defects at
the fibre-fibre interface originating from the fibre spinning could be observed,
consistent with the literature44.
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Figure 13. Surface (top) and cross-section (bottom) of carbon fibres made from thick KL:KP
precursor fibres. Derived via oxidative stabilisation using slow (left) or fast (middle) heating to
250 °C (1 h isothermal) or alternatively instantly carbonised (right). For details regarding slow
or fast heating, see Table 3. Reproduced with permission from ACS Sustainable Chemistry &
Engineering for submitted manuscript [Bengtsson, A; Bengtsson, J; Sedin, M; Sjöholm, E.
Carbon fibres from lignin-cellulose precursors: Effect of stabilisation conditions. ID sc-201900108u]. Copyright 2019, American Chemical Society.

4.3.2 Structural changes induced by oxidative stabilisation
The chemical changes induced by oxidative stabilisation at 250 °C of KL:KP were
effectively studied by FTIR (Figure 14). The heating rate used during stabilisation had
an initial effect on the observed changes in functionality, which disappeared after 5 h of
isothermal treatment at 250 °C. In general, the largest changes in functionality were
observed between 0 and 1 h of isothermal treatment irrespective of heating rate. This
suggests that the isothermal treatment time overrules the actual heating time with
respect to the occurring stabilisation reactions.
Important changes observed were dehydration, oxidation and aromatisation.
Dehydration is one of the major reactions during stabilisation and reflects the gradual
decrease in intensity of the O–H stretching band (3600–3100 cm-1) along with
treatment time43,44,49. However, the band never completely disappeared, suggesting that
not all hydroxyl groups participated in the stabilisation50. Increased oxidation was
observed as revealed by the significant increase in intensity of unconjugated carbonyls
(C=O) at 1730 cm-1. The carbonyl band continuously increased with stabilisation time.
After 5 h of isothermal treatment, a shoulder appeared at 1770 cm-1 irrespective of
heating rate used, which indicates the formation of aromatic esters, in agreement with
literature9.
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Increased aromaticity was observed along with the stabilisation treatment,
demonstrated by the increased intensity (and band broadening) of the band around
1600 cm-1 related to C=C stretching in cellulose as well as C=C aromatic skeletal
vibrations combined with conjugated C=O stretch in lignin. Further indications were
the relative increase of the band related to aromatic C–H stretching (3070 cm-1) to that
of aliphatic C–H stretching (2930 cm-1) as well as the appearance of a weak signal at
750 cm-1 (aromatic out-of-plane bending of C–H) after 1 h of isothermal stabilisation.
The latter reflects loss of substituents on the aromatic ring of lignin 51 and loss of
oxygen functionality of cellulose52. The continuous intensity loss with treatment time
of the characteristic lignin signal at 1510 cm-1 (aromatic skeletal vibrations) and the C–
O–C/C–O stretching band of cellulose (1080–890 cm-1) suggests that their initial
structure was degraded. The former might be due to extensive crosslinking.
Conclusively, the results show that KL:KP underwent significant structural changes
during oxidative stabilisation, where comprehensive dehydration and oxidation
occurred.
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Figure 14. FTIR spectra of thick KL:KP before (PF) and after oxidative stabilisation at 250 °C
for 0, 1, 5 or 10 h using slow (a) or fast (b) heating. For details regarding slow or fast heating,
see Table 3.
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4.3.3 Impact of ADHP on the thermal behaviour
Oxidative stabilisation in a controlled manner is one method to minimise the
comprehensive mass loss during cellulose pyrolysis. Another method involves the use
of a flame retardant41. ADHP is a well-known flame retardant that catalyses the
dehydration reactions and thereby promotes char formation during thermal
treatment43,53,54. Figure 15 presents the pyrolysis of KL:KP and KP with or without
ADHP. Irrespective of PF, the addition of ADHP lowered the onset temperature of
degradation and increased the residual mass at 1000 °C. The presence of ADHP in
KL:KP increased the residual mass from 33 to 46 wt%. The effect of ADHP was even
more pronounced for the KP sample, which increased from 15 to 37 wt%. These results
further suggests that the major effect of ADHP is ascribed to cellulose.

Figure 15. Thermal behaviour of cellulose (KP) and lignin:cellulose (KL:KP) precursor fibres
with or without ADHP heated at 10 °C/min in nitrogen.

4.3.4 Influence of ADHP during oxidative stabilisation
The influence of ADHP under oxidative conditions was monitored by FTIR. Figure 16
presents FTIR spectra of untreated (black) and ADHP impregnated (red)
lignin:cellulose PFs after stabilisation for 1 h at 250 °C (fast heating). The presence of
ADHP resulted in a more comprehensive dehydration, as revealed by the lower
intensity of the band related to hydroxyl stretching (3600-3100 cm-1)55. The shift in
ratio between carbonyl groups C=O (1730 cm -1) and those of C=C bonds combined
with C=O (1600 cm-1) suggests that ADHP altered the oxidation behaviour, and thus
the stabilisation reactions. The untreated PFs always displayed a ratio of I1730/I1600 >1.0
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irrespective of treatment time (see Figure 14), while the opposite was true for the
ADHP containing sample. The shift of I1730/I1600 has been observed during pyrolysis of
cellulose in the temperature range of 220–390 °C, caused by loss of oxygen and an
increased aromatisation52. The increased aromaticity of PFs stabilised with ADHP was
further supported by the signal at 750 cm-1 (aromatic out-of-plane bending of C–H),
which was enhanced in presence of ADHP. Furthermore, the spectra indicate a more
comprehensive degradation of cellulose in presence of ADHP, as reflected by the lower
intensity of the C–O–C/C–O stretching band around 1030 cm-1. These results further
demonstrate the catalytic effect of ADHP on the stabilisation reactions.

Figure 16. FTIR spectra of untreated (black) and ADHP impregnated (red) KL:KP (thick)
precursor fibre after stabilisation for 1 h at 250 °C using fast heating. For details regarding fast
heating, see Table 3.
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4.3.5 Impact on CF yield
Figure 17 display the gravimetric CF yield of thick (22 µm) and thin (14 µm) KL:KP
PFs after applying different stabilisation conditions. The results demonstrate that the
heating rate applied during oxidative stabilisation (and thus stabilisation time) had a
negligible impact on the CF yield, which was in the range of 38–40 wt% irrespective of
PF diameter. Cellulosic precursors are sensitive to high heating rates and recommended
to be heated at a few °C/h to maximise CF yield41. However, the hereof reported results
suggests that this issue is overruled by preparing CFs from a lignin:cellulose blend. It
should be noted that the stabilisation time, including 1 h of isothermal treatment, using
the slow and fast heating rate is approximately 16 and 2 h, respectively. The possibility
of using the fast heating rate at no expense in yield suggests significant savings in
processing time. However, a substantial decrease in CF yield was observed after
applying instant carbonisation, resulting in a residual mass of 31–32 wt% irrespective
of PF diameter. This finding demonstrates the preserving effect of oxidative
stabilisation during conversion of lignin:cellulose PFs into CF. The negligible impact
on the CF yield by reducing the PF diameter suggests that mass transport of oxygen
into the fibre was not a limiting factor.
Furthermore, Figure 17 also shows the positive impact on the CF yield by impregnating
KL:KP with ADHP prior to conversion into CF. Irrespective of stabilisation time and
atmosphere applied, the ADHP-series obtained a CF yield greater than 46 wt% (thick),
and about 50 wt% for the thin PFs. It is remarkable that the instantly carbonised
samples in presence of ADHP obtained similar CF yields as the samples derived via
oxidative treatment. A similar behaviour was observed during TGA studies of kraft
lignin, where the atmosphere (air or nitrogen) had no influence on the char yield if KL
was impregnated with H3PO453. This indicates that the dehydration reactions in KL:KP
are efficiently catalysed by H3PO4. Approximately 3–4 wt% residual phosphorous was
detected in the CFs prepared from ADHP impregnated PFs. The phosphorous is likely
present as P2O5 or P4. EDXA revealed that the oxygen content in the CF was higher for
the ADHP-series (8 wt%) compared with neat CF (6 wt%), suggesting that the residual
phosphorous may be in the form of P2O5.
Despite the incorporation of 30 wt% cellulose, the CF yields in the present work are in
the same range as melt spun hardwood KL (46 wt%)11 and significantly higher than
those typically reported for cellulosic precursors (10–30 wt%)19.
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Figure 17. Impact of stabilisation conditions, ADHP and precursor diameter on gravimetric
yield of CF made from KL:KP precursor fibres. Samples derived via oxidative stabilisation were
subjected to an isotherm of 1 h at 250 °C after slow or fast heating. For details regarding slow
or fast heating, see Table 3. Standard deviation of: untreated series 0.3 wt% (n = 5) and ADHPseries 0.5 wt% (n = 3).

4.3.6 Tensile properties of CF
Tensile testing of the CFs derived from thick lignin:cellulose PFs (22 µm), with or
without ADHP, as well as those made from thin PFs (14 µm) is shown in Figure 18.
All CFs possessed an elongation at break >1%, and the CFs made from thin PFs
subjected to oxidative stabilisation demonstrated the highest TM (76–77 GPa) and TS
(1070–1170 MPa). Actually, the elongation at break was 1.4–1.5%, which is typical for
PAN-based CF43. The substantial difference in stabilisation time between the slow and
fast heating profile was not detrimental for the tensile properties of the CF, in
agreement with the trend for the CF yield (Figure 17). This suggests that oxidative
stabilisation of thin KL:KP PFs can be below 2 h, at no expense of the mechanical
properties. The CFs prepared by instant carbonisation demonstrated a slightly lower
TM (67 GPa) but a negligible difference in TS (1030 MPa). The possibility of omitting
oxidative stabilisation at (more or less) no expense of the mechanical properties
suggests a time-efficient processing of KL:KP into CF.
The CFs made from thick (untreated) KL:KP PFs had lower TM (64–66 GPa) and TS
(680–890 MPa). A decrease in TS is expected since a larger CF diameter increases the
probability of critical defects. In addition, a higher DR in the fibre spinning is
beneficial for the TM since it increases the preferred molecular orientation along the
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fibre axis of the cellulose chains38. The thick and thin PFs were prepared with a DR of
4 and 7, respectively. This likely reflects the higher TM of the corresponding thin CFs
obtained via oxidative stabilisation. However, the TM of the thin CFs derived via
instant carbonisation (67 GPa) was about the same as for the thick CFs, which indicates
that oxidative stabilisation may be beneficial to obtain optimal TM.
The CFs derived from the ADHP-series displayed the lowest TM (50-59 GPa) and TS
(680-730 MPa). The CFs contained 3–4 wt% residual phosphorous which likely
inhibited the desired molecular orientation in the CFs. A recent study on CFs derived
from ADHP impregnated Rayon concluded that residual phosphorous had a negative
impact on the TM of the CFs. Using wide angle X-ray scattering, the authors observed
that the interlayer spacing, d002, increased in presence of residual phosphorous, and
thereby disturbed the evolution of graphitic structure 43. The CFs in the present study
were prepared at a relatively low carbonisation temperature of 1000 °C. Probably, the
residual phosphorous could be removed by increasing carbonisation temperature
(>1400 °C) since reduction of P2O5 into gaseous P4 or P2 is enhanced at higher
temperatures43,56,57.

Figure 18. Tensile properties of carbon fibre (CF) derived via different stabilisation conditions
and precursor diameters. Red: CF ADHP-series (16–17 µm); Black: thick CF (13–15 µm);
Purple: thin CF (6–8 µm). For details regarding the stabilisation conditions, see Table 3 and
Figure 12.

The CFs reported in this work show promising tensile properties; they are higher than
the tensile properties reported for CFs prepared from melt spun KL-based PFs12,17,18
and can also be stabilised rapidly at promising yields. The TM and TS reported for the
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thin CFs is in the same range as commercial Rayon-based CF30 and the TM is
approaching commercial high-modulus glass fibres (84–90 GPa)58. The CF density was
not measured in this work but is likely around 1.5 g/cm3 based on earlier data reported
for lignin-based CF carbonised at 1000 °C16. Based on this assumption, the specific
modulus of the best-performing CFs in this study are approximately 50% higher than
that of commercial high-modulus glass fibres. In addition, the hereof reported
mechanical data are in the same range as commercial low-modulus pitch-based CF
with TM and TS in the range 54–155 GPa and 1100–1700 MPa, respectively59.
Optimisation of the carbonisation profile and application of dynamic tension suggests
for further improvement of the mechanical properties.
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Conclusions

This thesis demonstrates the possibility of preparing carbon fibres (CFs) from dry-jet
wet spun precursor fibres (PFs) consisting of blends of softwood kraft lignin and kraft
pulp. This is a promising route for preparing potential low-cost CF from renewable raw
materials. The main conclusions are as follows:


CFs can be made from 70:30 lignin:cellulose blends instead of neat cellulose
pulp, showing a significant increase in CF yield (from 22 to 40 wt%) and
negligible decrease in mechanical properties.



With respect to CF yield and tensile properties, the combination of
unfractionated softwood kraft lignin (KL) and fully bleached paper grade kraft
pulp (KP) perform as good as membrane fractionated retentate lignins (RL5
and RL15) and dissolving kraft pulp (DP), which is a great benefit from an
economical point of view.



Infusible KL:KP PFs can be obtained after a rapid oxidative stabilisation (<2
h), or even after omitting stabilisation. This offers a possibility of having a
time-efficient route during conversion into CF.



The main reactions involved during oxidative stabilisation of KL:KP are
dehydration and oxidation. Initially, the difference in heating rate has an initial
effect on the chemical changes in the stabilised PF, which vanish after 5 h of
isothermal treatment. The isothermal treatment at 250 °C overrides the
importance of a very slow heating rate.



Decreasing the oxidative stabilisation time from 16 to 2 h does not
significantly affect the gravimetric CF yield (38–40 wt%) while instant
carbonisation reduce the CF yield to 31–32 wt%.



Impregnation of KL:KP with ammonium dihydrogen phosphate (ADHP) can
increase the CF yield to 46–50 wt%, but at the expense of the mechanical
properties due to residual phosphorous in the CF. The results indicate that the
positive effect of ADHP is mainly ascribed to cellulose.



An increased draw ratio in the PF spinning in combination with a reduced
diameter resulted in the best-performing CFs. Oxidative stabilisation of less
than 2 h followed by carbonisation at 1000 °C resulted in a promising TM (76
GPa) and TS (1070 MPa).
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Outlook

Lightweight composites containing CF can play an important role in the transformation
to a more sustainable society. The main obstacle for a wider utilisation of CF in e.g. the
mainstream automotive sector is its high price. An increased oil price would likely
increase the price of commercial fossil-based CF even more. Developing a pricecompetitive CF based on renewables can be a solution to this issue. Lignin and
cellulose are definitely interesting alternatives.
This work shows that some of the problems related to CF processing of each
macromolecule alone can be superseded if they are co-processed as a blend into PF.
The resulting CFs made from our 70:30 blends of unfractionated softwood kraft lignin
and paper grade kraft pulp is promising in many aspects. Varying lignin:cellulose ratios
is one alternative to tailor the yield and mechanical properties. The mechanical
properties obtained are among the highest reported for lignin-based CF and in the same
range as when made from isotropic pitch, Rayon or Lyocell. To date, no optimisation
of the carbonisation stage has been conducted, e.g. temperature profile and dynamic
tension. The possibility of using short stabilisation times or even instant carbonisation
suggests time-efficient CF processing.
Future work on the conversion of lignin:cellulose PFs into CFs should focus on the
carbonisation stage and establish a deeper understanding of the structure-property
relationship. Application of dynamic tension will be a crucial step to improve the
tensile properties. From a practical point of view, a key step in future will be the
possibility of scaling-up and thereby executing continuous conversion trials. This work
was conducted in a batch mode by means of a small box and tube furnace with small
amounts of material. Trials in a continuous production line open up new possibilities,
where it is easier to have strict control of the dynamic tension.
The IL used to dissolve lignin and cellulose, [EMIm][OAc], is considered a green
solvent. Its high price may however be the Achilles’ heel for upscaling this type of
process in a cost-efficient manner. This may not be an issue if the demand increases
with a following price-decline as a result or if recycling can be utilised in a costefficient way. Another option is the use of a cheaper alternative to [EMIm][OAc] at no
expense of technical quality. The technical importance of ILs will likely grow in the
future. Thus, research in this field will increase, especially with respect to identifying
more efficient recycling techniques.
I am hopeful.
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