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Abstract 

In recent years, there has been extensive research into the development of cheaper and more 

sustainable carbon fibre (CF) precursors, and air gap spun cellulose-lignin precursors have gained 

considerable attention where ionic liquids have been used for the co-dissolution of cellulose and 

lignin. However, ionic liquids are expensive and difficult to recycle. In the present work, an 

aqueous solvent system, cold alkali, was used to prepare cellulose-lignin CF precursors by wet 

spinning solutions containing co-dissolved dissolving-grade kraft pulp and softwood kraft lignin. 

Precursors containing up to 30 wt% lignin were successfully spun using two different coagulation 

bath compositions, where one of them introduced a flame retardant salt in the precursor to increase 

the CF conversion yield. The precursors were converted to CFs via batchwise and continuous 

conversion. The precursor and conversion conditions had a significant effect on the conversion 

yield (12–44 wt%), the Young’s modulus (33–77 GPa) and the tensile strength (0.48–1.17 GPa) 

while the precursor morphology was preserved. Structural characterisation of the precursors and 

CFs showed that a more oriented and crystalline precursor gives a more ordered CF structure with 

higher tensile properties. The continuous conversion trials highlight the importance of tension 

control to increase the mechanical properties of the CFs.    
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Introduction 

Carbon fibres (CFs) are produced by thermal conversion of a carbon-rich organic 

precursor at high temperatures, whereby the carbon content is increased to at least 

90 wt% (Bahl et al. 1998). CFs have a remarkably high stiffness- and strength-to-

weight ratio, making them an ideal component in lightweight composites. CFs are 

currently mainly used in wind turbine blades, aerospace industries, sporting 

goods, and luxury cars (Huang 2009; Newcomb 2016). The global demand for 

CFs is expected to increase in the future and a greater utilization of CFs in the 

mainstream automotive sector is desirable (Black and Sloan 2015). However, a 

wider use is inhibited by the high CF price, owing to the use of expensive fossil-

based precursors and an energy-intensive manufacturing process. More than 96% 

of all commercial CFs are made from petroleum-based polyacrylonitrile (PAN) 

where the PAN precursor accounts for about half of the total CF production cost, 

explaining the urgent demand of finding more sustainable and cost-competitive 

CF precursors (Baker and Rials 2013; Newcomb 2016). Attention is drawn to 

cellulose and lignin as they are renewable macromolecules and are readily 

available in large quantities from the kraft pulping process (Gellerstedt 2015; 

Kadla et al. 2002). The most favorable characteristics of cellulose and lignin for 

CFs are their molecular orientation and high carbon content, respectively.    

Already in the 1960s and 1970s, cellulose was used to produce commercial 

CFs by the thermal conversion of regenerated cellulose fibres (viscose rayon). 

After hot stretch graphitisation above 2000 °C, these cellulose-based CFs 

(Thornel series by Union Carbide) had a high Young’s modulus (~500 GPa) and 

tensile strength (~2.6 GPa) (Morgan 2005). However, cellulose generally gave a 

low conversion yield of 10–30 wt%, originating from its low carbon content (44.4 

wt%) (Dumanlı and Windle 2012; Huang 2009). The low yield, in combination 

with the expensive stretch graphitisation process, led in the 1970s to the use of 

PAN (yield ~50 wt%) instead of cellulose as a CF precursor (Morgan 2005).  

Since the early 2000s, extensive research has been devoted to finding a 

cheaper and more sustainable alternative to PAN. This has predominantly 

involved the melt spinning of kraft lignin to CF precursor but other lignins, such 

as organosolv lignin, have also been investigated (Baker et al. 2012; Braun et al. 

2005; Kadla et al. 2002; Mainka et al. 2015; Norberg et al. 2013; Nordström et al. 

2013; Uraki et al. 1995). Kraft lignin is available from kraft pulp mills and has a 
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high carbon content (60–65 wt%). Unfortunately, it is challenging to make CFs 

from melt spun lignin precursors as these precursors are brittle (hard to handle) 

and generally require a very long stabilisation time (up to 100 h), making 

industrial production not feasible (Mainka et al. 2015). The problem is that a melt 

spinnable lignin is difficult to stabilise in a realistic period of time. Softwood kraft 

lignin has a more crosslinked structure than hardwood kraft lignin but it contains 

only a small fraction suitable for melt spinning (Norberg et al. 2013; Nordström et 

al. 2013). Hardwood kraft lignin is easier to melt spin but it has a low thermal 

reactivity, leading to a long stabilisation time (Baker et al. 2012; Braun et al. 

2005). In addition, the importance of having suitable thermal properties for a 

successful melt spinning often necessitates the use of a fractionation process such 

as membrane filtration or solvent extraction of the lignin, elevating the cost of the 

raw material (Baker et al. 2012; Kleinhans and Salmén 2016).  

Due to the difficulties in processing either cellulose and lignin to CF alone, 

the use of a precursor based on a blend of cellulose and lignin has been proposed 

in order to combine the advantages of each polymer, i.e., the molecular orientation 

of cellulose and the high carbon content of lignin. It has been shown that ionic 

liquids are capable of co-dissolving cellulose and lignin at high pulp viscosities 

and high lignin loads (up to 70 wt% relative to cellulose) into solutions that can be 

spun via air gap spinning to yield oriented CF precursors (Bengtsson et al. 2018; 

Ma et al. 2015; Olsson et al. 2017; Svenningsson et al. 2021; Vincent et al. 2018). 

The use of a solution spinning technique such as air gap spinning is advantageous 

because it allows the use of, for example, softwood kraft lignin, and this has led to 

a substantial reduction in stabilisation time (<2 h) (Bengtsson et al. 2019; Byrne et 

al. 2018; Trogen et al. 2021). Additional benefits of using cellulose-lignin 

bicomponent precursors are the precursor strength, and the substantial increase in 

yield after conversion compared to the use of a pure cellulose precursor 

(Bengtsson et al. 2018). Ionic liquids that are capable of co-dissolving cellulose 

and lignin are, however, expensive and difficult to recycle, so their industrial 

viability is still unclear (Mai et al. 2014). It is therefore desirable to find an 

alternative solvent system, preferably water-based, capable of co-dissolving 

cellulose and lignin.  

In the present work, the main objective was to use an aqueous solvent 

system instead of an ionic liquid to co-dissolve cellulose and softwood kraft lignin 



4 

to prepare CF precursors. Aqueous NaOH at a low temperature (< 0 °C, “cold 

NaOH(aq)”) was used to co-dissolve cellulose and lignin to spinnable solution 

which were wet spun to CF precursors using two different coagulation bath 

compositions. To the best of our knowledge, this is the first scientific report 

demonstrating the possibility of spinning cellulose-lignin CF precursors via a cold 

NaOH(aq) solvent system. The precursors have subsequently been converted to 

bio-based CFs using both batchwise and continuous conversion. The effects of 

lignin content and coagulation bath composition on the properties of the precursor 

and of the resulting CFs have been investigated.          

Materials and methods 

Materials 

The cellulose source used was a pre-hydrolysed softwood kraft pulp (spruce/pine) 

of dissolving grade. After cooking, the pulp was oxygen-delignified, followed by 

bleaching with ozone, and finally bleached with chlorine dioxide in two stages, 

resulting in a pulp with an intrinsic viscosity of 260 ml/g. This was similar to what 

has been reported in earlier work on regenerated cellulose fibres from the cold 

NaOH(aq) process (Määttänen et al. 2021; Vehviläinen et al. 2008). Further 

information regarding the cellulose pulp and its preparation has been given by 

Brännvall and Walter (2020).  

The lignin used was a softwood kraft lignin produced by the LignoBoost process 

at LignoDemo in Bäckhammar, Sweden, containing 1.2 wt% carbohydrates, 94 

wt% Klason lignin, and 6.3 wt% acid-soluble lignin. The elemental composition 

was 64 wt% C, 25 wt% O, 1.4 wt% S, 5.4 wt% H, and 0.11 wt% N. The ash 

content was below 1 wt%. A full summary of the lignin characteristics can be 

found in Bengtsson et al. (2018). 

Zinc oxide (ZnO, >99.9 wt%) was purchased from Alfa Aesar (Germany) and 

sodium hydroxide (NaOH, >99.0 wt%), sulphuric acid (H2SO4, 95–97 wt%) and 

sodium sulfate (Na2SO4, >99.0 wt%) from Merck (Germany). Orthophosphoric 

acid (H3PO4, 85 wt%) and ammonium dihydrogen phosphate (NH4H2PO4 

(ADHP), ≥97.5 wt%) were purchased from WVR International AB. A fabric 

conditioner (Neutral, Unilever, Denmark) was used as spin finish.  



5 

Preparation of spin dopes 

Prior to dissolution, the cellulose pulp was swollen in 5 wt% NaOH(aq) at a 

consistency of 10 wt% for 12 h at 4 °C. The swollen pulp was then transferred to a 

vertical kneader equipped with a cooling system. Deionised water, ZnO, and 

NaOH were added, adjusting the dope concentrations to 4.5–5.5 wt% cellulose, 8 

wt% NaOH(aq) and 1.5 wt% ZnO, and the cellulose was dissolved by mixing for 

a total of 32 min according to the following: 1) -10 °C for 8 min, 2) -5 °C for 12 

min and 3) -0.5 °C for 12 min. Complete dissolution was confirmed by inspection 

of the dope under a light microscope (Axioscope 50, Zeiss AG). The cellulose 

solution (dope) was filtered with a Nutsch filter type 3 (Büchi AG) over a 70 µm 

sintered filter, and the dope was then deaerated in a high-speed brushless 

centrifuge (MPW-350, MPW Med. Instruments) at 5000 rpm for 15 min.  

Lignin was added to the cellulose dope under stirring. Since cellulose is the fibre-

forming polymer, the cellulose concentration was held constant at 4.5 or 5.5 wt%, 

while the amount of added lignin varied depending on the desired cellulose:lignin 

ratio. After the addition of lignin, the dope was again filtered over a 32 µm 

sintered filter followed by a final dope deaeration at reduced pressure (3.5 kPa) 

for 3 h. Prior to spinning, the dopes were stored at 4 °C.  

Wet spinning  

The spin dopes were transferred to a modified bench-scale wet spinning 

equipment (Dissol Co. Ltd., South Korea) and spun into precursors, as shown in 

Fig. 1. The spinning equipment consisted of a dope tank, a gear pump, a 

coagulation bath, four wash baths, a spin finish applicator, a drying cylinder, and 

a winding system.     

 

Fig 1. Schematic of the wet spinning equipment used for the precursor spinning 
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Precursors were prepared by using two coagulation baths, Systems S (H2SO4/ 

Na2SO4) and System P (H3PO4/NH4H2PO4). Table 1 presents a summary of the 

conditions used for spinning with each system. In both cases, the diameter of the 

spinneret holes was 100 µm and the extrusion speed was set at 1.3 m/min while 

the take-up speed was 3.2 m/min, giving a stretch ratio of 2.5. The temperature in 

the coagulation and wash baths was 20 °C. In both systems, a drying temperature 

of 85 °C was used and the wash time was adjusted by changing the wash sequence 

setup and the distance between the godets in the baths. The spin finish (1 wt%) 

was applied either in bath IV or by a separate spin finish applicator.  

 

Table 1 Details of the wet spinning of precursors with Systems S and P 

System Coagulation bath 

composition 

Number of 

spinneret holes 

Wash 

sequence 

Spin finish 

application 

S 
10 wt% H2SO4 + 

15 wt% Na2SO4 
100 I–IV In bath IV 

P 
12 wt% H3PO4 + 

10 wt% NH4H2PO4 
300 II + IV Applicator 

 

After spinning, the precursors were stored on bobbins at 23 °C, 30% RH for at 

least 48 h prior to characterisation. Precursors with up to 30% added lignin were 

spun (Table 2). The difference in titer is due to a variation in spinneret clogging.  

 

Table 2 Summary of the precursors produced  

Coagulation 

system 

Cellulose 

conc. (wt%) 

Lignin 

conc. (wt%) 

Cellulose/Lignin 

(wt/wt) 

Titer 

(dtex) 

S 5.5 0 100/0 2.0 

S 5.5 0.6 90/10 3.3 

S 5.5 1.4 80/20 9.5 

S 4.5 1.9 70/30 6.0 

P 5.5 0 100/0 3.3 

P 4.5 1.9 70/30 3.0 
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Stabilisation and carbonisation 

Batchwise conversion 

The precursors were fixed on graphite frames (Gerken Nordiska Karma, Sweden) 

to prevent shrinkage during the thermal conversion to CF. The fixed fibres were 

stabilised batchwise in a KSL-1200X muffle furnace (MTI Corporation, USA) 

using air (7 L/min) by heating at 1 °C/min from 25 to 250 °C, followed by a 

isothermal period of 60 min at 250 °C. The stabilised precursors were then 

carbonised in a nitrogen atmosphere (200 mL/min) using a Model ETF 70/18 tube 

furnace (Entech, Sweden) by heating at 3 °C/min from 25 to 1000 °C. The 

precursors spun with System P were converted batchwise to CF using the same 

equipment, but in this case the fibres were stabilised by heating at 5 °C/min from 

25 to 250 °C followed by an isothermal period of 5 min and thereafter a ramp to 

260 and then 275 °C using the same heating rate and an isothermal period at each 

temperature, giving a total stabilisation time of 65 min. The final carbonisation 

temperature for the System P fibres was 1100 °C.  

 

Continuous conversion 

The precursors from System P were continuously converted (endless stabilisation 

and carbonisation) with a setup described in detail elsewhere (Bengtsson et al. 

2022). In short, the setup consisted of a winding system and a horizontal tube 

furnace (heated length 0.6 m). The speed of the winding system was changed to 

alter the residence time in the furnace. A yarn tensiometer (ETX Solo, Eltex AB, 

Sweden) was used to monitor the fibre tension and the tension could be altered by 

changing the relative speeds of the unwinder and winder. In these experiments, 

the precursors were continuously stabilised for 15 min in an air atmosphere using 

inlet and outlet temperatures of 250 and 275 °C, respectively. The tension applied 

during continuous stabilisation was low, 0.2–0.3 cN/tex, and the relative stretch 

was -1% (fiber contraction). Continuous carbonisation was carried out in nitrogen 

at 1100 °C at various fibre tensions (0.2–1.3 cN/tex) corresponding to a relative 

stretch between -8% and -4%. For fibre tensions up to 1.0 cN/tex, a residence time 

of 10 min was used, but when a tension of 1.3 cN/tex was applied the residence 

time was 20 min.         
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Characterisation 

The morphology of the precursors and of the CFs was evaluated in an SU3500 

electron microscope (Hitachi, Japan) at an acceleration voltage of 3 kV using a 

secondary electron (SE) detector. Prior to imaging, the fibers were sputtered with 

gold. Cross-sections of precursors were prepared by cutting the fibers with a 

scalpel in liquid nitrogen or using tensile fracture surfaces while CFs were cut at 

room temperature. 

Single fiber tensile tests were performed on a LEX820/LDS0200 (Dia-

Stron Ltd., UK) equipped with a laser diffraction system for diameter 

determination (CERSA-MCI, France). The precursors and CFs were tested at 21 ± 

2 °C and 31 ± 2 % RH using a fixed gauge length of 20 mm at elongation speeds 

of 5 mm/min and 0.6 mm/min, respectively. The data were evaluated with the 

UvWin software (Dia-stron Ltd., UK). The reported values are averages of 20 and 

30–40 individual filament measurements for precursors and CFs, respectively. 

The gravimetric yield of the batchwise derived CFs was determined using 

about 50 mg of precursors that were stabilised and carbonised without tension in a 

ceramic crucible. The yield of the CFs prepared via continuous conversion was 

estimated by determining the linear density, measured by weighing 50–100 cm 

fibre tow, after each conversion step and dividing that by the linear density of the 

precursors. Due to the different ways of measuring the yield, the results differ 

slightly.         

The elemental compositions (wt%) of the heat-treated fibres and of the 

CFs were estimated by energy dispersive X-ray analysis (EDXA) using an Xflash 

detector (Bruker Corp., USA) at an acceleration voltage of 15 kV and the Esprit 

software for data evaluation. 

The thermal behavior of the precursors was studied in a Q5000IR 

thermogravimetric analyser (TGA) from TA Instruments by placing 3.0 ± 0.5 mg 

fibre tow in a platinum crucible and heating it from 25 to 1000 °C at 10 °C/min. 

The data were analyzed with the Universal Analysis 2000 software (TA 

Instruments). 

The composition of inorganic elements in the precursors was measured on 

wet-digested fibres by inductively coupled plasma optical emission spectroscopy 

(ICP-OES; PerkinElmer Optima 8300, USA). A detailed description of the 

analysis is presented in our previous work (Bengtsson et al. 2019). 
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Wide angle X-ray scattering (WAXS) data of precursors and CFs were 

collected on an Anton Paar SAXSpoint 2.0 system (Anton Paar, Graz, Austria) 

equipped with a Microsource X-ray source (Cu K-alpha radiation, wavelength 

0.15418 nm) operating at room temperature and a chamber pressure of 1−2 mbar. 

A Dectris 2D CMOS Eiger R 1M detector with a 75 µm by 75 µm pixel size and a 

sample-to-detector distance of 111 mm, was used. All measurements were 

performed on fibre tows aligned in a sample holder perpendicular to the beam. 

Lyocell fibres (3 dtex) were used as a reference. Raw data were processed using 

the SAXSanalysis software version 3.00.042 (Anton Paar, Graz, Austria). The 

least squares regression method via python programming language was used to 

deconvolute the WAXS profiles (see Fig. S1). The crystalline contribution is  

modelled via a series of Voigt functions guided by the reference for theoretical 

cellulose II with a several percent adjustable range for peak positions, intensities, 

and widths (French 2014; Langan et al. 2001). The amorphous contribution is 

added via two broad Voigt functions on top of the crystalline profiles to achieve 

good fitting results on the overall scattering profile. The degree of crystallinity 

(𝜒𝑐) was calculated according to 

𝜒𝑐 =
𝐴𝑐

𝐴𝑐 + 𝐴𝑎
× 100% 

where 𝐴𝑐 and 𝐴𝑎 represent the sums of the integrated intensities of the crystalline 

and amorphous reflections, respectively. The preferred orientation (𝑓𝑐) of the 

crystallites was calculated according to 

𝑓𝑐 =
180 − 𝛼

180
× 100% 

where 𝛼 is the full width at half height of the azimuthal profile of the relevant 

reflection. The signal of the (110) plane in cellulose II was used for precursors 

while and that for the (002) plane for CFs. The size of the coherent scattering 

domains (𝐿) in the CFs was estimated as 

𝐿 (ℎ𝑘𝑙) =
2𝜋

𝛽
 

 where 𝛽 is the full width at half height of the reflection peak of the relevant 

crystal plane. The in-plane size along a graphene layer (La) was calculated using 

the (100) plane while the (002) plane was used for the calculation of stack height 

(Lc), which was extracted by curve fitting using Voight functions.    
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The carbon structure of the CFs was examined with Raman spectroscopy 

on a HORIBA LabRam HR Evolution confocal Raman spectrometer (Horiba Ltd., 

Japan) using 50x magnification, 633 nm laser wavelength, a 300 nm grating, and 

5 min total acquisition time. Background subtraction and peak fitting was done in 

the phyton-based processing software PRISMA1 (Flores et al. 2022). The spectra 

were fitted with five Gaussian peaks (G, D1(D), D2, D3, and D4) using the same 

peak position bounds for all the analysed data (Sadezky et al. 2005). An example 

of the fitting is shown in Fig. S2. 

Results and discussion 

Properties of precursors  

Morphology 

Using the cold NaOH(aq) solvent system for dissolution, lignin-containing 

cellulose fibres were successfully wet spun from dopes containing up to 30 wt% 

lignin and 70% cellulose. Precursors were also spun with 40 wt% lignin, but these 

fibres had a low wet strength during the spinning and were thus not studied 

further. Regardless of lignin content, the dopes displayed no gelation during 

storage in a refrigerator at 4 °C for one week, suggesting that the addition of lignin 

had no detrimental effect on dope stability, in agreement with the findings of 

Costa et al. (2021) who studied the effect of lignin on the gelation kinetics of 

dissolved cellulose in a cold NaOH(aq) solvent system. The cellulose 

concentrations used, 4.5–5.5 wt%, are in the range of concentrations typically 

used for cellulose dissolution in cold NaOH(aq) (Budtova and Navard 2016; 

Hagman et al. 2017; Mao et al. 2008; Määttänen et al. 2021; Vehviläinen et al. 

2008). Due to the higher viscosity of the 30/70 wt/wt lignin/cellulose dopes, it 

was beneficial to use a cellulose concentration of 4.5 instead of 5.5 wt%.  

In this work, two different coagulation bath compositions for the wet 

spinning were used; Systems S, with sulphuric acid, and P, with phosphoric acid. 

System S was used for several works for the wet spinning of cellulose fibres using 

the cold NaOH(aq) process with a spin bath composition similar to that used for 

viscose spinning (Mao et al. 2008; Määttänen et al. 2021). However, System P has 

an advantage since both H3PO4 and ADHP act as flame retardants on cellulose, 
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which is beneficial during the conversion to CF as it increases the carbon yield 

(Bengtsson et al. 2019; Le et al. 2022). During the spinning, no change in color of 

the coagulation liquids and wash baths was observed, suggesting that there was 

little or no lignin leaching. The spun fibres became darker in color with increasing 

lignin addition (Fig. 2).  

 

Fig. 2 Photograph of bobbins with precursors spun from dopes containing 30 wt% lignin and 70 

wt% cellulose (left) and 100 wt% cellulose (right)  

 

The precursor morphology with 0 and 30 wt% lignin from both systems was 

studied with SEM (Fig. 3). The cross-sectional morphologies of the cellulose and 

cellulose/lignin (70/30 wt/wt) precursors coagulated in System S (Fig. 3a-b) and 

System P (Fig. 3c-d) varied significantly, but no effect of lignin was observed, 

supporting the view that cellulose is the fibre-forming polymer while lignin acts 

as a “filler” (Protz et al. 2021). The precursors coagulated in System S had an 

irregular cross-section and pronounced striations in the longitudinal direction. The 

morphology of the fibres from System S agreed with earlier observations of 

cellulose fibres spun with the cold NaOH(aq) process and was similar to that of 

textile-grade viscose rayon (Vehviläinen et al. 2008; Yang et al. 2017). In 

contrast, the precursors spun with System P had a circular cross-section and 

smoother fibre surface, resembling the appearance of air gap spun lyocell fibres as 

well as that of cellulose-lignin fibres derived from ionic liquids (Cui et al. 2022; 

Trogen et al. 2021). The various morphologies observed are probably related to 

the differences in coagulation rate of Systems S and P. Overall, the results suggest 

that the choice of coagulation conditions has a significant effect on the fibre 

morphology, but the addition of lignin has no effect.       
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Fig. 3 SEM images of wet spun cellulose precursors with a) 0 wt% lignin in System S, b) 30 wt% 

lignin in System S, c) 0 wt% lignin in System P and d) 30 wt% lignin in System P 

 

Tensile properties 

The effect of lignin content on the tensile properties was studied on precursors 

spun from dopes containing up to 30 wt% lignin in Systems S and P (Fig. 4). 

Regardless of the coagulation system, an increasing amount of lignin lowered the 

Young’s modulus and tenacity, and increased the elongation at break. For 

precursors made with System S, an increase in lignin content from 0 to 30 wt% 

resulted in a lowering of the Young’s modulus from 1430 to 670 cN/tex while the 

tenacity decreased from 26 to 12 cN/tex. The elongation at break increased from 

4.9 to 6.6%. The effect of added lignin was weaker on precursors spun with 

System P than with System S. The decrease in tenacity and increase in break 

elongation with increasing lignin content has also been observed in cellulose-

lignin fibres spun from ionic liquids, a behavior attributed to a “dilution” of the 

cellulose matrix (Ma et al. 2015; Trogen et al. 2021). The tenacity of 26 cN/tex 

for the neat cellulose precursor is on a par with that of a conditioned textile-grade 

viscose fibre, but the tenacity of 12 cN/tex observed for the fibres with 30% lignin 

is very low. A tenacity of 12 cN/tex (~180 MPa) is, however, significantly higher 

than the typical tensile strength of melt spun lignin fibres used for CF preparation 

(20–40 MPa) (Enengl et al. 2022; Kleinhans and Salmén 2016) and is thus 

sufficient for processing to CF.    
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Fig. 4 Tensile properties of the precursors spun with Systems S (black) and P (red) vs. lignin 

content 

Precursor structure  

The precursors with 0 and 30 wt% lignin from the two systems were studied with 

WAXS using a commercial lyocell fibre as a reference. The 1D and 2D WAXS 

diffractograms are shown in Fig. S1 and S3, respectively, with the fitting 

procedure and the characteristic reflections for cellulose II. The crystallinity and 

the degree of orientation calculated from WAXS are summarised in Table 3. In all 

cases, the presence of lignin reduced the crystallinity from about 40 to 30%. The 

crystallinity values are in the same range as those earlier reported for regenerated 

cellulose fibres prepared by the cold NaOH(aq) process as well as those for 

textile-grade viscose fibres (Vehviläinen et al. 2008; Yang et al. 2017). A 

normalisation of the crystallinity with respect to the cellulose content (70 wt%) of 

the lignin-containing precursors, gives a value of 40–43%, which closely 

resembles that of the precursors without lignin, which supports the idea that lignin 

“dilutes” the cellulose matrix (Ma et al. 2015; Trogen et al. 2021). The measured 

precursor orientation showed the same trend, where the precursors without lignin 
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had the highest orientation (88–92%) regardless of the coagulation system used. 

As expected, the reference lyocell fibres had the highest crystallinity and 

orientation of about 45% and 96%, respectively. In general, a more crystalline and 

oriented precursor gave higher tensile properties, cf. Fig. 4.  

Table 3 Degree of crystallinity (Xc) and degree of crystalline orientation (fc) of the precursors with 

0 and 30 wt% lignin from Systems S and P    

Precursor Xc 

(%) 

fc 

(%) 

Lyocell (ref.) 45.4 95.6 

0% Lignin, System S 40.2 92.3 

30% Lignin, System S 29.8 88.1 

0% Lignin, System P 40.6 88.1 

30% Lignin, System P 28.5 85.7 

 

Composition of inorganic elements in the precursors 

The residual inorganics in the precursors are of interest to study, in particular 

System P, as it influences the thermal conversion to CF and the resulting CF 

quality. Therefore, the precursors with 0 and 30% lignin made with Systems S and 

P were analysed with ICP-OES (Fig. 5). As expected, the different coagulation 

systems resulted in significant differences in the elemental compositions of the 

precursors. The inorganics in the System S precursors consisted almost 

exclusively of Na and S, whereas those in the System P precursors were 

dominated by P. The residual Na in the System P fibres originate from Na present 

in the spin dope. The lignin-containing precursors had a higher amount of S than 

the precursors without lignin, due to the S present in softwood kraft lignin 

(Bengtsson et al. 2018). Small amounts of Zn were detected in all samples, 

suggesting that not all the Zn was washed out of the fibres during the wet 

spinning. For both systems, the total amount of inorganics was higher in the 

lignin-containing fibres, suggesting that a more extensive washing protocol may 

be necessary when wet spinning the lignin-containing CF precursors. However, 

for System P it is desirable to have P in the precursors since it has a positive 

impact on the subsequent thermal conversion to CF. Optimisation of the P-content 

will be addressed in future work.         
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Fig. 5 Amounts of major inorganic elements (Na, S, Zn, P) of the precursors spun with and 

without 30 wt% lignin in Systems S and P 

Thermal properties  

In CF preparation, the thermal properties of the precursor are of importance. The 

prime goal of adding lignin to cellulose as well as that of using System P instead 

of System S was to increase the conversion yield, and TGA in an inert atmosphere 

therefore used to study the thermal behavior of the raw materials and the spun 

precursors (Fig. 6). Fig. 6a shows that the thermal degradation of the pulp and 

kraft lignin raw materials was in accordance with what is typically observed when 

pyrolysing dissolving-grade pulp and softwood kraft lignin, respectively 

(Bengtsson et al. 2018; Trogen et al. 2021). The char yield (defined here as the 

residual mass at 1000 °C) was 38 wt% for the lignin and 10 wt% for the cellulose 

pulp, showing that adding lignin to the cellulose had a potential to increase the 

conversion yield in CF preparation. The TGA curves of the spun precursors 

shown in Fig. 6b show that the thermal behavior and char yield varied 

significantly. For System S precursors, a lower onset temperature of degradation 

was observed for the lignin-containing precursor, which was expected since lignin 

has a lower thermal stability than cellulose, as indicated in Fig. 6a (Bengtsson et 

al. 2018). As expected, the same behavior was observed with System P. The 

ADHP in the System P precursors acts as a flame retardant, catalysing the 

dehydration reactions during pyrolysis and leading to a higher char yield 

(Bengtsson et al. 2019; Spörl et al. 2017).  

In the case of the precursors made with System S, the mass loss observed 

above 680 °C may be attributed to the thermal decomposition of residual ZnSO4, 
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which is known to decompose at this temperature (Jones et al. 2013). ZnSO4 is 

probably formed in the coagulation during wet spinning. A similar behavior was 

observed above 800 °C in the case of the precursors made with System P, 

probably due to the removal of elemental P and CO because of an excess of 

residual salt (Chen and Wu 2019; Lidman Olsson et al. 2021; Puziy et al. 2005). 

This suggests a need to optimise the content of residual salt in the precursors.  

All the precursors had a moisture content of 4–6 wt%. After correction for 

the moisture content, the precursors without lignin had char yields of 13 and 31 

wt% for Systems S and P, respectively. The precursor with 30 wt% lignin (System 

S) had a char yield of 21 wt% while the corresponding fibre made with System P 

had a yield of 39 wt%. This suggests that the presence of lignin and the use of 

System P had a beneficial impact, increasing the char yield. The effect of ADHP 

appears, however, to be greater than that of adding lignin. The precursors without 

lignin displayed more than a two-fold increase in char yield whereas the lignin-

containing precursors displayed less than a two-fold increase, suggesting that the 

flame-retardant effect of ADHP was greater in the former case.  

 

Fig. 6 TGA curves in a nitrogen atmosphere for (a) the softwood kraft lignin and pulp raw 

materials and (b) the precursors spun with 0 and 30 wt% lignin using Systems S and P  

 

CFs from precursors spun with System S 

Tensile properties  

The precursors spun with 0, 10 and 30 wt% lignin in System S were converted 

batchwise to CF with a stabilisation temperature of 250 °C and a final 
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carbonisation temperature of 1000 °C. For comparison with System P precursors, 

CFs were also prepared from the neat cellulose precursors using stabilisation and 

carbonisation temperatures of 275 °C and 1100 °C, respectively. The tensile 

properties of the CFs are shown in Fig. 7. In all cases, the Young’s modulus and 

tensile strength were 54–77 GPa and 0.64–1.17 GPa, respectively, and the 

elongation at break was between 1.2 and 1.7%. The CFs made from the precursor 

containing 30 wt% lignin had the lowest tensile properties, but there was no 

significant difference between the CFs made from precursors containing 0 or 10 

wt% lignin. The CF diameter from the latter precursors was however only 6–7 µm 

whereas the CFs derived from the precursor with 30% lignin had a diameter of 

about 13 µm. The smaller diameter reduces the risk of critical defects and is thus 

beneficial for a higher CF tensile strength (Bahl et al. 1998; Bengtsson et al. 2019; 

Kong et al. 2014). Despite the low intrinsic viscosity (260 ml/g) of the cellulose 

pulp and the relatively low precursor tensile properties obtained with the cold 

NaOH(aq) process, the resultant CFs had tensile properties in the same range as 

those made from air gap spun cellulose-lignin precursors using ionic liquids and 

neat cellulosic rayon precursors (Bengtsson et al. 2018; Dumanlı and Windle 

2012). The tensile properties were, however, lower than those recently reported 

for CFs from high-tenacity rayon and ionic liquid-based cellulose precursors 

prepared via a reduced-pressure stabilisation method (Vocht et al. 2022). Vocht et 

al used a stabilisation method which made it possible to achieve cellulose-based 

CFs with higher tensile properties, and this non-conventional stabilisation method 

should be explored for the precursors prepared in the present work.          
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Fig. 7 Effect of lignin content in the System S precursors on the tensile properties of CFs made 

using batchwise conversion. Black: CFs derived with stabilisation and carbonisation profiles 

having final temperatures of 250 °C and 1000 °C, respectively. Red: CFs derived with stabilisation 

and carbonisation profiles having final temperatures of 275 °C and 1100 °C, respectively. E = 

Young’s modulus; σ = Tensile strength; ε = Elongation at break  

Gravimetric yield 

The gravimetric yield on conversion to CF influences the cost, and the yield was 

therefore determined by weighing CF tows before and after each step as shown in 

Fig. 8. The conversion yield increased with increasing lignin content showing that 

the addition of softwood kraft lignin had a positive impact on the yield, 

particularly at the higher lignin loading of 30 wt%. An increase in the yield 

relative to the theoretical carbon yield was also observed, suggesting that there is 

a synergistic effect when both cellulose and lignin are present (Bengtsson et al. 

2018; Le et al. 2022). These results support the earlier findings that the yield of 

cellulose-based CFs is higher when lignin is present in the precursor (Bengtsson et 

al. 2018; Trogen et al. 2021; Vincent et al. 2018).  
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The addition of lignin to the precursor led to a decrease in the stabilisation 

yield from 98 to 88 wt%, see Table S1, indicating that the stabilisation 

temperature used (250 °C) may have been too low, especially for the neat 

cellulose precursor, since our earlier work on CFs from air gap spun cellulose-

lignin precursors (30/70 wt/wt) gave stabilisation yields of about 85 wt% 

(Bengtsson et al. 2019). It is therefore suggested that a higher fraction of cellulose 

in the precursor requires a higher stabilisation temperature than 250 °C.  

Irrespective of the lignin content in the precursor, the carbon and oxygen 

contents of the CFs were 85–87 wt% and 12–14 wt%, respectively (Table S1), but 

the CFs from the lignin-containing precursors also contained 0.5–1 wt% sulphur, 

originating from the sulphur present in the softwood kraft lignin (Bengtsson et al. 

2018).     

 

Fig. 8 The gravimetric CF yield after batchwise conversion as a function of lignin content in the 

System S precursor. The red line shows the theoretical carbon yield based on the carbon content of 

the raw materials  

Morphology 

The morphologies of the CFs made from System S precursors with 0 and 30 wt% 

lignin were studied with SEM (Fig. 9a,b). As in the precursors, the CF surfaces 

showed striations in the longitudinal direction of the fibres, suggesting that the 

morphology was preserved during the conversion process. Overall, the CFs 

displayed solid cross-sections regardless of the precursor used.   
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Fig. 9 SEM images of batchwise-derived CFs from precursors spun with System S containing a) 0 

wt% and b) 30 wt% lignin, and from precursors spun with System P containing c) 0 wt% and d) 30 

wt% lignin 

CFs from precursors spun with System P 

CFs derived from System P precursors have been made both batchwise and via 

continuous conversion under more industrially relevant conditions such as 

residence time. Based on the results obtained with the System S precursors, the 

stabilisation temperature was set to 275 °C, and the carbonisation temperature was 

set to 1100 °C since a higher temperature reduces the residual phosphorus from 

biocarbons (Lidman Olsson et al. 2021).     

Morphology 

The morphologies of the batchwise-derived CFs made from precursors with 0 and 

30 wt% lignin using System P are shown in Fig. 9c and d. The CFs made using 

System P had a smoother surface and more circular cross-section than those made 

from System S precursors (Fig. 9a,b). As with the CFs from System S, the 

precursor morphology of the System P fibres was preserved after conversion to 

CF. These results suggest that the CF morphology and appearance can be altered 

by using different coagulation conditions when choosing the cold NaOH(aq) 

process to prepare CF precursors.   
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Gravimetric yield  

The gravimetric yields of the CFs made from System P precursors are shown in 

Fig. 10. The yield of the batchwise derived CFs were 30 and 39 wt% for the neat 

cellulose and the lignin-containing precursor, respectively, but the CFs obtained 

via continuous conversion had an even higher yield (43–44 wt%), which is 

significantly higher than those obtained with System S. The yield of the CFs from 

System P was closer to the to the theoretical carbon yield (68–88%) than the 

System S fibres (27–60%), illustrating the flame-retardant effect of ADHP (cf. 

Figs. 8 and 10). The ADHP acts as a flame retardant by catalysing the dehydration 

reactions during stabilisation, and this in turn gives a higher yield in the 

subsequent carbonisation (Table S1). The presence of ADHP in the cellulose 

precursor (about 2 wt% P, Fig. 5) had the same effect on the yield as 

incorporating 30 wt% lignin in the precursors spun with System S. Fig. 10 also 

shows that the batchwise derived CFs also benefited from the combination of 

ADHP and lignin although the effect was not as pronounced for the continuously 

derived samples, probably because of the substantial difference in total conversion 

time between the continuously (25 min) and batchwise (432 min) processes. The 

elemental composition of the CFs was analysed (Table S1). Irrespective of 

conversion mode and lignin content, the resultant CFs had similar carbon (90 

wt%) and oxygen (7 wt%) contents, and 2–3 wt% P was also detected, in 

agreement with earlier observations (Bengtsson et al. 2019). These results indicate 

that the use of lignin and System P in the precursor spinning is beneficial for the 

CF yield. 

 

Fig. 10 Gravimetric CF yield of System P precursors containing 0 or 30 wt% lignin using 

batchwise and continuous conversion 
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Tensile properties 

The CFs derived via batchwise conversion using the System P precursors with 0 

and 30 wt% lignin had almost identical Young’s moduli and tensile strengths of 

53–55 GPa and 0.65–0.69 GPa, respectively (Table S2), indicating that the 

addition of 30 wt% lignin was not detrimental to the final CF properties. The 

tensile properties of the CFs derived from the lignin-containing precursor were 

similar to those of the corresponding System S fibres, but the CFs from the neat 

cellulose precursor had significantly lower tensile properties (cf. Fig. 7), in 

agreement with the observed differences in precursor tensile properties (Fig. 4) 

and crystalline orientation (Table 3). A high precursor orientation evidently 

enhances its tensile properties, and these are transferred to the final CF. The lower 

tensile properties of the CFs from System P fibres may be due to the residual P 

(~2 wt%) found in the CFs (Table S1). A similar observation has been reported 

for CFs made from ionic liquid-based cellulose-lignin precursors impregnated 

with ADHP (Bengtsson et al. 2019).   

The System P precursors were also processed to CFs via continuous 

conversion using different fibre tensions in the carbonisation step. In these 

experiments, emphasis was put on the neat cellulose precursor, but the lignin-

containing precursor was also converted to CF, and their tensile properties are 

shown as functions of fibre tensions in Fig. 11. In all cases, a low tension of 0.2 

cN/tex gave low tensile properties. For the cellulose precursor, an increase in 

tension from 0.2 to 1.3 cN/tex increased the Young’s modulus by 31%, from 35 to 

46 GPa. A higher tension gave no great increase in tensile strength, probably 

because the CF tensile strength is governed by defects such as voids (Kong et al. 

2014). This was supported by the finding that the diameters and tensile strengths 

of the CFs made via batchwise and continuous conversion were the same, but a 

higher Young’s modulus (53–55 GPa) was obtained for the batchwise derived 

CFs. The CFs obtained batchwise were mounted on a graphite frame to prevent 

shrinkage (relative stretch = 0%) during conversion and the tension applied during 

these trials is not known. In the continuous conversion trials, however, there was a 

negative relative stretch of a few percent (fibre contraction). It thus appears that 

the tension applied during carbonization has an important effect on the Young’s 

modulus.  
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The residence time during carbonisation affected the maximum tension 

possible. A tension up to 1.0 cN/tex could be applied when using a residence time 

of 10 min, but a tension of 1.3 cN/tex required a time of 20 min. This agrees well 

with the observations of Spörl et al. (2017), working on the continuous 

carbonisation of viscose fibres impregnated with ADHP. In the present work, a 

two-stage conversion protocol was used, including continuous stabilisation up to 

275 °C for 15 min followed by continuous carbonisation at 1100 °C for 10 or 20 

min. Besides from improving the conversion protocol, an improved quality of the 

precursors will also be advantageous.   

 

Fig. 11 Effect of fibre tension during carbonisation on the tensile properties of CFs made by 

continuous conversion of system P precursors. Black: 0 wt% lignin; Purple: 30 wt% lignin. For all 

samples, a residence time of 10 min was used except when using a tension of 1.3 cN/tex, where 20 

min was used. E = Young’s modulus; σ = Tensile strength; ε = Elongation at break 

Structure of CFs 

The CF structure was investigated by both WAXS and Raman spectroscopy on 

selected CFs having different Young’s modulus. Table 4 summarises the data 

obtained by WAXS measurements. The 2D diffraction patterns are shown in Fig. 
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S4 and integrated 1D WAXS profiles in Fig. S5. In carbon materials with a 

graphite-like structure, the crystallite is characterized by its dimensions along (La) 

and perpendicular (Lc) to the graphene layers, respectively, and d002 is the 

interlayer spacing between individual graphene layers. A defect-free graphite 

crystal has a d002 value of 0.335 nm, but CFs often display values between 0.34–

0.39 nm depending on the precursor and the final carbonisation temperature used 

(Belenkov 2001; Breitenbach et al. 2021; Sagues et al. 2019). Table 4 presents a 

summary of the structural parameters of the cellulose-lignin derived CFs 

including the orientation of the (002) plane. The WAXS measurements reveal that 

the CFs had relatively similar crystal dimensions. However, all the CFs displayed 

a stack height (Lc) below 2 nm except for the sample with the highest Young’s 

modulus (77 GPa). In conrast, the CF with the highest modulus displayed the 

lowest La, which may indicate that this CF had a slightly different carbon 

structure. This sample is contained no residual P since System S was used in the 

precursor spinning. It has been suggested by Spörl et al. (2017) that residual P in 

cellulose-based CFs may accumulate between the carbon layers rather than being 

incorporated in them, and that this interferes with the layer stacking (Lc) and 

promotes growth in the in-plane direction La. The results in the present work 

support this hypothesis and further suggest that optimisation of the P content in 

the precursors and in the final CF is necessary.  

 The preferred relative orientation (fc) of the (002) plane varied among the 

samples and was related to the Young’s modulus of the CFs, since a higher 

orientation gave a CF with a higher modulus. For the continuously derived CFs, 

an increase in tension from 0.2 to 1.3 cN/tex increased the orientation with about 

7%, giving an increase in modulus of about 30%.  
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Table 4 Structural parameters and orientation from WAXS of CFs prepared by batchwise and 

continuous conversion. L = Lignin; S = System S; P = System P 

Conversion 

mode 

Precursor Ea  

(GPa) 

La  

(nm) 

Lc  

(nm) 

d002  

(nm) 

fc  

(%)  

Batchwise 

0% L (S) 77 2.03 2.14 0.36 86.1 

0% L (P)  55 2.47 1.88 0.35 84.5 

30% L (P) 53 2.28 1.78 0.37 84.5 

Continuous 

0% L (P)b 46 2.63 1.89 0.36 82.4 

0% L (P)c 35 2.55 1.89 0.36 76.7 

30% L (P)c 33 2.72 1.91 0.35 75.6 

aYoung’s modulus, bTension 1.3 cN/tex, cTension 0.2 cN/tex 

 

To gain further insight into the carbon structure of the CFs, the same samples 

were characterised with Raman spectroscopy, which is a versatile tool for 

studying the structure of carbon-based materials (Ferrari and Robertson 2000). All 

the CFs displayed two major bands centered at 1339 and 1588 cm-1, identified as 

the D (D1) and G bands, respectively (Fig. S6). Three other bands (D2, D3, and 

D4), commonly seen in disordered carbon materials such as turbostratic graphite 

(Breitenbach et al. 2021), were also found. The G band arises from the in-plane 

bond stretching modes of sp2 bonded carbon (E2g symmetry) while the D band 

originates from the breathing mode of A1g symmetry in a graphite layer (Ferrari 

and Robertson 2000). The latter originates in the vicinity of a defect or border 

where a sp2 bonded carbon in the hexagonal lattice is replaced by a sp3 bond. To 

elucidate the structural order of the CFs, the ratio of the D to the G band can be 

used. Whether the intensity or the areal ratio should be used is, however, 

debatable (Ferrari and Robertson 2000; Moon et al. 2021). The Raman 

measurements revealed that the CFs with the highest Young’s modulus 

(batchwise-derived) had the fewest defects, as suggested by their higher intensity 

ratio (ID/IG), see Table 5. According to Ferrari’s famous three-stage model, a 

higher ID/IG of disordered carbons prepared in the temperature range used here 

(1100 °C, stage II) corresponds to a structure with more nanocrystalline graphite 

and less amorphous carbon than a material with a lower ID/IG (Ferrari and 

Robertson 2000). If, on the other hand, the areal ratio (AD/AG) is used, the opposite 

trend is observed and the CFs with the highest Young’s modulus have the lowest 
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ratios (data not shown), which suggests that the CFs with the highest Young’s 

modulus have a less disordered carbon structure.  

   

Table 5 Intensity ratio of D to G bands from Raman measurements on CFs prepared by batchwise 

and continuous conversion. L = Lignin; S = System S; P = System P 

Conversion 

mode 

Precursor Ea 

(GPa) 

ID/IG 

 

Batchwise 0% L (S) 77 1.63 

0% L (P) 55 1.58 

30% L (P) 53 1.59 

Continuous 0% L (P)b 46 1.46 

0% L (P)c 35 1.46 

30% L (P)c 33 1.54 

aYoung’s modulus, bTension 1.3 cN/tex, cTension 0.2 cN/tex 

Conclusions  

For the first time, CFs have been prepared from wet spun cellulose-lignin 

precursors using an aqueous cold NaOH(aq) process for direct co-dissolution of 

dissolving-grade pulp and softwood kraft lignin. Precursors were spun from dopes 

with up to 30 wt% lignin using two different coagulation baths: one with 

H2SO4/Na2SO4 (System S) and one with H3PO4/NH4H2PO4 (System P), where the 

latter gives the precursors flame-retardant properties. The precursor tenacity was 

in the 11–26 cN/tex range, where an increasing amount of lignin in the precursor 

reduced the tenacity. The precursor morphology was affected by the coagulation 

bath used: System S gave precursors with a striated surface and irregular cross-

section while System P gave fibres with a smoother surface and a circular cross-

section.  

The precursors were processed to CFs by batchwise and continuous 

conversion, using a final temperature of 1000–1100 °C. No change in morphology 

after conversion was observed, indicating that the precursor morphology is 

transferred to the CF. The gravimetric yield and the tensile properties were 

strongly affected by the choice of precursor and conversion conditions. The yield 

varied between 12 and 44 wt%, where the addition of lignin and/or the use of 

System P resulted in a significant increase in yield. The CFs had a Young’s 
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modulus and tensile strength of 33–77 GPa, and 0.48–1.17 GPa, respectively, and 

the batchwise-derived CFs displayed the highest values. Structural 

characterisation of the precursors and the resultant CFs shows that a higher 

precursor crystallinity and greater orientation correlated with fewer defects and 

higher tensile properties of the CF.  

The continuous conversion trials demonstrate the importance of tension 

control. A higher tension resulted in an increase in Young’s modulus of about 

30%. Further development work should focus on optimisation of the continuous 

conversion procedure.   
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