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Abstract: While carbon fibers (CFs) are still the most attractive reinforcement material for lightweight
structures, they are mostly manufactured using crude oil-based process chains. To achieve a higher
eco-efficiency, the partial substitution of polyacrylonitrile (PAN) by renewable materials, such as
lignin, is investigated. So far, this investigation has only been carried out for batch manufacturing
studies, neglecting the transfer and validation to continuous CF manufacturing. Therefore, this work
is the first to investigate the possibility of partial substituting lignin for PAN in a continuous process.
Lignin/PAN-blended CFs with up to 15 wt.-% lignin were able to attain mechanical properties
comparable to unmodified PAN-based carbon fibers, achieving tensile strengths of up to 2466 MPa and
a Young’s Modulus of 200 Pa. In summary, this study provides the basis for continuous Lignin/PAN-
blended CF manufacturing.

Keywords: lignin; polyacrylonitrile; blend; carbon fibers; tensile properties; continuous processes

1. Introduction

Renowned for their exceptional mechanical and electrical properties, carbon fibers
(CFs) have long been integral to lightweight construction applications within the
aerospace [1,2], civil engineering [3], and energy storage [4] industry. Since the 1950s,
the production of carbon fibers has relied on a consistent manufacturing process. This
process involves creating a precursor fiber (PF) from a polymer material, usually derived
from petroleum, primarily polyacrylonitrile (PAN). Subsequently, the PAN-based PF
(PAN-PF) undergoes various thermal conversion stages, including stabilization in a
thermo-oxidative environment as well as carbonization and, if desired, graphitization, both
carried out in inert atmospheres [2,3].

Especially in times of climate change, a resource-efficient and climate-friendly industry
is needed to slow down the greenhouse effect. For CFs, the aim is to replace PAN with
renewable carbon-rich additives, such as lignin and/or cellulose. Up to 30% of the dry mass
of lignifying plants consists of lignin, which accounts for up to 70% of the CO2 absorbed by
plants [5]. For this reason, the use of fully renewable materials for CF production is being
investigated [4,6,7]. Regrettably, these entirely renewable carbon fibers do not presently
achieve the full spectrum of properties exhibited by PAN-based carbon fibers during the
carbonization process, particularly concerning temperatures up to 1600 °C [8].
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With the upcoming production of renewable PAN [9–11], there have been many at-
tempts to partially replace PAN with renewable resources such as lignin [12–22]. In this way,
the benefits of thermal processing for PAN-based carbon fibers, including their superior
temperature–mechanical property relationships, can be merged with the advantages of
incorporating lignin additives, which offer abundant and cost-effective raw materials. Si-
multaneously, the drawbacks associated with PAN-PF processing, such as the management
of toxic exhaust gases [23–25], and the substantial energy requirements for graphitization
in ultra-high temperature furnaces can be mitigated.

Lignin/PAN-blend CFs have been produced batch-wise with lignin contents up to
25 wt.-% with mechanical properties up to 148 GPa tensile modulus and 1.3 GPa ten-
sile strength [17]. This could be further increased by the addition of carbon nano tubes
(CNTs) for CNT/Lignin/PAN-blend CFs with lignin contents up to 30 wt.-% for a ten-
sile modulus of 200 GPa and a tensile strength of 1.4 GPa [21]. Still, lignin additives
lead, in many studies, to pore and defect initiation during thermal conversion due to
the inhomogeneous structure of lignin and therefore to CFs with more defects [4,20,26].
The influence of various factors additionally to lignin content [12,17,20,21] has been stud-
ied, including lignin distribution [13,14], the molar mass of the lignin [15,18], the use
of Lignin-PAN-co-polymers [16,19,22] and the functionalization of lignin for enhanced
Lignin/PAN-blend CFs.

As most studies are performed in batch processing [12–22], only a few investigations
focus on the influence of lignin content on continuous processing [27]. In continuous ther-
mal conversion, various factors interact, necessitating the need to distinguish and isolate
their individual influences. So far, there have been no mechanical properties published for
continuously produced Lignin/PAN-blend-based CFs. Therefore, the aim of this study is
to investigate the influence of increasing lignin contents on the mechanical properties of
Lignin/PAN-blend-based CFs in continuous thermal conversion.

2. Materials and Methods
2.1. Materials

Lignosulfonate (LS) with a low sulfonate content (<4%) and a molecular weight of
approx. 10,000 g/mol, as well as dimethyl sulfoxide (DMSO, 99%), were purchased from
Sigma-Aldrich, Merck KGaA, Darmstadt, Germany. Dimethylformamide (DMF, 99%) was
purchased from BCD Chemie GmbH Hamburg, Hamburg, Germany. Pyridine (>99%) and acetic
anhydride (>99%) were purchased from VWR International GmbH, Radnor, PA, USA. An
institute’s own PAN polymer with a number average molar mass of 119,000 ± 3100 g/mol
and a polydispersity of 2.7 ± 0.1 was purchased, which was previously used in [28–30].

To maintain the economic characteristics of lignin with minimal preprocessing [20]
and enhance its solubility, both raw and minimally modified, esterified lignin have been
employed as raw materials. For lignin esterification, 100.0 g of LS was dried at 60 °C in
a drying cabinet and then dissolved in 500.0 g of DMSO while stirring vigorously. Then,
184.2 g (1.80 mmol) of acetic anhydride and 142.7 g (1.80 mmol) of pyridine were added
successively and the reaction solution was stirred for 20 h under air atmosphere. The lignin
was then precipitated in approx. 3 L of distilled water, centrifuged, again suspended in
approx. 1 L, and finally centrifuged. The esterified lignin (AcL) was dried in a drying
cabinet at 60 °C and finally crushed with a mortar.

2.2. Precursor Fiber Spinning

The reference spinning solution was prepared from 18 wt.-% PAN and 82 wt.-% DMF-
based solvent. LS/PAN-blend solutions were provided analogous to the reference, and
1 wt.-%, 2 wt.-%, 5 wt.-%, 10 wt.-%, 15 wt.-% and 20 wt.-% LS (related to PAN) were added
gradually. Although the LS contents were examined up to 20 wt.-%, it was only feasible
to create homogeneous AcL solutions up to a concentration of 10 wt.-%. Accordingly,
AcL/PAN-blend solutions were prepared mirroring the reference and augmented with
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1 wt.-%, 2 wt.-%, 5 wt.-%, and 10 wt.-% AcL. These solutions were homogenized by stirring
at 60 °C and then degassed under vacuum.

The fiber spinning was carried out in a wet-spinning pilot plant consisting of one
coagulation bath, three washing baths, one drying unit, one sizing unit, and a winder [31].
The spinning solutions were heated to 70 °C and extruded through a filter (50 µm) and a
spinneret with 1008 holes and spin nozzles with a diameter of 70 µm. The spinneret was
immersed in the coagulation bath, and fiber was converted with a jet stretch of 1.0 (without
stretching). The fibers were subsequently drawn within the washing baths to an overall
ratio of 1:4.0, dried, and finally sized with Torsinol ZSB spin finish. The spinning of the
fiber was successful for all the fibers mentioned in the paper. More in-depth details are the
subject of unpublished studies.

2.3. Thermal Conversion

The thermal conversion proceeded in continuous process lines, consisting of a sta-
bilization line and a carbonization line. The continuous thermo-oxidative stabilization
line [32] consists of an oven with four heating zones (HZi) and as many processing units.
The temperature profile was set to 245 °C to 255 °C for HZ1 (TSTAB,HZ1), 260 °C to 270 °C
for HZ2 (TSTAB,HZ2), 280 °C to 285 °C for HZ3 (TSTAB,HZ3), and 290 °C to 300 °C for HZ4
(TSTAB,HZ4). The minor temperature variations within one HZ are related to an investiga-
tion into the influence of different temperature gradients as lignin can exhibit sensitive
behavior at higher temperatures [33]. However, the gradients were so small that they had
no influence on the process results and are therefore negligible in this study.
The cumulative residence time in stabilization (tSTAB) was adapted to 120 min based on
the experience of previous trials. The fiber stretch was set to ϵpre = 0.49%; ϵHZ1 = 0.48%;
ϵHZ2 = 0.51%; ϵHZ3 = 0.29%; ϵHZ4 = 0.32%; and ϵpost = 1.6%.

The carbonization line consists of a low temperature (LT) and a high temperature (HT)
furnace in series, each with four separate heating zones. The temperature profile is set for
LT to 450 °C, 550 °C, 650 °C, and 800 °C and for the HT to 900 °C, 1050 °C, 1200 °C, and
1400 °C. The fiber stretch was set to −7.6% with a dwell time of 8 min. An overview of the
parameter setups can be seen in Table 1. The nomenclature of the labels was carried out
by combining the abbreviation of lignin functionalization (LS, AcL) and the lignin content.
The groups of samples with either LS or AcL additive are further referred to as LSi and
AcLi, where i is the additive content.

Table 1. Varied process parameters for lignin content (xLig) and lignin functionalization (Lig), dwell
time in stabilization (tSTAB), temperature of the heating zones 1 to 4 in stabilization (TSTAB,HZi), and
maximum temperature in carbonization (TCARB,max).

Label xLig Lig tSTAB TSTAB,HZ1 TSTAB,HZ2 TSTAB,HZ3 TSTAB,HZ4 TCARB,max

PAN - 120 250 280 285 295 1400
LS1 1 LS 120 255 280 280 295 1400
LS2 2 LS 120 245 280 290 295 1400
LS5 5 LS 120 255 270 290 295 1400
LS10 10 LS 120 255 260 285 300 1400
LS15 15 LS 120 250 270 280 290 1400
LS20 20 LS 120 250 260 290 295 1400
AcL1 1 AcL 120 255 280 280 295 1400
AcL2 2 AcL 120 245 280 290 295 1400
AcL5 5 AcL 120 245 280 285 295 1400
AcL10a 10 AcL 120 255 270 285 295 1400
AcL10b 10 AcL 120 250 260 285 300 1400

2.4. Characterization

Single filament tensile tests were carried out with a Textechno Favimat+ with a 210 cN
measuring head at 20 mm gauge length. The fineness was measured by vibroscope method.
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The pretension was 0.5 cN/tex, and the test speed 2 mm/min. Thirty filament samples
were taken for each CF measurement. The density was measured by means of a floating
method according to DIN 65569 [34].

Filament diameters were determined by the production of micrographs using a Carl
Zeiss Axio 100 light microscope. At a resolution of 1:100, sections with more than 50 fil-
aments were selected and the filament diameter was measured with Olympus Stream
Essentials at 400× magnification.

Thermogravimetrical analyses (TGA) were carried out with a STA 409 PC/PG from
NETZSCH. Approx. 24 mg of each sample was investigated in alumina oxide crucibles.
The samples were heated from 30 °C with 2 K/min to a temperature of 400 °C. A synthetic
air atmosphere with 75 ml/min was applied.

Differential scanning calorimetry (DSC) measurements were conducted with a DSC
Star 1 from Texas Instruments. Approx. 3 mg of each sample was examined under air
atmosphere with a flow rate of 40 ml/min and a heating ramp of 5 K/min from 150 °C
to 400 °C. The evaluation of reaction enthalpy was performed by integrating the areas
between 230 °C and 380 °C with a spline baseline. Afterwards, the stabilization index
SI was calculated for the residual enthalpy of the stabilized fiber (hSF) in regard to the
precursor fiber (hPF) [35].

SI[%] = 100 ∗ (1 − hSF/hPF) (1)

3. Results and Discussion
Influence of Lignin Contents

All precursor fibers except LS5 and LS20 could be thermally converted. The thermal
stabilization of LS5 and LS20 was not possible because of their PF brittleness. Cross-
sectional images of a batch-processed stabilized fiber of LS20 show the increasing presence
of macro pores in the sheath area (Figure A1). In cross-sectional images of LS/PAN-blend
CFs, namely, LS1, LS2, and LS10, pores are discernible both within the core and in the
sheath area, particularly at elevated concentrations, see Figure 1.

Figure 1. Cross-sectional images of CFs with different LS content: (left) 1 wt.-%, (center) 2 wt.-%, and
(right) 10 wt.-%.

These macro pores indicate the degradation of LS and thereby the evolvement of
macro pores, which lead to low tensile strength and therefore fiber breakage. While
LS20 may show too many pores for textile processing, LS5 seems to have agglomerated
LS or random macro pores along the fiber length. As LS10 could be converted to CFs,
the agglomeration hypothesis seems more likely, as the LS content is twice as high in LS10
as in LS5. This is further supported by the absence of a significant difference in the SI.
While PAN has a SI of 98%, the LSi shows an SI between 98% for LS1 and 93% for LS15
(Figure A2). Simultaneously, the SI of AcLi ranges between 97% for AcL1 and 94% for
AcL10. Therefore, the SI of AcLi fibers tends towards slightly lower values than the SI of
LSi fibers. Finally, the difficulty of the conversion of LS/PAN-blend fibers can also be seen
in thermo-gravimetric analyses as presented in Figure 2.

The thermographs for a maximum temperature of 400 °C can be interpreted as follows.
The unmodified PAN fibers show the highest mass loss of 17 wt.-%. The AcL/PAN-blend



Fibers 2024, 12, 50 5 of 13

fibers with 1 wt.-% AcL content show the lowest mass loss of 13 wt.-%. The mass loss
increases with higher additive AcL content up to 16 wt.-% for 10 wt.-% AcL content.
Accordingly, LS/PAN-blend fibers also loose 16 wt.-% of the initial mass for 10 wt.-% LS
content, whereas fibers with 15 wt.-% LS content show a weight loss of 17 wt.-%. These
figures equal the behavior of the unmodified PAN-PF. The mass loss increases further for
20 wt.-%.

Figure 2. Thermogravimetrical analysis of the mass losses of AcL/PAN-blend-based (left) and
LS/PAN-blend-based (right) precursor fibers against temperature under air atmosphere.

In the differential thermo-gravimetric (DTG) curves, a theoretically heightened pres-
ence of LS should manifest as an elevated peak in the DTG value, ideally positioned between
the 15 wt.-% and unmodified DTG curves. However, this is not observed. Conversely,
for the degradation rate, the 20 wt.-% LS variant aligns consistently with the remaining
modification curves. A plausible explanation is that in the event of a uniform dispersion
of LS particles in the 20 wt.-% variant, a distinct and elevated peak would be evident.
The absence of such a peak, coupled with the congruence in degradation behavior with
other loading variants, suggests indications of LS particle agglomeration. In agglomerated
states, particles cluster together, leading to a slower degradation process compared to
well-dispersed counterparts. Thus, achieving the homogeneous modification of PAN-blend
fibers with LS contents (LS) beyond 10 wt.-% appears to pose a considerable challenge.

Moreover, all other Lignin/PAN-blend- and unmodified PAN-PF could be converted
into CFs. Figure 3 illustrates the mechanical characteristics of carbon fibers with varying
additive concentrations, specifically presenting data on both tensile strength and Young’s
modulus. The values, a detailed description of their gamma distribution parameters, and
cumulative distribution graphs are given in Tables A1 and A2 and Figure A3.

A gamma distribution was chosen because it offers greater flexibility compared to a
Weibull distribution fit. The data pertaining to tensile strength and Young’s modulus exhibit
slightly skewed characteristics and also vary across different materials. Consequently,
the gamma distribution is selected to offer the most suitable fit. Its ability to accommodate
skewed data and variability across materials makes it a preferred choice in this scenario.

Considering the standard deviation of the available measurements up to 10 wt.-%
additive content, no significant change in tensile strength can be identified for both LS- and
AcL-blended CFs. The average values vary between 1800 and nearly 2500 MPa. However,
the tensile strength of 15 wt.-% LS content CFs shows a significant decrease down to
1000 MPa. Since the tensile strength of CFs indicates a decrease with a higher lignin content
than 10 wt.-% (Figure 3), fiber breakage could be caused by the aforementioned pore
formation induced by the lignin additives. The pore formation could further have been the
result of an increased initial stabilization temperature and thus have accelerated incomplete
conversion to stabilized PAN-fibers [36,37]. These increased reaction kinetics could lead to
enhanced decomposition reactions, resulting in decreased tensile strengths.
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Regarding the results of the Young´s modulus, a plateau between 172 GPa and 216 GPa
can be identified for 0 wt.-% to 10 wt.-% additive content and for both kinds of lignin modi-
fication. Other than the tensile strength, the Young’s modulus of 15 wt.-% LS content stays
within the results of all the lower contents. As the filament diameter and fineness of the CFs
show no significant trend with respect to the lignin modification content (Figure A4), this
can be seen as a non-influence of lignin modification. In contrast to reported studies [20]
indicating a decrease in fiber diameter with rising lignin concentration, our examination of
LS/PAN-blend carbon fibers reveals a subtle increase in both fineness and diameter. How-
ever, it is noteworthy that this observed rise falls within the realm of standard deviation,
thereby suggesting no statistically significant influence as the concentration of the additive
increases (Figure A4).

Figure 3. Behavior of tensile strength (left) and Young’s modulus (right) in regard to different lignin
contents for lignosulfonate (LS)/ and acetylated lignin (AcL)/PAN-blend-based carbon fibers.

The previously mentioned results might indicate a gentle rise of AcL/PAN-blend CF
tensile strength with increasing additive content between 2 wt.-% and 10 wt.-%. To confirm
the data, AcL10a has therefore been reproduced for a closer inspection on its mechanical
properties. Despite slight changes in its temperature profile during stabilization (compare
Figure 1), AcL10b achieves similar mechanical properties to those of AcL10a. The Young’s
modulus decreases by −8.5% to 185 GPa and the tensile strength decreases by −4.3% to
2360 MPa. However, these values can be considered equivalent because their standard
deviations still overlap.

Therefore it has to be stated that an increase of up to 10 wt.-% of lignin additive has no
significant impact on the mechanical properties of AcL-modified CFs. Yet, LS modification
seems to have more influence. Neither of the modifications significantly alters the values of
the Young’s modulus.

4. Conclusions

This study has demonstrated the continuous production of Lignin/PAN-blend carbon
fibers. While PAN-blend fibers could only undergo modification up to 10 wt.-% AcL content,
blends with LS demonstrated the capability to be modified up to 20 wt.-%. There is still
a need for the further investigation of LS/PAN-blend fibers in regard to homogeneously
dispersion of LS within the precursor fibers. To the authors’ knowledge, there has been no
continuously produced blend CFs made from lignin and synthetic polymers published so
far. Up to now, there has been only batch processed blend CFs [12–17,21,22,38–70]. With
this in mind, the manufactured CFs show the highest mechanical properties publicized so
far, see Figure 4.

Furthermore, the present study indicates that a transition of the extensively developed
batch-manufactured carbon fibers with even higher lignin contents should be explored for
their adaptation and validation in continuous processes. This could enable a consistent
increase in lignin content up to over 20 wt.-% for future renewable CFs. Finally, the study
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shows a way for the future increase in lignin content in continuously produced CFs and
thus a way for the proportional reduction in polyacrylonitrile while maintaining sufficient
mechanical properties at a high-temperature carbonization level. It is also expected that
commercially available PAN could potentially be partially substituted with small amounts
of lignin, similar to what was performed in this study. Further investigation is advised.
This should be demonstrated in future studies. Building on this, the climate-damaging
impact of PAN in the carbon fiber industry could be gradually reduced.

Figure 4. Comparison of the tensile strength (left) and Young’s modulus (right) of blend CFs made
from lignin and synthetic polymers produced in batch process by literature and in a continuous
process in this study.
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PAN Polyacrylonitrile
PF Precursor fiber
SI Stabilization index
TGA Thermogravimetrical analysis
DTG Derivative Thermogravimetry
SD Standard deviation

Appendix A

Figure A1. Cross section area of LS20 fiber batch stabilized for 120 min.

Figure A2. Stabilization index (SI) of stabilized fibers with different lignin contents (left) and
exemplary selected DSC-curves of precursor and stabilized fibers (right).

Table A1. Filament diameter (dF) and mechanical properties—tensile strength (σ), tensile modulus
(E), and elongation at break (ε)—of the continuously manufactured Lignin/PAN-blend carbon fibers.
The standard deviation (SD) is given for each parameter. The parameter is written in subscript.

Label xLig Lig dF [µm] SDdF

[µm] σ [MPa] SDσ

[MPa] E [GPa] SDE
[GPa] ε [%] SDε [%]

PAN - 7.89 0.58 2379 379 207 9 1.19 0.19
LS1 1 LS 8.33 0.60 2062 332 175 14 1.25 0.17
LS2 2 LS 8.43 0.85 1880 295 188 22 1.04 0.14
LS10 10 LS 7.91 0.99 2242 311 216 15 1.09 0.13
LS15 15 LS 8.54 1.22 1209 296 181 14 0.69 0.14
AcL1 1 AcL 8.16 1.02 2428 271 196 13 1.33 0.13
AcL2 2 AcL 8.85 0.89 2073 226 172 12 1.28 0.14
AcL5 5 AcL 8.14 1.06 2389 299 189 15 1.34 0.14
AcL10a 10 AcL 7.50 1.48 2466 425 200 28 1.31 0.12
AcL10b 10 AcL 8.20 1.09 2360 362 183 22 1.36 0.14
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Figure A3. Cumulative distribution graphs of tensile strength (σ) (left) and Young’s modulus (E)
(right) for all of the produced fibers (LS top; AcL bottom).

Table A2. Shape parameters (k) and scale parameters (θ) of gamma distribution fit of the tensile
strengths (σ) and Young’s moduli (E).

Label Gamma Distribution of σ Gamma Distribution Parameters of E

Parameter kσ θσ kE θE

PAN 37.4 63.5 561 0.34
LS1 37.6 54.8 157 1.12
LS2 40.6 46.3 75.8 2.50
LS10 53.2 42.1 214 1.00
LS15 15.3 79.0 170 1.07
AcL1 78.2 31.0 254 0.77
AcL2 82.7 25.1 200 0.86
AcL5 65.2 36.6 147 1.29
Acl10 35.8 68.9 51.5 3.89
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Figure A4. CFs diameter (left) and fineness (right) for lignosulfonate (LS) and acetylated lignin
(AcL)/PAN-blend CFs with different lignin contents.
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