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Abstract 

Carbon fiber is a lightweight, versatile material with many current and potential applications. 

To be able to expand the market for carbon fibers to other areas than special applications, 

the production costs must be reduced. One way of accomplishing this could be to use a less 

expensive raw material where lignin is a good example as it can be provided at lower cost, is 

renewable and abundantly available compared to commercially used raw materials today.  

So far, the mechanical properties of lignin-based carbon fibers are inferior relative to 

commercial carbon fibers. For lignin-based carbon fibers to enter the commercial market 

more research is necessary to gain knowledge of the conversion of lignin to carbon fiber. The 

LightFibre project investigates the possibilities to produce carbon fibers based on a mixture 

of softwood kraft lignin and cellulose. The kraft lignin is isolated from black liquor in the 

kraft/sulfate process with the LignoBoost process. This master thesis project was conducted 

within in the LightFibre project and evaluated whether metal ions generally present in kraft 

lignin had an influence on the final carbon fiber quality in terms of mechanical properties 

and morphology. The mechanical properties were determined with tensile testing, the 

morphology by scanning electron microscopy (SEM) and the relative abundance of studied 

elements with electron dispersive spectroscopy (EDS).  

The influence of the chosen metal ions was tested by impregnation of dry-jet wet spun 

prefibers based on 70 wt.% softwood kraft lignin and 30 wt.% dissolving pulp cellulose. The 

fibers were impregnated in room temperature with solutions containing Na2SO4, K2SO4, 

MgSO4, FeSO4 and Al2(SO4)3 salts where the cations were the focus in these trials. The 

concentrations used for impregnation were 0.2 and 1M of the cations. 

The obtained mechanical properties of the carbon fibers of the samples impregnated with 

different metal ions did not deviate significantly from the reference which had a tensile 

strength of 870 MPa and tensile modulus of 68 GPa. The analysis of morphology with SEM 

showed no defects or damage of any of the fibers. Therefore, it was concluded that the 

impregnated metal ions: K+, Na+, Al3+, Mg2+ and Fe2+ at the obtained levels in the fibers cause 

no effects on the fibers during the stabilization and carbonization that affects the 

mechanical performance of final carbon fiber.  The amount of potassium in one of the 

samples was estimated to 0.1 wt.%. 

From the results of this study it may be suggested that the general recommendation of <0.1 

wt.% ash in lignin, can be exceeded for dry-jet wet-spun kraft lignin/cellulose-based carbon 

fibers.  



 
 

Sammanfattning 

Kolfibermaterial är mångsidiga och lätta material som används inom ett vitt spann av 

applikationer men det finns potential för att användas inom många fler. För att kunna utöka 

användandet av kolfiberkompositer till fler segment av marknaden måste 

produktionskostnaderna reduceras. Ett sätt att åstadkomma detta skulle vara att använda 

ett billigare råmaterial, där till exempel lignin är ett bra alternativ. Förutom att lignin relativt 

sätt är billigt så är det också förnybart och finns i god tillgänglighet. 

För att ligninbaserade kolfiber ska kunna tillverkas kommersiellt krävs mer kunskap om 

konverteringen av lignin till kolfiber. Ett projekt kallat LightFibre undersöker möjligheterna 

för att tillverka kolfibrer baserade på en blandning av barrveds kraft lignin och cellulosa. 

Kraft ligninet är separerat från kraft/sulfatprocessen med LignoBoost metoden. I det här 

examenarbetet, som utgjorde en del av LightFibre projektet, undersöktes det om 

metalljoner som ofta finns i kraft lignin har någon påverkan på den slutliga kvalitén på 

kolfibrerna i avseende av mekaniska egenskaper och morfologi(utseende). De mekaniska 

egenskaperna testades genom dragprovning, morfologin undersöktes med scanning electron 

microscopy (SEM) och hur mycket metalljoner som impregnerades in i fibrerna indikerades 

med electron dispersive spectroscopy (EDS). 

Påverkan från metalljonerna testades genom att impregnera prefibrer, bestående av 70 

vikt% kraft lignin och 30 vikt% cellulosa spunna genom våtspinning med luftspalt. Fibrerna 

impregnerades i rumstemperatur med olika vattenbaserade lösningar med Na2SO4, K2SO4, 

MgSO4, FeSO4 and Al2(SO4)3 salter där katjonerna var fokuset i detta projekt. Graden av 

impregnering utvärderades med EDS. 0.2 M och 1 M var de koncentrationer av katjoner som 

användes för impregneringslösningarna. 

De resulterande mekaniska egenskaperna för kolfibrerna från de prefibrer som impregnerats 

med olika metalljoner skilde sig inte nämnvärt från referensfibrerna, vilka hade en 

dragstyrka och elastisk modul på 870 MPa och 68 GPa. Morfologin som undersöktes på 

fiberytor och tvärsnitt visade inga defekter eller skador på någon av kolfiberproverna. Från 

detta drogs slutsatsen att de impregnerade metalljonerna K+, Na+, Al3+, Mg2+ och Fe2+ vid de 

uppnådda nivåerna inte hade en inverkan på fibrerna under stabiliseringen eller 

karboniseringen som påverkar de fysiska egenskaperna hos de färdiga kolfibrerna. Halten av 

kalium i ett av de impregnerade proverna kunde uppskattas till ca 0.1 vikt%. 

Av resultaten från denna studie kan det antas att den generella rekommendationen, att 

askan bör vara <0.1 vikt% för lignin som ska användas till att producera kolfiber, kan 

överskridas för vissa metaller hos ”dry-jet”-våtspunna lignin/cellulosa-baserade prefibrer. 
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Abbreviations 

A – Acidic solution (pH 2.5) 

A.R. – Analytical reagent 

Ara – Arabinose 

BSE-3D – Back scattering electron – three dimensional (detector in SEM) 

CV – Coefficient of variation 

DI – Deionized 

EDS – Energy dispersive X-ray analysis 

Gal – Galactose 

Glc – Glucose 

GPa – Giga pascal 

ICP-OES – Inductively coupled plasma with optical emission spectroscopy 

IC-PAD - Ion Chromatograph coupled with a Pulsed Amperometric Detector 

I – Impregnated (with NaKMg 0.2M medium) 

keV – Kilo electronvolt 

kV – Kilo volt 

M – Molar [moles/liter] 

Man – Mannose 

MPa – Mega pascal 

N – Neutral solution (pH 5) 

NaKMg – Impregnation medium containing equal cation molars of Na2SO4, K2SO4, MgSO4 

P – Prewash with DI water 

P.A. – Pro analysi  

PAN – Polyacrylonitrile  

PE – Prewash with 5 wt.% ethanol (aq.) 

pm – Pico (10-12) meters 

Ref. – Prewashed and impregnated in DI water 

SE – Secondary electron (detector in SEM) 

SEM – Scanning electron microscope 

SKL – Softwood kraft lignin  

TGA – Thermogravimetric analyzer 

W- – Fiber without Affilan. 

wt.% – Weight percent 

Xyl – Xylose 

µm – Micrometer 
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1. Introduction 

The first known use of carbon fiber was by Thomas Edison in 1879 during his work of 

developing the light bulb, where he used many different raw materials such as cotton and 

linen thread and wood splinters [1]. Since then the commercial fibers and their production 

methods have developed a lot. Today there exist many types of carbon fibers on the market 

for different applications [2]. The carbon fiber market has been growing for many year and 

the prognosis of continuously increased demand [2] see Figure 1, motivates research for 

development of both commercial and new types of carbon fiber. 

 

Figure 1. Global demand for carbon fiber in thousand tons 2008–2020 (*estimated) [3]. 

Carbon fiber materials generally have good strength properties and are lightweight. They are 

therefore of interest to be used in cars instead of steel as a way of lowering the fuel 

consumption. It is suggested that carbon fiber composites could reduce the component 

weight of a car by 60 % without decreasing the “crashworthiness” and a 10 % reduction by 

weight is estimated to reduce the fuel consumption by 6-8 % [4]. The restriction to 

implement this today is the high price, to be able to use carbon fibers more widely in the 

automotive industry, the price of production must be reduced [4]. Since the raw materials 

constitutes for over 50 % of the production cost, a way of accomplishing price reduction 

could be by using less expensive raw materials, where for example lignin is a compound of 

interest [5].  

The potential availability for lignin is high since it is a byproduct from the kraft pulping 

industry, where it today is mostly burnt as a source of energy. By being originated from 

renewable sources lignin carbon fibers has an advantage of the most commercial carbon 

fibers which are highly dependent of the oil price, while the price of lignin is mostly based on 

its value as fuel. For these reasons, lignin qualifies as a good possible prefiber for carbon 
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fiber production. So far quite little is known of the conversion of lignin to carbon fiber, which 

would require extensive research but it also leaves room for major findings and 

improvements. However, the lignin separated from the kraft processes contains impurities 

from the black liquor. To minimize the content of these impurities, extensive purification 

treatments are used [6].  

The LightFibre project which is a cooperation between many parties is evaluating the 

possibilities to develop lignin-based carbon fibers. The idea is to utilize softwood kraft lignin 

(SKL) since it is abundant in Sweden and use the LignoBoost process for separation of lignin 

from black liquor. The prefibers to be produced in the project are a mixture of 70 wt.% lignin 

and 30 wt.% cellulose. These prefibers distinguish themselves from most lignin-based fibers 

since they are produced by dry-jet wet spinning instead of melt spinning [7]. Dry-jet wet 

spinning is performed at room temperature and the raw materials are treated with a solvent 

to form a spinnable solution, instead of melted which is the case for melt spinning [7]. 

As described earlier, lignin separated from kraft processes generally contains impurities, 

mostly inorganics which are sometimes called ash. It is often mentioned in literature that the 

ash content should be <0.1 wt.% [8]. But there is no study on the influence of these 

impurities on the carbon fiber quality presented in the literature. If the possible effects from 

these impurities could be characterized and levels of increased impact identified the 

purification treatments of the lignin could be optimized and potential cost reductions could 

be made. 

The abundancy of inorganic elements in LignoBoost separated kraft lignin varies dependent 

of the origin, but sodium, potassium, aluminum and calcium are normally the major 

elements present in the analyzed ashes [9].  

1.1 Objective 

The objective in this master’s thesis project was to study if metal ions normally present in 

kraft lignin have an influence on the final lignin/cellulose-based carbon fiber in terms of 

mechanical properties and morphology.  

The work was conducted at the Materials design department at RISE Bioeconomy (previously 

Innventia) in Stockholm. 
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2. Literature review 

2.1 Lignin 

Lignin is the second most abundant biomacromolecule after cellulose [10]. Lignin is an 

important component in woody-plants where it, for instance, makes the cell walls sturdy and 

hydrophobic and also protects against microbial degradation. But lignin is not just present in 

wood, it exists in all vascular plants, though in varying extent [10]. Lignin is a heterogenic 

nonlinear web that is formed from mainly three units called monolignols: p-coumaryl 

alcohol, coniferyl alcohol and sinapyl alcohol, the structures of these monolignols and an 

example of a part of lignin are displayed in Figure 2. The monolignols and functional groups 

in lignin are connected by primarily ether linkages and carbon-carbon bonds [10]. Typical 

functional groups present in lignin are methoxyl, hydroxyl (aliphatic and phenolic) and 

carboxylic groups. Some of these groups provide sites potential for binding of metal ions 

[11]. 

 

 

Figure 2: The structures of the monolignols coumaryl, coniferyl and sinapyl alcohol are displayed to the right 
in the picture. To the left an example of their placement in a lignin structure is shown. [12] 

The structure and composition of the lignin depends on the origin. For example, softwood 

lignin is almost entirely made from coniferyl alcohol and just small amounts of p-coumaryl 

alcohol with no or traces of sinapyl alcohol whereas hardwood lignin contains coniferyl 

alcohol and sinapyl alcohol in ratios from 1:1 to 1:3 [10]. The structure of lignin is also 

affected by the methods of separation from the raw material. 

2.1.1 LignoBoost kraft lignin 

One type of lignin is kraft lignin which has its origin in the kraft pulping process. The kraft or 

sulfate process is the most common pulping process in the world [13]. It is a chemical 

method to produce pulp, where the cooking chemicals sodium hydroxide and sodium sulfite 

are used to dissolve almost all lignin and parts of the hemicellulose in order to deliberate the 

cellulose fibers from the wood matrix. The spent chemicals and the dissolved components 

are washed and collected from the pulp, this liquid is called black liquor [14]. The lignin could 
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be isolated from the black liquor, one method of separation is the LignoBoost process which 

is developed by Innventia, Chalmers University of Technology and ÅF Process. The 

LignoBoost process utilizes carbon dioxide to precipitate the lignin. The lignin is then treated 

in several steps with for example sulfuric acid and press filters, to gain a purer lignin and 

return the chemicals to the kraft process plant [9]. But some inorganic elements from the 

black liquor will remain in the purified kraft lignin. One common procedure for 

determination of the amount of impurities in the lignin is combustion, where the inorganic 

elements will remain as ash, therefore they are sometimes referred to as ash. LignoBoost 

lignins normally contains ash ranging from 0.3 to 1.2 wt.% [9]. 

 

Figure 3: Overview of one way the LignoBoost process (in grey rectangle) can be connected to the kraft pulp 
process and potential uses of the isolated LignoBoost kraft lignin [15]. 

2.2 Cellulose 

Cellulose is a linear polymer build from glucose units bounded by covalent 1-4 β-glucosidic 

bonds i.e. covalent bonds between carbon number 1 and 4 on two glucose units [16], see 

Figure 4. Cellulose is the most common biomolecule on earth. It exists in all true plants 

(Kingdom Plantae) but also in some cellulose producing organisms such as sea squirts. 

Cellulose either exists in pure form or in a mixture with other polysaccharides and lignin. 

Cellulose has a primary structure that is the linear chain and a secondary structure creating 

sheet by binding parallel chains together with hydrogen bonds these sheets are then 
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collected in organized bundles called fibrils [16]. The size of these varies dependent of the 

origin. 

 

Figure 4: Glucose units connected by 1-4 β-glucosidic bonds (marked in red) [17]. 

Many types of cellulose products are available; the characteristics of these are dependent on 

the origin and the way of extraction. One type of pure cellulose pulp of special interest for 

this project is dissolving pulp which is produced either by pre-hydrolysis kraft or acid sulfite 

pulping. In these processes both lignin and hemicellulose are removed and the resulting 

yields are generally low, around 35 %, resulting in an expensive final product [18].  

Dissolving pulp could be used to produce cellulose fibers e.g. textile fiber or carbon fibers. 

Rayon fibers are formed from cellulose with very low content of lignin and hemicellulose 

through the viscose process. The “pure” cellulose is treated with strong alkali which has the 

effect that the polymer structure is degraded to a desired degree and then reacted with 

carbon disulfide. The resulting viscose solution is pressed through a nozzle into a bath of 

sulfuric acid where rayon filaments are formed as the cellulose is regenerated by the acid 

[18]. 

2.3 Carbon Fibers 

Carbon fibers are defined as a fibrous material that consists of more than 90 wt.% carbon 

[19]. They can be made from several different raw materials where polyacrylonitrile (PAN)-

based constitutes for about 90 % of the market, pitch 9 % and regenerated cellulose <1 % 

[7]. Commercial carbon fiber filaments generally have a diameter of 5-10 µm [20]. 

Carbon fiber is a versatile material with a wide range of tensile strengths and tensile 

modulus, see Figure 5.  The material does not corrode, can be electrically and thermally 

conductive and is also lightweight [2]. The density for carbon fiber is around 1-3 g cm-3 [20] 

which can be compared to steel which has a density of around 8 g cm-3. These features 

provide possibilities to produce materials with many different characteristics to fit specific 

applications [2]. For example, carbon fiber materials are today used in aircraft brakes, 

military and commercial planes, lithium batteries, sporting goods, space structures and 

structural reinforcement in construction materials [21].  
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Figure 5: Tensile modulus plotted against tensile strength for some commercially available carbon fibers [2]. 

Carbon fibers made from PAN prefibers have dominated the market since their launch in 

1970 mainly due to their high tensile strengths [21]. But some other types of carbon fibers 

possess very distinct features such as from high-performance pitch that have gained a 

special niche in critical military and space applications owing to their uniquely high tensile 

modulus and fire resistance due to high thermal conductivity [21]. Rayon-based carbon 

fibers are also used in the aerospace industry, particularly as the heat protection material for 

missiles, this is due to their low heat conductivity and density as well as high purity and 

strain [19]. These high-performance carbon fibers are very expensive to produce and are 

thus limited to these special high value applications [21]. 

The carbon content in the raw material is essential for the profitability of the process since 

the final carbon fiber mainly consists of carbon. Lignin generally contains >60 wt.% carbon 

[22], cellulosic prefibers 44 wt.% [23] and pitch could have a carbon contents of 84-95 wt.% 

[24]. PAN prefibers contain >85 % acrylonitrile [23] and the monomer C3H3N in itself contains 

ca 68 wt.% carbon which means PAN prefibers contain >58 wt.% carbon. 

2.4 Production of carbon fibers 

The general production steps for carbon fiber are: spinning of precursor fibers, stabilization, 

carbonization and sometimes graphitization [19]. Followed by surface treatment and sizing, 

see Figure 6. The specific conditions are highly dependent on raw material source. 
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Figure 6: A principal overview of the production route of carbon fibers. Picture courtesy by Elisabeth 
Sjöholm. 

The fiber line that goes through the different steps is called tow. In commercial scale, each 

tow commonly consists of 1000-80 000 filaments dependent on the designated application. 

High end products intended for example aerospace applications are generally produced in 

smaller scale since the quality demands are higher [20].  

2.4.1 Spinning 

The purpose of the spinning step is to form fibers from one or several materials. There are 

many different types of spinning since the method is dependent on the material to be spun 

but generally there is wet-, melt- and dry-spinning. The method of dry-spinning is not 

included in this report. 

In the wet-spinning technique, a solvent is used to create a viscous solution of the materials 

to be spun, the solution is called spinning dope. The dope is extruded through a nozzle into a 

non-solvent containing bath which has a coagulating effect on the extruded fibers. Here the 

main structure of the fibers is created. From there the filaments are drawn through several 

stages of washing to remove and recover the solvent, before the fibers are dried and wind 

up [25]. There is a similar spinning method called dry-jet wet-spinning where the main 

distinction from wet-spinning is that there is a small air gap between the nozzle and the 

surface of the coagulation bath [25]. An overview of the process with air gap could be 

viewed in Figure 7. PAN and rayon prefibers are commonly produced by wet-spinning. 

 

Figure 7: A general overview of the wet spinning process with air gap. Picture from [25]. 

Spinning dope 
preparation

Coagulation Washing and drawing Drying
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Melt-spinning is used for thermoplastic materials, which are materials that softens or 

becomes moldable above a specific temperature and hardens again when cooled [26]. The 

melt-spinning process is operated at temperatures between the melting and decomposing 

temperature of the material it is therefore important that the thermal characteristics of the 

lignin to be spun are well known. Prefibers from pitch and some lignin types that possess 

thermoplastic behavior are produced through melt-spinning. Materials that are 

decomposing without melting, such as cellulose, can not be melt spun [19]. Melt-spinning is 

almost always preferred when it is applicable since no solvents are needed [2].  

The material to be spun is dried and thereafter melted in the extruder. The melt is filtered 

and homogenized and then pushed into the quench chamber through narrow channels. In 

the quench chamber fibers are formed by solidification of the shaped melt and then these 

fibers are drawn to get thinner. Lastly surface finish is applied and then the fibers are wind 

up [27]. An overview of the process is shown in Figure 8. 

 

Figure 8: Overview of the melt-spinning process. Picture from [27]. 

In most spinning processes spin finishes or other types of surface treatments are applied in 

the end stages. These agents are applied in order to prevent static behavior, entanglement, 

adhesion and fusing of fibers [28]. 

2.4.2 Stabilization 

During the stabilization process, the filaments becomes thermally stable due to structural 

changes, this prevents fusing and melting of the fibers during the carbonization [29]. The 

configuration of the stabilization is dependent on the material of the prefiber: PAN, pitch, 

rayon, lignin etc. since each of these have different components and structures. But it is 
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traditionally performed in temperatures at 200-350 °C in an oxidative environment and in 

some cases with tension applied to the filaments [2]. The applied tension during the 

stabilization has shown to increase the tensile strength and modulus in many cases for the 

final carbon fibers [2] [30] [31], especially for PAN-based carbon fibers. Some reactions such 

as oxygenation, dehydrogenation and cross-linkage has been shown significant for 

prevention of merging of the fibers [29]. Since some of these reactions are dependent on the 

mass transfer of oxygen in the fiber structure, time and temperature are important factors. 

Dependent of the type of prefiber that is treated, the stabilization can be the most time-

consuming part of the carbon fiber-production and therefore an area of extensive research 

to characterize and reduce [29]. The time of the stabilization is typically ranging from 30 

minutes to several hours [23]. 

2.4.3 Carbonization and graphitization 

In the carbonization, the stabilized fibers are treated in an inert environment at 

temperatures <2000°C. In this treatment, the carbon percentage is increased due to the 

removal of non-carbon atoms through formation of various by-products [19]. During the 

process, the structure is further aligned in a graphite-like structure and the tensile strength 

and modulus are increased [19]. For the meso-phase pitch the modulus and tensile strength 

continues to increase with the temperature while for PAN and natural isotropic pitch the 

tensile strength reaches a peak at a certain temperature. The further increased tensile 

strength is suggested to be due to structural changes where meso-phase pitch have a more 

beneficial structure for three-dimensional graphitization [19]. 

The temperature curve/profile for the carbonization is one important parameter in order to 

achieve fibers with good mechanical properties. It has been shown for PAN that most 

chemical reactions occur below 600°C, it is therefore advised to use a low rate of heating in 

this phase to keep slow mass transfers. Fast mass transfer could result in a porous structure 

due to the transfer of gases [19]. 

There is an extension of the carbonization process called graphitization that operates in 

higher temperatures. At these high temperatures, the size of the crystallites in the fibers is 

increased and further aligned which is found to increase the tensile modulus [19]  

For cellulose-based fibers such as viscose rayon, it is necessary to further treat the fiber with 

graphitization since the properties achieved after the carbonization are not sufficient for 

advanced applications. All carbon fibers become plastic above 2000°C, then the rate of 

graphitization of carbon is increased. Viscose rayon fibers are generally treated in 

temperatures above 2800°C for a fraction of a second with high stress applied. The stress 

and drawing of these fibers both during and after this thermal treatment are essential for 

the development of high tensile modulus fibers [19].  
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2.4.4 Surface treatment and sizing 

A suitable surface treatment method is necessary to ensure that properties of the produced 

carbon fibers are maintained through the handling and manufacturing of composites [32]. 

Surface treatments of carbon fiber could for example increase the surface area and affect 

the surface functional groups as well as electro properties. The effects from the treatments 

may alter the interface of the fibers and fiber/polymer in the composite matrix both 

physically and chemically which could affect the mechanical properties [32].  Sizing of carbon 

fiber normally means that a sizing layer of a solution or emulsion of polymeric components is 

applied to the fiber surface. This treatment affects the fiber handling in terms of e.g. fiber 

protection and wettability [32].  

2.5 Lignin-based carbon fibers 

Both pitch and PAN have their origin in non-renewable materials from the coal- and oil-

industry [19] which compared to the renewable material lignin is a disadvantage from an 

environmental point of view. To utilize lignin for production of carbon fibers have become a 

research area with growing interest due to its relatively high carbon content (>60 wt.% [22]), 

potential low material cost and abundance.  

The mechanical properties are an area where there is still room for improvement for the 

lignin-based fiber. The lignin-based carbon fibers with the highest published values have a 

tensile strength and modulus of about 1.1 GPa and 82 GPa [5]. 

Several trials with prefibers of lignin-polymer blends have been made in previous studies 

with the intension of simplifying the lignin fiber processing which is considered quite 

complex. The polymers have for example been polyethylene oxide, polypropylene, 

polylactide and PAN [2]. For carbon fibers made from prefibers of a PAN/lignin mixture with 

25 wt.% lignin, tensile strength of 2.2 GPa and tensile modulus of 220 GPa was reported [33]. 

Cellulose/kraft lignin is another polymer blend that has been reported, these carbon fibers 

had a tensile strength of 780 MPa and tensile modulus of 68 GPa [7].  

2.6 Influences by metals 

In scientific literature regarding carbon fibers, especially lignin-based, the amount of ash and 

metals is often mentioned [8]. For example, it is mentioned that the inorganic purities, ash, 

that exists in kraft lignin disturbs thermal motion and processing of the fibers [34]. It is also 

said that inorganic elements present may cause defects, such as pores, on the fibers and 

thus effect the tensile strength [35]. But as earlier stated, it is not a well-researched area. 

The influence of metals on the properties of lignin and cellulose during thermal processing 

have been investigated in several non-fiber applications, for example gasification of biomass. 

The effects of calcium, iron and potassium in chloride form have been investigated during 

pyrolysis of alkali lignin, where it was found that all these compounds had a catalytic effect 
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on the cracking of lignin [36]. Potassium chloride also showed a promoting effect on the 

gasification reactions.  

Lignin is a material that may be used for production of activated carbon [37]. In the 

manufacturing of activated carbon, the final product should have a large surface area which 

is enabled by generating a very porous material. The forming of this porosity occurs in an 

activating step where the material is physically or chemically treated. Some chemicals that 

have been used as activating agents are zinc chloride, phosphoric acid and sodium and 

potassium hydroxides as well as carbonates [38]. Regarding the amount of activators used, 

potassium hydroxide could be used in weight ratios of 2:1 to 1:2 to the material that is 

activated [39]. 

The influence of metals during pyrolysis of different types of biomass is a quite well 

researched area. In [40] it was reported that the inorganic impurities that was present in the 

biomass collectively had a promoting effect on formation of gaseous species and char at the 

expense on the bio-oil yield. Another study investigated the influence of the impurities in 12 

biomass feedstocks where in 9 of these the initial decomposition temperature was increased 

and the char yield was lowered upon removal of impurities [41].  

The influence of single elements in the form of various salts have been evaluated in different 

reported studies. Four cations at different concentrations were impregnated on pure 

cellulose prior to pyrolysis and it was seen that they were catalyzing reactions that forms low 

molecular weight compounds. Based on the yield of levoglucosan, which is the primary 

product from pyrolysis of pure cellulose, it was found that potassium reduces the yield most, 

followed by sodium, calcium and magnesium [42].  

From the effects of metals, on organic materials during thermal processing, that were 

reported in several studies it seems reasonable that metal ions may affect the reactions also 

during the conversion of lignin/cellulose into carbon fibers. Potential effects could for 

example be pores or enclosed gases due to catalyzed gas reactions, damages which will give 

decreased mechanical properties. 

2.7 Methods of impregnation 

The range of methods for impregnation of wood-derived materials is wide, just as the 

variation of materials. From less processed materials such as sawdust [43] and crushed wood 

chips [44] to alkali lignin [36], microcrystalline cellulose [45] and spun fibers [46] [47].   

But the main goal for all impregnations is the same, to add some component(s) into another. 

The general parameters to consider for a successful impregnation are: 

• Pretreatment of the material to be impregnated 

• Impregnation solution (temperature, pH, concentration etc.) 

• Residence time 
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The material should be in a shape and state which simplifies the transport and connection 

with the solution and as well suit later applications. For example, wood chips are generally 

ground to an optimum size where the impregnating solution could easily permeate the bulk 

and fully soak the material during the time of residence [48]. For spun fibers intended for 

high strength properties it is suggested to be important to preserve tension in the fibers so 

that the chain alignment created during the spinning step are kept, as it is proven to increase 

tensile strength and tensile modulus for PAN carbon fibers [2].  

The impregnation solution should be beneficial both for the solubility and characteristics of 

the impregnating components but also not affect the material in a non-negligible negative 

way. The pH, temperature and type of solution are important parameters to be optimized to 

achieve this. 

The residence time in the solution varies widely throughout the literature dependent on the 

type of material and which compounds that are impregnated. Ranging from 0.3 hours for 

Lewis acids and rayon fibers [42] to 48 hours for inorganic salts and wood chips [49].  

For viscose rayon fibers impregnation of substances acting as flame retardants prior to the 

oxidative stabilization has in several cases proven to have positive effects on the thermal 

stability. In one study, fibers were fixated on steel frames and then pretreated with a 5 vol. 

% ethanol/water solution at 50°C for 0.5 hour and subjected to running water for another 

0.5 hour to remove surface impurities. Thereafter immersed in an aqueous impregnation 

medium with Lewis acids for 0.3 hour. The excess solution was wiped off with a towel and 

then the fibers were dried in an oven of 50 °C [47]. 

For kraft lignin with a particle size of 20-45 µm the excess impregnation method was used. 

Metal chloride salts intended for the impregnation were dissolved in deionized (DI) water. 

The lignin was first impregnated with the solution by ultrasonic immersion for 0.5 hours and 

then static immersion for 12 hours. Thereafter the lignin was dried at 105 °C for 6 hours to 

remove absorbed water [36]. 

2.8 Methods of evaluation 

2.8.1 Scanning electron microscopy and energy dispersive spectroscopy 

The SEM is a powerful tool which allows recording of high resolution images at high 

magnifications. Different types of detectors could be added to the SEM to give 

complementary information. 

In the SEM device, see Figure 9, there is an electron gun from where an electron beam is 

launched. The electron gun could accelerate electrons till energies from 1 to 30 keV [50]. The 

primary beam passes through several adjusting lenses before it hits the sample specimen. 

The electrons interact with the atoms of the sample up to a depth of a few micrometers and 

thereby creates a range of beams called signal electrons. These signal beams give different 
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kinds of information of the sample for example; morphology, crystallinity and elemental 

composition [50]. The right image in Figure 9 is a schematic picture of the beams.  

The images produced in the SEM are mainly made from reading of secondary and 

backscattered electrons. The secondary electrons are formed from inelastic collisions 

between the primary beam and the specimen surface, this communicates information about 

the surface topography that are read by the secondary electron detector. The quality of 

these images is dependent on the size of the primary beam, the narrower the higher 

resolution. The backscattered electrons form deeper in the specimen surface by multiple 

elastic collisions. These signals read by the backscattered electron detector are atom 

characteristic and thus gives away information of the elemental composition [50]. 

For EDS analysis, an EDS detector is added to the SEM device. The EDS technic uses the 

information from photons emitted in the x-ray spectra. These photons are atom-specific and 

could be used to map elemental composition. A limitation with this technic is that it has a 

reduced sensitivity for atoms with low atom number, for this reason EDS measures only 

elements with number 4 or higher. EDS have both lower spatial and lateral resolution than 

normal SEM, this is due to the characteristics of the x-rays. The lateral resolution for EDS is 

usually 1-5 µm [50].  

 

Figure 9: Left: overview of a SEM device. Right: Showing the general principal of the incoming primary and 
the generated beams on/in the specimen. [50]  

2.8.2 Tensile testing 

In characterization of materials, development of new materials and engineering applications 

the mechanical strength properties are generally of great importance. In tensile testing, 

stress is applied on the specimens and from the resulting behavior lots of information of the 

material could be obtained. The design and conditions of the testing is dependent of the 
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material and the type of information that is requested. For some materials stress is applied 

until a certain plastic deformation is detected and for others until the material breaks [51].  

In tensile testing, the specimen preparation is very important to achieve good 

measurements. The material should be secured in both ends in a way that could withstand 

the maximum stress without slipping or breaking. The specimen should be aligned so the 

stress is applied perpendicular to the cross-sectional area. The length of the sample between 

the fixed ends is called the gauge length. In Figure 10, a fiber filament mounted on plastic 

sample cup is placed in the sample holder. The fiber diameter will be determined before the 

stress is applied, the system in Figure 10 utilizes a laser diffractor for this measurement [51]. 

 

Figure 10: The image shows a closeup on a tensile tester used in the present study. It is equipped with a laser 
diffractor that measures the fiber. The sample holders are placed between the two lenses. The initial 
distance between the two holders is the gauge length. Source of picture: [52]. 

Qualities that are determined from tensile testing are for example the tensile modulus, 

tensile strength and percentage of elongation at break. How these are determined is 

described below. Usually the applied tensile force in newton is plotted against the 

elongation of the gauge length in millimeter. The engineering stress or nominal stress (s) is 

attained by normalizing the tensile force (F) with the initial sample cross-sectional area (A0), 

see equation 1. 

𝑠 = 𝐹
𝐴0
⁄  (1) 

The engineering strain or nominal strain (e) is defined as the elongation of the gauge length 

(ΔL) divided by initial gauge length (L0), see equation 2. 

𝑒 = ΔL
𝐿0
⁄  (2) 

The percentage of elongation at break is simply calculated by equation 3 where Lb is the 

gauge length at break. 
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%𝐸𝑙𝑜𝑛𝑔𝑎𝑡𝑖𝑜𝑛 = (
(𝐿𝑏 − 𝐿0)

𝐿0
⁄ ) × 100 (3) 

In Figure 11 two diagrams are displayed. The curve takes the same shape in both plots, but 

the benefit of using the right plot is that by normalizing with the specimen specifics 

according to equation 1 and 2 above the results are made independent of sample 

dimensions [51].  

 

Figure 11: Two diagrams showing curves from a tensile test. In the left plot, the tensile force has been 
plotted against the elongation of the gauge section. The right plots engineering stress versus engineering 
strain [51]. 

For most materials, the initial part of the curve with low stress is linear, the slope of this part 

is the tensile modulus (E), see equation 4.  

𝐸 = 𝑠
𝑒⁄  (4) 

While the applied stress is low, elastic deformation of the material is occurring. These 

deformations would disappear if the stress was removed. When the stress is high enough 

permanent deformations called plastic deformations will appear and from this point the 

strain behavior of the specimen will be due to both deformation types simultaneously.  

As displayed in Figure 12 the stress versus strain plots will have different appearances 

dependent on the characteristics of the material that is tested. For all cases, the tensile 

strength is defined as the maximum engineering stress that is applied on the specimen [51]. 

 

Figure 12: Engineering stress versus engineering strain plots with various appearances. [51].  
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3. Experimental 

In this project, the major areas were: material characterization, methods of impregnation, 

conversion of prefiber to carbon fiber and evaluation of carbon fibers. All raw material 

characterizations were performed at RISE Bioeconomy. 

The conditions for the conversion of the prefibers to carbon fibers were kept constant for all 

trials in order to limit the parameters of variation. Both stabilization and carbonization were 

performed according to a publication in the LightFibre-project [7], these procedures are 

described below in the aftertreatment section.  

3.1 Materials 

Fibers used were pilot-scale dry-jet wet spun prefibers constituting of 30 % dissolving pulp 

cellulose from Buckeye and 70 % SKL isolated from black liquor with the LignoBoost method 

in a pilot plant located at Bäckhammar. 1-ethyl-3-methylimidazolium acetate was used as 

solvent to make a viscous solution with 18 % dry weight. The filaments produced had a 

diameter of 25-29 μm and all but one type were coated with the spin finish Affilan®. The 

prefibers were spun by Swerea IVF in Mölndal. 

Chemicals used in the impregnation section were Na2SO4, K2SO4, MgSO4, FeSO4 and Al2(SO4)3 

salts of pro analysi (P.A.) grade, ethanol of 98 % purity and H2SO4 98 % of analytical reagent 

(A.R.) grade. 

3.2 Material characterization 

Material characterization of Buckeye cellulose, SKL and prefiber. 

3.2.1 Carbohydrate and lignin content 

For the cellulose pulp, the carbohydrate and lignin content was analyzed. The 

monosaccharides were released by hydrolysis according to SCAN-CM 17:09. An Ion 

Chromatograph coupled with a Pulsed Amperometric Detector (IC-PAD) was used to 

quantify the solubilized monosaccharides. The lignin content was assumed to be the sum of 

acid insoluble and soluble residue. The acid insoluble residue was determined gravimetrically 

according to TAPPI T222 om-11 and the acid-soluble residue was measured with UV-

spectrophotometry at 205 nm according to TAPPI UM 250.  

3.2.2 Ash determination 

Ash content of the cellulose pulp and SKL was determined according to ISO 1762, where the 

maximum temperature was 525 °C.  

For the prefibers, the ash was determined with a method developed at RISE using oxidative 

TGA [53] which corresponds to ISO 1762. Prior to the measurement, the fibers were coarsely 
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ground and placed in platinum cups attached to a microbalance. The sample weight used 

was about 12 mg and the tests were performed in duplicates.  

3.2.3 Elemental analysis 

The material was oxidized with hydrogen peroxide and wet digested with nitric acid in a 

microwave oven. Inductively Coupled Plasma with Optical Emission Spectroscopy (ICP-OES) 

was used for quantitative elemental analysis for the SKL, cellulose and prefiber. 

3.3 Impregnation 

From the literature review, impregnation time, pH of solution and the state of the fibers 

were identified as important. In the initial trials, some variations of the factors were tested 

and evaluated to identify suitable conditions for impregnation of the fiber samples. 

Additionally, the influence of the spin finish applied in the latter stages of the spinning 

process was considered. Thereafter different elements and two levels of concentrations 

which are the focus in this project were tested. 

3.3.1 Method of impregnation-section 

The impregnation consisted of six steps: 

• Solution preparation  

• Fiber preparation 

• Prewash 

• Impregnation 

• Afterwash 

• Drying  

The fibers were kept in place at graphite bridges during the impregnation by a water-

resistant glue that was cured by UV-radiation. Before the stabilization and carbonization, a 

carbon-based glue that endures heat was applied instead and the other glue peeled off. This 

is visualized in Figure 13. 

 

Figure 13: Shows fibers attached to graphite bridges. Top: fibers fastened with UV-cured glue viewed from 
above. Middle and bottom: fibers attached with graphite based glue viewed from the side and above. 
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The fibers with no applied spin finish were received in wet condition, on a roll immersed in 

DI water in a sealed container. The fibers were cut in the desired length from the roll and 

placed in a petri bowl with enough DI water to cover them. In the bowl, the fibers could be 

easily separated from each other and fastened to the bridges. The fibers were fastened with 

UV-cured glue. An UV-LED lamp enabled fast curing and hence tension was applied on the 

filaments while they were drying. The fibers were then allowed to dry completely. 

The impregnation solutions used were prepared from stock solutions by dilution and mixing 

till requested concentrations and compositions. The stock solutions were prepared from 

Na2SO4, K2SO4, MgSO4, FeSO4 and Al2(SO4)3 salts that were dissolved in DI water at 2 M or 

concentrations just below the solubility at room temperature.  

The prewash of the fibers was performed prior to the impregnation. The duration was about 

2 minutes and a pipette was utilized, ensuring that all fibers got completely soaked. The 

method of the prewash and afterwash was the same.  

In the impregnation, the bridge was placed in a measurement cylinder containing 120 ml of 

an impregnation solution. After the impregnation, the solution was poured off and the fibers 

rinsed by carrying out the afterwash step. Then the fibers were detangled from one another 

and air dried for 1 hour before the bridge was placed in an oven of 55°C overnight. 

3.3.2 Trials 

In Table 1 an overview of the initial trials is presented. The solution used for impregnation in 

all of these trials was composed of 0.2 M of each cation of Na2SO4, K2SO4, MgSO4, this 

solution is hereafter called NaKMg 0.2M. The sulfate salts were chosen since sulfur is 

commonly present in LignoBoost separated kraft lignin. The two reference samples “Ref.” 

and “W-Ref.” are prewashed and impregnated with DI water with no salts added otherwise 

treated as other samples. W-Ref. is a sample without the spin finish Affilan. 

The different parameters tested were: 

• Impregnation time: 0.3 or 1 hour 

• Prewash: none, DI water or 5 wt.% ethanol 

• pH of impregnation solution: neutral (pH 5) or acidic (pH 2.5) adjusted with H2SO4 

• Spin finish: fibers with and without Affilan 

The samples were labelled accordingly: I=impregnated (with NaKMg 0.2 M medium), N= 

neutral solution (pH 5), A= acidic solution (pH 2.5), P=prewash with DI water, PE=prewash 

with 5 wt.% ethanol (aq.), Ref.= prewashed and impregnated in DI water and W- =fiber 

without Affilan. 
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Table 1: Outlay of the initial trials. If nothing else is stated, the spin finish Affilan was applied to the fibers in 
the spinning step and the pH of the impregnation solution is 5.  

Sample Fiber Impregnation solution Prewash 

0.3 hour SKL/Buckeye NaKMg 0.2M DI water 

1 hour SKL/Buckeye NaKMg 0.2M DI water 

Bulk 4 hour SKL/Buckeye, 1g in bulk NaKMg 0.2M DI water 

Ref. SKL/Buckeye DI water DI water 

IAP SKL/Buckeye NaKMg 0.2 M, pH 2.5 DI water 

INP SKL/Buckeye NaKMg 0.2 M DI water 

IAPE SKL/Buckeye NaKMg 0.2 M, pH 2.5 5 wt.% ethanol 

INPE SKL/Buckeye NaKMg 0.2 M 5 wt.% ethanol 

IA SKL/Buckeye NaKMg 0.2 M, pH 2.5 - 

IN SKL/Buckeye NaKMg 0.2 M - 

W-Ref. SKL/Buckeye, no spin finish DI water DI water 

W-INP SKL/Buckeye, no spin finish NaKMg 0.2 M DI water 

 

To get enough material for an elemental analysis with ICP-OES a sample of 1 gram of fibers 

were impregnated as a bulk in NaKMg 0.2M for 4 hours. The fibers were cut in lengths of 5 

cm and placed in a fine mesh cloth. They were prewashed in DI water and then the package 

was immersed in a lightly stirred beaker filled with 200 ml of the medium. Afterwards the 

fibers were washed with DI water and dried in a drying cabinet at 55°C overnight. See “Bulk 

4 hour” in Table 1. 

In Table 2 the trials where fibers were impregnated with various elements and 

concentrations is presented. The salts tested was Na2SO4, K2SO4, MgSO4, FeSO4 and Al2(SO4)3 

at cation-based concentrations of 0.2 M and 1 M. The samples are labeled according to the 

elements and concentration they were impregnated with.  

Table 2: An overview of the impregnations that were performed. Affilan was applied to all fibers. If nothing 
else is stated the pH of the impregnation solution is 5. 

Sample Fiber Impregnation solution Prewash 

Ref. SKL/Buckeye DI water DI water 

NaKMg 0.2M SKL/Buckeye NaKMg 0.2 M DI water 

Na 1M SKL/Buckeye Na 1 M DI water 

K 1M SKL/Buckeye K 1 M DI water 

Mg 1M SKL/Buckeye Mg 1 M DI water 

Al 0.2M  SKL/Buckeye Al 0.2 M, pH 3.3 DI water 

Al 1M  SKL/Buckeye Al 1 M, pH 3.3 DI water 

Fe 1M SKL/Buckeye Fe 1 M DI water 
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3.4 Conversion of prefiber to carbon fiber 

3.4.1 Stabilization 

The fibers were thermally stabilized mounted with tension on graphite bridges in a muffle 

oven (KSL-1200X, MTI corporation) with an air flow providing excess oxygen. The oven was 

programmed to ramp 0.2 °C minute-1 to 200 °C, 1 °C min-1 from 200 °C to 250 °C and then 

preserve this temperature for 1 hour before ramping down 0.2 °C minute-1 till room 

temperature.  

3.4.2 Carbonization  

The stabilized fibers were carbonized in a tube furnace (ETF 70/18, Entech). To ensure an 

oxygen free environment in the furnace prior to heating, vacuum was applied 2 times 

alternated with flushes of N2 gas. A steady flow of N2 gas was adjusted to 150 cm3 min-1 

before heating at 1 °C minute-1 to 600 °C then 3 °C minute-1 to 1000 °C before ramping down 

1 °C minute-1 to room temperature. 

3.5 Evaluation 

The different methods of analysis were performed to evaluate the fibers. Scanning electron 

microscope (SEM) and tensile tests for the morphology respective mechanical properties of 

carbon fibers. The Energy Dispersive X-ray spectroscopy (EDS) detector in the SEM was used 

for relative elemental composition of stabilized fibers, it was utilized instead of ICP-OES since 

it requires a very small amount of sample. ICP-OES was used in one trial to analyze the 

elemental composition of a bulk of impregnated fibers.  

3.5.1 Mechanical properties 

The tensile testing was performed using a fiber dimensional system (LDS0200, Dia-Stron Ltd.) 

with laser diffraction (CERSA-MCI, Cabries) and a tensile system (LEX820). The loader 

(ALS1500, Dia-Stron Ltd.) is automated by a UV 1000 control unit and the sample holder 

operated by a pneumatics unit (PU 1100, Dia-Stron Ltd.). The fibers are tested as single 

filaments with a gauge length of 20 mm and a strain rate of 0.01 mm seconds-1. The software 

used for control and evaluation was UvWin 3.35.000 (Dia-Stron Ltd.) 

3.5.2 Scanning electron microscope/energy dispersive spectroscopy 

The SEM unit was a SU3500 (Hitachi) with an EDS detector (Bruker Corporation) and analysis 

system (Bruker Corporation). During the sample preparation, stabilized fibers were cut and 

mounted at the carbon tape attached at the sample stubs. To view and examine the cross-

sections some of the fibers samples were attached vertically at the edges of the stubs, see 

Figure 14. The electron acceleration voltage was 5 kV for SEM images using the SE detector 

and 15 kV when the BSE-3D detector was used for imaging in conjunction with the EDS 

detector for elemental analysis. For EDS measurements 4-6 areas of each sample were used 
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according to Figure 15. Palladium/gold plated brass stubs were used for analysis of the 

samples impregnated with aluminum, otherwise aluminum stubs were used. 

 

 

 

 

Figure 15: The placement of five sample areas for EDS measurements on a stabilized fiber cross-section. 

  

1  

Figure 14: Drawing of how the fibers was mounted on the stubs for SEM/EDS analysis.  
The SEM picture shows a fiber mounted vertically on the edge of the stub with x150 magnification. 
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4. Results and discussion 

4.1 Material characterization 

Material characterizations was performed on the raw materials and the prefiber to define 

the materials both for the starting point of the project and for comparison with potential 

future trials. 

4.1.1 Carbohydrates and lignin content 

Carbohydrate and lignin analyzes displayed in Table 3, show that the softwood kraft lignin 

(SKL) contains very little carbohydrates ca 1 wt.% and lignin. The buckeye cellulose contains 

only carbohydrates and almost no detectable lignin. The detected acid soluble residue, 

generally assumed to be acid soluble lignin, might be some other unhydrolyzed material in 

this case as lignin is removed during the production of dissolving pulp.  

Table 3: Absolute carbohydrate composition and lignin content in mg/g of dry sample (the carbohydrates as 
anhydrous sugars). The result was an average of duplicates. Klason lignin is assumed to be the acid insoluble 
residue and acid soluble lignin the acid soluble residue. 

Sample Ara Gal Glc Xyl Man Klason 

lignin 

Acid soluble 

lignin 

Total 

lignin 

Total 

carb. 

Total 

recovered 

SKL 3 5 1 3 <1 938 63 1001 13 1014 

Buckeye <1 <1 855 27 19 <10 5 14 901 915 

 

4.1.2 Ash and elements 

It was also of interest to identify the impurities of the raw materials and how these were 

passed on to the prefibers. The ash is 0.53 wt.% in the SKL, 0.14 wt.% in Buckeye and 1.3 

wt.% in the prefiber. The element compositions are displayed in Table 4.  

Table 4: A display of ash and elements in the raw materials and in the prefiber. The ash content in the raw 
materials was determined at 525 °C according to ISO 1762 and in prefibers it was determined at 525°C with 
TGA in duplicates. The element levels were determined by ICP-OES as mg per kilo dry substance. Calc.70/30 
displays a calculated composition of the theoretical prefiber based on 70 wt.% SKL and 30 wt.% Buckeye. 

 wt.% mg/kg 

Sample Ash Al Ba Ca Cu Fe K Mg Mn Na P S Si Zn 

SKL 0.53 60 5.0 19 1.3 41 260 6.3 5.8 760 4.5 15000 71 1.2 

Buckeye 0.14 <1.3 <0.3 33 <1.3 21 <5 9.4 <0.3 570 <1.3 42 10 0.73 

Prefiber 1.3 54 7.5 3100 42 36 63 550 3.3 580 5.4 9100 45 18 

Calc.70/30 0.42 42 3.5 23 0.9 35 180 7.2 4.1 700 3.1 10000 53 1.1 

 

The ash of 0.5 wt.% in the SKL exceeds the general recommendation of 0.1 wt.% [8] in the 

literature for lignin intended for carbon fibers. But compared to LignoBoost kraft lignins 



23 
 

where the ash content typically ranges from 0.3 to 1.2 wt.% it is considered rather normal. 

From Table 4 it is seen that the major part of the detected elements in ash of SKL are sulfur. 

It is reasonable since Na2S is used as a cooking chemical during the digestion of wood in the 

kraft process [54] from where this lignin is originated. NaOH is another chemical used in the 

kraft process, these together explains the sodium and sulfur content in SKL. 

The prefibers are formed from the raw materials in the weight ratio of 30 % Buckeye and 70 

% SKL. The calculated theoretical composition of the prefibers from this relation is displayed 

as “Calc.70/30” in Table 4. If the actual analysis result of the prefibers is compared to the 

calculated, it is seen that the ash content is a bit higher than expected. For most elements, 

the analyzed content in the prefibers is in the same level as the theoretical but for calcium, 

cupper, potassium, magnesium and zinc there is a significant deviation. The explanation for 

this must be in the prefiber spinning where the raw materials and later the spin solution and 

produced filaments are subjected to the dope solvent, tap water and series of equipment as 

well as the applied spin finish. The composition of the applied spin finish Affilan was 

unknown in this project, but similar products on the market contains calcium chloride which 

might explain the severely increased calcium content in the fiber compared to the raw 

materials. The suggestion that the spin finish is contributing to the increase in ash content is 

supported by an ash analysis that was made for the wet fibers without Affilan. These fibers 

had an ash content of 1.2 wt.% with a standard deviation of 0.03 for two samples, this is 

lower than the value reported in Table 4 for the prefiber which had a standard deviation of 

0.05 for duplicates. But it can not be ruled out that the dissimilarity is due to differences in 

the handling. For example, the fibers without Affilan were stored in DI water for a long 

period of time compared to the other type which was dry and stored in plastic bags. 

4.2 EDS measurement 

The EDS measurements were performed on stabilized fibers as prefibers would melt even in 

low vacuum mode which provides a milder environment. The highest temperature in the 

stabilization step is 250 °C so the loss of inorganic elements of interest should be negligible 

as the lowest boiling point of the impregnated elements, in pure form, is that of potassium 

which is 753 °C [55].  

The EDS analysis was performed on cut fiber cross-sections as it was considered the least 

contaminated. It was also believed that elements present in this area would be impregnated 

into the fiber rather than remains that was not removed by the afterwash.  

The measurements with EDS are not considered quantitative since they were not calibrated 

with reference samples. But they could be used for comparison in between the samples as 

the main occurring elements in the fibers, carbon and oxygen, could be assumed constant. 

The results are presented in atomic percentage and in the EDS measurements carbon, 

oxygen, sulfur and the impregnated element(s) were the only included atoms. The detection 

limit for EDS analysis is generally estimated to 0.1 wt.%, so many of the measurements in 
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this project are on the verge. But since a number of sample areas was compared for each 

sample, they were considered reliable as indications. 

4.3 Fiber preparation 

It was necessary to receive fibers over a certain length for the tensile testing. It is also 

suggested that sustained tension in the fibers is positive for strength properties [7]. For 

those reasons and to decrease the handling and the risk of entanglement of the fibers they 

were fastened on graphite bridges that would later be used in the stabilization and 

carbonization steps. This way of working was considered successful as the number of 

useable fibers after the impregnation increased extensively compared to when fibers were 

impregnated freely in the solution. 

4.4 Influence of spin finish on impregnation 

The spin finish Affilan was applied to the prefibers in the end stage of the spinning process 

and it was not known how it would affect the possibilities to infuse the elements to the 

fibers. It was assumed that it is somewhat soluble in water since it was applied as an 

aqueous solution on fibers. Besides that, the characteristics and composition were unknown. 

Initially it was tested whether the spin finish could be removed or reduced. This was 

evaluated by testing different prewashes and pH of the impregnation solution. Prefibers 

could be received without spin finish, but they would be damaged if dried on rolls. 

Therefore, these fibers had to be delivered in wet condition so they could be fastened on 

bridges and dried individually.  

The impact from both these cases was determined by comparing the relative contents of 

impregnated elements measured by EDS. The samples with higher contents of elements 

were favored. The results are displayed in Figure 16 for the different prewashes and 

solutions and in Figure 17 for the comparison of fibers with and without the spin finish. 

Tensile testing was also performed on carbon fibers for these samples to identify possible 

changes, these results are presented in Table 5. 

NaKMg solutions were used for these initial trials as these cations are very commonly 

present in kraft lignin ashes. The concentration of 0.2 M was considered to provide cations 

in excess in the solution compared to what was present in the fibers. The impregnation time 

used was 0.3 hours, it was adopted from [47] where rayon fibers of similar average diameter 

as the prefibers were impregnated. The suitability of this impregnation time for this project 

is further discussed in section 4.5. 
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Figure 16: The graph shows the atomic percentage of sodium, potassium and magnesium as determined by 
EDS on fiber cross-sections for samples treated by different prewashes and pH of impregnation solutions. 
The +/- standard deviation is displayed as error bars. The samples were labelled accordingly: I=impregnated 
(with NaKMg 0.2M medium), N= neutral solution (pH 5), A= acidic solution (pH 2.5), P=prewash with DI 
water, PE=prewash with 5wt.% ethanol (aq.) and Ref.= prewashed and impregnated in DI water.  

For all samples with variations of prewash and pH of solutions some degree of impregnation 

compared to the reference was found. This shows that the spin finish did not act as a solid 

barrier preventing diffusion of elements into the fiber structure.  

A general overview of the results in Figure 16 shows that the samples impregnated at 

neutral conditions (N) contain higher levels of elements than the ones impregnated at acidic 

conditions (A), whether this was due to the spin finish or the conditions of the impregnation 

is not clear in this study. But the trend complies with [56] where a comparison of two wood 

samples subjected to aqueous solutions of pH 1 and 6 and the original sample proposed that 

low pH does not favor uptake of inorganics since the ash content of that wood sample was 

lower. It was suggested that elements are impregnated and leached simultaneously in the 

fiber and while some impregnation apparently have occurred in this study at acidic 

conditions, the low pH might have decreased the net flux of impregnation. A higher pH of 

the solution was not tested in this project as it might dissolve the lignin in the fibers and 

therefore alter the structure. Also, some of the elements such as iron would precipitate as 

hydroxides and therefore be less or not impregnated at all. 

The prewash with DI water did not have a major influence although the average measured 

content of elements is slightly higher in the prewashed fibers than in the ones without. The 

two samples that were prewashed with ethanol contained small amounts of the elements 

except for magnesium in the IAPE sample, see Figure 16. Both samples did turn out very thin 

and fragile as carbon fibers which caused problems in the mechanical testing. Therefore, 

ethanol was considered unsuitable as washing agent even at this low concentration. The 

large effect of the ethanol washed fibers might be due to dissolution and removal of lignin as 
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it is partly soluble in ethanol while cellulose is not [57]. This may have caused irregular fibers 

with porous structure and varying diameter. The ethanol treatment could also have change 

the intertwined structure of the lignin and cellulose that maybe is necessary for the strength 

properties this fiber type can exhibit.  

In Table 5 the results from the mechanical tests for carbon fiber made from samples in this 

section are displayed. There are no significant deviations from the reference samples except 

for INPE where all parameters measured (except elongation) were significantly lower than of 

the other samples tested. The tensile modulus and partly the tensile strength for the IAP 

sample were lower compared to the fibers treated with DI water only, the Ref. sample. A 

possible explanation might be that the spin finish was partly removed during the prewash 

and then the fiber structure was more accessible for the acid and elements in the solution 

during the impregnation compared to the IA sample.  

Table 5: Mechanical properties for the fibers evaluating conditions of impregnation and influence of the spin 
finish. The standard deviation is presented within the brackets. The St. Dev. column shows the standard 
deviation for the tensile strength in percent. The samples were labelled accordingly: I=impregnated (with 
NaKMg 0.2M medium), N= neutral solution (pH 5), A= acidic solution (pH 2.5), P=prewash with DI water, 
PE=prewash with 5wt.% ethanol (aq.) and Ref.= prewashed and impregnated in DI water. W- =fiber without 
spin finish. 

 Samples 

tested 

Diameter 

[µm] 

Tensile strength 

 [MPa] 

St. Dev. 

[%] 

Tensile 

modulus [GPa] 

Elongation 

[%] 

Ref. 35 14 (0.65) 870 (130) 15 68 (4.1) 1.3 (0.17) 

IN 19 14 (1.2) 790 (200) 26 66 (7.8) 1.2 (0.26) 

INP 19 14 (0.74) 830 (150) 19 66 (5.9) 1.3 (0.17) 

INPE 6 10 (1.5) 420 (140) 35 29 (3.2) 1.4 (0.36) 

IA 11 13 (1.9) 830 (200) 24 65 (11) 1.3 (0.24) 

IAP 10 14 (0.50) 580 (110) 18 43 (6.8) 1.4 (0.29) 

W-Ref. 19 16 (1.4) 770 (220) 28 68 (14) 0.98 (0.26) 

W-INP 22 16 (1.3) 960 (120) 13 66 (6.3) 1.3 (0.16) 

 

The number of fibers tested in the tensile measurements is displayed in the second column 

in Table 5. The number is varying largely between the different samples. The low number of 

INPE and IAPE is because a lot of fibers broke or was not registered by the testing 

equipment. The results for IAPE were even fewer than for INPE and are therefore not 

included. Since the number of tested fibers is quite low this will affect the distribution of 

values. Tensile strength measurements of carbon fibers are known to be difficult and largely 

scattered due to factors related both to the fibers and the test itself [58]. In several studies, 

the measured coefficients of variation for the tensile strength have typically been ranging 

from 9 to 20 % [58], even for high performance fibers [59]. Therefore, most obtained 

standard deviations of the measured tensile strength in the present study could be 

considered normal.  
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Figure 17: The graph shows the atomic percentage of sodium, potassium and magnesium as determined by 
EDS on fiber cross-sections. The +/- standard deviation is displayed as error bars. The samples were labelled 
accordingly: I=impregnated (with NaKMg 0.2M medium), N= neutral solution (pH 5), P=prewash with DI 
water, Ref.= prewashed and impregnated in DI water and W- =fiber without spin finish. 

The fibers without Affilan, W-Ref. and W-INP, displayed similar elemental composition as the 

corresponding samples with Affilan, Ref. and INP, see Figure 17. Maybe even a little higher 

composition due to the large standard deviation of the INP sample. The mechanical 

properties and resulting diameter of the carbon fibers showed no major deviations, see 

Table 5.  

However, the fibers without Affilan displayed unexpected behavior during the treatment. 

They were largely elongated in contact with the impregnation solution which demanded 

extra careful handling of the fibers as they got severely intertwined with one another and 

around the graphite bridge. As this might be a large source of error no further trials were 

performed with these fibers. 

4.5 Impregnation time 

It is important that the fibers are exposed to the solution long enough for the elements to 

diffuse into and be impregnated in the whole fiber. Consequently, experiments with two 

different impregnation times: 0.3 hour and 1 hour were conducted to see if the 

impregnation time had an effect on the concentrations in the fibers. The impregnation 

solution used was NaKMg 0.2 M at neutral conditions (pH 5). The metal contents according 

to the EDS measurements are presented in Figure 18. 

The levels obtained from the EDS measurement varies significantly. But the longer 

impregnation time does however not result in increased levels of metal ions in the fiber. This 

was seen by a comparison of the content of sodium, potassium and magnesium in Figure 18. 
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Where the levels of sodium and potassium seems to be rather lowered with an extended 

impregnation time. 

 

Figure 18: The graph shows the atomic percentage of sodium, potassium and magnesium at 0.3 and 1 hour as 
determined by EDS on fiber cross-sections. The +/- standard deviation is displayed as error bars. The samples 
were labelled accordingly: I=impregnated (with NaKMg 0.2 M medium), N= neutral solution (pH 5), 
P=prewash with DI water and Ref.= prewashed and impregnated in DI water. 

The results from the fiber bulk that was impregnated with NaKMg 0.2 M for 4 hours and 

analyzed with ICP-OES are displayed in Table 6. The elemental composition for untreated 

prefibers is included for comparison. The fiber bulk also shows elevated levels of the 

impregnated elements, except for sodium which like all other elements seems to be leached 

from the fibers compared to the content of the untreated prefibers. The amount of 

magnesium in the impregnated fiber is increased by ca 2400 mg kg-1 compared to potassium 

which is increased by about 900 mg kg-1. 

Table 6: Elements in untreated prefibers and fibers impregnated in bulk in NaKMg 0.2 M for 4 hours at pH 5. 
Analyzed with ICP-OES and presented in mg per kg dry substance. 

 mg/kg 

Sample Al Ba Ca Cu Fe K Mg Mn Na P S Si Zn 

Prefiber 54 7.5 3100 42 36 63 550 3.3 580 5.4 9100 45 18 

Bulk 4 hours 48 1.0 200 27 33 980 3000 1.0 340 3.8 8500 43 15 

 

From the two trials, it seems possible that magnesium ions might replace sodium ions over 

time. Another explanation could be that the flux of the elements that are impregnated and 

leached in the fibers changes over time dependent of the ion characteristics. The magnesium 

cation is divalent instead monovalent and have a smaller ionic radius, 65 pm, than sodium, 

95 pm, and potassium 133 pm [60]. 
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Since a longer time seemed to yield no higher total level of detected impregnated elements 

the shorter impregnation time of 0.3 hours was preferred in the following experiments.  

4.6 Elements and concentrations 

In this project, the focus was to study if elements generally present in kraft lignin have 

influence on the final carbon fiber in terms of mechanical properties and morphology. In this 

section the results from the samples that were impregnated with different elements are 

presented and discussed in three sections. First, the element contents from the EDS 

measurements, then the mechanical properties from the tensile tests and lastly the images 

from SEM. The samples are labeled with the elements and concentration of the 

impregnation solution.  

4.6.1 Extent of impregnation 

The cations that were impregnated were K+, Na+, Al3+, Mg2+ and Fe2+. They were chosen as 

they are often present in kraft lignin separated with the LignoBoost process. Other elements 

such as calcium, manganese and silicon were also of interest but the solubility of these 

sulfate salts and time were limited. Sulfate salts were preferred as they would not add more 

carbon to the fibers and sulfur is commonly present in the kraft process. Also, these salts are 

relatively safe to work with in water solutions. The concentration of 0.2 M was chosen as it 

would provide cations in excess in the solution compared to what was present in the fibers. 

The increase to 1 M was done to provoke possible changes in the fibers. All impregnations 

were performed for 0.3 hour. An overview of the experiments is presented in Table 2. 

In Figure 19 the element content measured by EDS showing the extent of impregnation in 

the fibers are displayed. All samples except for Fe 1M shows clear indications of elevated 

contents compared to the reference sample. It is possible that the conditions were not 

optimal for impregnation of Fe, in other studies pH levels of 1-2 have been utilized for iron 

solutions [45] [61]. The low levels were primary used to prevent formation of insoluble iron 

hydroxides but it has also been claimed that low pH affects the charge of the surface of 

biomass in a way that provides efficient impregnation [61]. 
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Figure 19: The graph shows the atomic percentage of sodium, potassium and magnesium as determined by 
EDS on fiber cross-sections for samples treated by 4 different solutions and a reference which is prewashed 
and impregnated with only DI water. The +/- standard deviation is displayed as error bars. 

The resulting concentrations of magnesium and aluminum in the samples from the 1 M 

solutions are about the half of the concentrations of sodium and potassium. This is probably 

a result of sub-optimal impregnation conditions. The cations Mg2+ and Al3+ have higher 

valence and in the periodic table they are in other groups than sodium and potassium and 

therefore naturally possess different properties. But since the main goal of this project was 

not to optimize the impregnation conditions for each cation, the initial trials were simplified 

to include only three elements to decide the conditions for the impregnation. 

In section 4.5 it was found that the extended impregnation time did not further increase the 

metal ion content. If this is true for even longer impregnation times, it could be assumed 

that the concentration of potassium in sample NaKMg 0.2 M is correlated to the result of the 

fiber bulk sample in Table 6. Since the potassium level in the bulk sample is 980 mg kg-1, this 

would give a level of almost 0.1 wt.% potassium in the NaKMg sample. Which is an increase 

of almost 16 times compared to the content in the untreated prefiber. This content of 

potassium alone is in the same level as the recommendation of total ash content in the raw 

materials for production of carbon fibers. 

In other contexts, the level of 0.1 wt.% potassium is rather small. For production of 

chemically activated carbon from biomass the weight ratios of potassium hydroxide to lignin 

necessary to add are 1:2 to 2:1. The produced activated carbon would then have fully micro- 

and meso porous structure [39]. On the contrary in pyrolysis, which is thermochemical 

combustion of organic material in absence of oxygen at high temperatures, even small 

amounts of ash from biomass and inorganic salts have shown to have effect on the reactions 

[42]. 
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4.6.2 Mechanical properties 

The mechanical properties are possibly the most important feature of carbon fibers in 

combination with their low weight. By performing tensile tests, quite a lot of information is 

obtained about the fibers. The average diameter, tensile strength, tensile modulus, and 

elongation which are presented in Table 7 are a few of these. But from analyzing the 

distribution of the results, indications of homogeneity and occurrence of damage in the 

fibers could also be explored. 

In Table 7 an overview of the mechanical data for the carbon fibers is shown, with the 

standard deviations given in the parentheses. The average diameter for all samples varies 

around 14-15 µm. The deviation of +/- 1 µm was expected as the diameter of the received 

prefibers was ranging between 25-29 µm. These results indicate that the fibers have 

maintained their cross-sectional shape. The elongations of the fibers are identical except for 

the K 1M sample where there is a deviation of 0.6 percentage from the average of 1.3 %. 

Table 7: Overview of the mechanical properties of the carbon fibers determined by tensile testing. Standard 
deviations are included within the parentheses. The CV column shows the coefficient of variation for the 
tensile strengths of the samples. 

Sample Samples 

tested 

Diameter 

[µm] 

Tensile  

[MPa] 

CV 

[%] 

Tensile 

modulus [GPa] 

Elongation 

[%] 

Ref. 35 14 (0.65) 870 (130) 15 68 (4.1) 1.3 (0.17) 

NaKMg 0.2M 19 14 (0.74) 840 (150) 18 66 (7.8) 1.3 (0.17) 

Na 1M 23 15 (0.48) 820 (160) 20 64 (3.9) 1.3 (0.22) 

K 1M 26 15 (1.2) 880 (210) 24 68 (5.8) 1.9 (0.25) 

Mg 1M 22 14 (0.83) 890 (130) 15 67 (6.3) 1.3 (0.20) 

Al 0.2M 24 14 (0.74) 910 (170) 18 69 (5.8) 1.3 (0.19) 

Al 1M 29 14 (1.1) 880 (130) 15 67 (5.7) 1.3 (0.17) 

Fe 1M 28 15 (0.64) 870 (150) 17 65 (5.0) 1.3 (0.22) 

 

The tensile strength and tensile modulus for the different samples are also presented in 

Figure 20 and Figure 21, respectively. Clearly there are no significant differences between 

the measured parameters of the impregnated samples compared to the reference sample. 

The obtained tensile strength and tensile modulus are approximately 870 MPa and 67 GPa 

which are in line with the reported values from previous conversions of similar carbon fibers 

with comparable diameters [7]. The standard deviations are varying somewhat but this 

would most likely be stabilized with an increased number of tested fiber. The coefficients of 

variation in this study, 15-24 %, could be considered normal, see Table 7. 

Since no distinguishable irregularities were detected the conclusion from these results is that 

the impregnated elements have very little or no effect on the mechanical properties of these 

fibers. 
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Figure 20: The graph shows the tensile strengths for carbon fibers that have been impregnated with various 
elements and concentrations as prefibers, presented in MPa. The error bars show the +/- standard deviation. 
The samples are labelled by what element and concentration they were impregnated with. 

 

Figure 21: The graph shows the tensile modulus for carbon fibers that have been impregnated with various 
elements and concentrations as prefibers, presented in GPa. The error bars show the +/- standard deviation. 
The samples are labelled by what element and concentration they were impregnated with. 
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4.6.3 Morphology 

The carbon fibers produced in this project were shown to have evenly circular cross-sections, 

smooth surfaces and a somewhat speckled color with occasional irregularities, as the little 

bump on the fiber in Figure 22B illustrates. Sometimes what is believed to be depositions 

from other fibers have been found stuck on the fiber surface, these are probably originated 

from the fiber spinning step. But no pores, cracks or other severe damages were observed. 

 

Figure 22: SEM image of fiber surface at magnification of 2000 times. A: Ref. B: Al 1M, C: K 1M and D: Na 1M. 

During the morphology analysis by SEM no appearent defects were found on any fibers. The 

images A-G in Figure 23 displays some cross-sections of carbonized fibers. In most of the 

pictures tiny white dots are present, these are believed to be dust since the samples were 

not pretreated or prepared in a clean-room. Some of the irregularities on the cross-sections 

are possibly caused by the scalpel used for breaking the fibers. Others might be residues of 

pores or voids but from the general perception during the SEM analysis of the cross-sections 

and fiber surfaces it is very unlikely. Though small pores of nanometer size would most likely 

go undetected in this analysis. 

From the morphology analysis by SEM of carbon fibers no difference between the reference 

and the samples that were impregnated with the metal ions was observed.  
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Figure 23: SEM images of carbon fiber cross-sections at 4k magnification. A: Fe 1M, B: Na 1M, C: Al 0.2M, D: 
Al 1M, E: K 1M, F: Mg 1M and G: Ref.  
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5. Conclusions 

The effects of different metal ions, typically found in kraft lignin, on the mechanical 

properties and morphology of carbon fibers were investigated. The carbon fibers were 

prepared from dry-jet wet spun prefibers from 70/30 wt.% lignin and cellulose.  

By EDS measurements it was demonstrated that it was possible to introduce metal ions in 

the prefibers by impregnation with sulfate salts dissolved in aqueous solutions. However, 

how the ions were distributed in the fiber and the exact concentration were not determined. 

The relative amount of impregnated metal ions was according to the following sequence 

K+=Na+>Al3+>Mg2+>Fe2+. If the concentration of potassium in one of the impregnated 

samples, determined by EDS, was correlated to the results of a sample impregnated with the 

same solution and then analyzed by ICP, it can be estimated to 0.1 wt.%. 0.1 wt.% is an 

increase of almost 16 times compared to the content of the untreated prefiber. This 

estimation would also imply that the content of potassium alone, in the impregnated fibers, 

was in the same level as the recommendation of total ash content in lignin for production of 

carbon fibers. 

The obtained diameter, tensile strength and tensile modulus of the reference sample, 

treated only with DI water, were 14 µm, 870 MPa and 68 GPa respectively. The carbon fibers 

from the samples impregnated with different metal ions displayed similar mechanical 

properties with no apparent deviations. The analysis of the morphology with SEM showed 

no pores, cracks or any other severe damage for all samples. This result concurs with the 

observations of the mechanical properties. Therefore, it may be concluded that the 

impregnated metal ions: K+, Na+, Al3+, Mg2+ and Fe2+ at the obtained levels in the fibers cause 

no effects on the fibers during the stabilization and carbonization that affects the 

mechanical performance of the final carbon fiber.   

From the results of this study it may be suggested that the recommendation of <0.1 wt.% 

ash can be exceeded in dry-jet wet-spun lignin/cellulose-based prefibers. But more tests 

where the concentrations of the impregnated metal ions could be more accurately 

determined are necessary before definite conclusions can be made. If the same behavior is 

observed for most of the elements present in kraft lignin, the purification treatment of the 

isolated LignoBoost lignin may be optimized to potentially reduce costs. 
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6. Further work 

Further work in the area regarding the influence of elements commonly present in kraft 

lignin on carbon fiber quality is necessary as costs could potentially be reduced in the 

purification step of lignin separated from the kraft pulping process. Elements of interest that 

was not tested in this project are for example calcium, silica, copper and zinc. 

If these impregnation test could be performed in larger scale, more fibers could be produced 

and then the impregnated elements could be quantified by for example ICP. This would give 

more accuracy to the results and drawn conclusions.  

It would be interesting to produce fibers from lignins that have different degrees of 

purification and ash composition and evaluate if there are any differences. This would give a 

general understanding of the influence of inorganic substances, not element specific, which 

might also be of interest and useful. 
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