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ABSTRACT: There is an increasing demand for lightweight
composites reinforced with carbon ﬁbers (CFs). Due to its high
availability and carbon content, kraft lignin has gained attention as
a potential low-cost CF precursor. CFs with promising properties
can be made from ﬂexible dry-jet wet spun precursor ﬁbers (PFs)
from blends (70:30) of softwood kraft lignin and fully bleached
softwood kraft pulp. This study focused on reducing the
stabilization time, which is critical in CF manufacturing. The
impact of stabilization conditions on chemical structure, yield, and
mechanical properties was investigated. It was possible to reduce
the oxidative stabilization time of the PFs from about 16 h to less
than 2 h, or even omitting the stabilization step, without fusion of
ﬁbers. The main reactions involved in the stabilization stage were dehydration and oxidation. The results suggest that the
isothermal stabilization at 250 °C override the importance of having a slow heating rate. For CFs with a commercial diameter,
stabilization of less than 2 h rendered in tensile modulus 76 GPa and tensile strength 1070 MPa. Impregnation with ammonium
dihydrogen phosphate signiﬁcantly increased the CF yield, from 31−38 to 46−50 wt %, but at the expense of the mechanical
properties.
KEYWORDS: Carbon ﬁber, Softwood kraft lignin, Fully bleached softwood kraft pulp, Stabilization,
Ammonium dihydrogen phosphate, Dry-jet wet spinning

■

INTRODUCTION
Carbon ﬁbers (CFs) are known for their superior speciﬁc
strength and stiﬀness, making them highly attractive as the
load-bearing component in composites.1 However, the widespread use of CFs is currently constrained by its high price.
Manufacturing of conventional CF involves spinning of a
precursor ﬁber (PF) that is converted into CF by a two-step
thermal treatment, namely oxidative stabilization (200−350
°C) and carbonization (>1000 °C).2 The speciﬁc conditions
depend on the raw materials used and the desired properties of
the CF. The petroleum-derived polymer polyacrylonitrile
(PAN) serves as the principal source (∼96%) for commercial
CFs,3 besides pitch and rayon. About half of the production
cost of CF is related to the PF, stressing the need for cheaper
precursors. In addition, the thermal treatments used for
conversion of PAN into CF are time and energy consuming,
contributing substantially to the total cost.4,5 Thus, ongoing
research is focused on ﬁnding cheaper raw materials and
improving the conversion methods for PF and CF.
In the search for alternative sources, preferably renewable,
lignin and cellulose have gained increased attention due to
their availability in substantial amounts and are regarded as
© 2019 American Chemical Society

potential candidates for the preparation of biobased and costeﬃcient CFs.6−9
Lignin has a high carbon content (60−65%) suggesting a
high yield after CF processing, thus making it an interesting
alternative to petroleum-based PAN. The majority of the
technical lignins available are separated from the black liquor
in the kraft pulping process, and most research has focused on
preparing PFs by melt spinning of lignin. The mechanical
properties of the lignin-based CFs so far produced are inferior
to the target set by the US automotive industry, tensile
modulus (TM) 172 GPa; tensile strength (TS) 1.72 GPa.8
Moreover, the challenges in the melt spinning of kraft lignin
without plasticizing additives10,11 as well as the long
stabilization times, sometimes over 100 h,12 are problematic.
In contrast to lignin, cellulose has a molecular orientation,
which is reﬂected in the mechanical properties of the CFs.
However, the widespread use of cellulose-based CFs is mainly
inhibited by the low carbon content of cellulose (44.4%)
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resulting in low yield, 10−30%, after carbonization.13 To
increase the yield the PFs can be impregnated with, e.g., ﬂame
retardants such as ammonium dihydrogen phosphate (ADHP)
which catalyze the yield-saving dehydration reactions during
stabilization and thereby suppress the formation of undesirable
tar and volatiles.7,13,14
In recent studies, PFs have been prepared from blends of
lignin and cellulose to overcome the problems related to long
stabilization times and low yield of the former and latter,
respectively.9,15−17 Co-processing using solvent spinning
makes it possible to take advantage of both macromolecules.
Olsson and co-workers15 ﬁrst reported this approach by
solution spinning lignin:cellulose PFs from a 70:30 blend,
using softwood kraft lignin (SKL) and dissolving kraft pulp
(DP) as sources as well as the ionic liquid (IL) 1-ethyl-3methyl imidazolium acetate ([EMIm][OAc]) as solvent. The
CFs had a TM and TS of 68 GPa and 780 MPa, respectively,
i.e., higher than the tensile properties obtained for CFs
prepared from melt spun SKL, typically having a TM and TS in
the range 30−63 GPa and 300−1100 MPa, respectively.18−20
Recently, membrane-fractionated SKL (150 kDa permeate)
served as a source for melt spinning of PFs that after
carbonization at 1000 °C gave CFs with TM and TS of 63 GPa
and 1100 MPa, respectively.20
Recently we evaluated the eﬀect on the gravimetric yield by
combining neat or fractionated SKL with DP or a bleached
paper grade kraft pulp (KP).17 The gravimetric CF yield
increased from 22% when using neat KP to 40% for 70:30
SKL:KP PFs, respectively.
In this study, the eﬀect of diﬀerent stabilization conditions
and ADHP-impregnation on the PF structure, CF yield, and
mechanical properties of the resulting CFs is evaluated.

■

prior to conversion. The impregnation resulted in a phosphoruscontent in the PFs of 2.4 ± 0.1 wt %.
Stabilization and Carbonization. To prevent ﬁber shrinkage
during the thermal treatments, PFs were ﬁxed on graphite bridges
(Gerken Nordiska Karma, Järfälla, Sweden). Stabilization of the ﬁxed
PFs was performed in air (7 L/min) using a KSL-1200X muﬄe
furnace (MTI Corporation, Richmond, CA, USA). The PFs were
stabilized with a slow or fast heating rate from 23 to 250 °C and then
subjected to isotherms of 1, 5, or 10 h. Slow heating rate: 0.2 °C/min
to 200 °C and then at 1.0 °C/min to 250 °C; fast heating rate: 5 °C/
min to 250 °C. Carbonization was performed in a model ETF 70/18
tube furnace (Entech, Ä ngelholm, Sweden) in nitrogen (200 mL/
min) by heating at 1 °C/min to 600 °C and then at 3 °C/min to 1000
°C before cooling to room temperature, rendering in a carbonization
time of 11.8 h. Alternatively, PFs were carbonized at the same
conditions without a oxidative stabilization step, hereafter referred to
as Instant carbonization.
Characterization. Diﬀerential scanning calorimetry (DSC)
analysis of the SKL:KP PFs before and after oxidative stabilization
was done in a TA Instruments Q2000 (New Castle, DE, U.S.A.).
Prior to analysis, the ﬁbers were ﬁnely chopped (0.5−2 mm) with a
razor blade, and a sample size of 3.7 ± 0.3 mg was placed in sealed in
aluminum pans. In order to remove moisture, the sample was heatead
at 10 °C/min from room temperature to 105 °C where it was held
isothermally for 20 min before cooling to 0 °C. The samples were
then heated to 220 °C at 10 °C/min. Data evaluation was done with
the software TA Universal. The reported glass transition temperature
(Tg) is the temperature at the half height of the endothermic shift.
The appearance of the CFs was evaluated by scanning electron
microscopy (SEM) using an SU3500 electron microscope (Hitachi,
Japan), and an acceleration voltage of 3 kV and secondary electron
(SE) detector. The ﬁbers were Ag-coated by a 108auto sputter coater
(Cressington Scientiﬁc Instruments LTd., U.K.) and then placed on a
sample holder by using double-sided carbon tape. Cross sections were
prepared by snapping the ﬁbers with a scalpel. Elemental composition
(wt %) of the CFs was determined by energy dispersive X-ray analysis
(EDXA; XFlash detector, Bruker Corp., U.S.A.) at an acceleration
voltage of 10 kV, using a BSE detector and a working distance of 10
mm. Data evaluation was done with Esprit v.1.9.3. software (Bruker
Corp., U.S.A.).
Fourier transform infrared (FTIR) spectra in the range of 4000−
650 cm−1 were recorded on a Varian 680-IR FTIR spectrometer
equipped with an attenuated total reﬂectance (ATR) accessory (ZnSe
crystal). A thin layer of ﬁbers was applied on the ATR crystal (d = 2
mm), and constant pressure was applied. A total of 32 scans were
performed at a spectral resolution of 4 cm−1 and subjected to baseline
correction. The reported spectra are an average of three measurements.
Thermogravimetrical analysis (TGA) was performed on a TA
Instruments Q5000 IR (New Castle, DE, U.S.A.) in air or nitrogen
atmosphere (ﬂow rate 25 mL/min). Prior to analysis, ﬁbers were
chopped with a razor blade to a length of 2−5 mm, and 4.3 ± 0.7 mg
of sample was placed in the ceramic pans. Stabilization was performed
in air atmosphere using the slow and fast heating rate when heated
from 23 to 250 °C, as described in the Stabilization and
Carbonization section, and held isothermally for 10 h. Measurements
in nitrogen atmosphere were performed by preheating at 105 °C for
20 min in order to remove moisture and then heating at 10 °C/min to
1000 °C. The reported data are normalized to its dry content.
The phosphorus content was measured on wet-digested PFs by
inductively coupled plasma optical emission spectroscopy (ICP-OES;
PerkinElmer Optima 8300, U.S.A.) at a wavelength of 213.615 nm.
Prior to analysis, 25−50 mg of PF was oxidized in a Teﬂon vessel
using 2−7 mL of deionized water and 2 mL of 30 vol % hydrogen
peroxide which was allowed to react for 10 min. Subsequently, 5 mL
of concentrated nitric acid was added and then wet-digested in a
microwave digestion system (ETHOS One, Milestone S.r.L., Italy) at
180 °C for 15 min. ICP-OES calibration was done with a 10 mg/L
calibration solution for phosphorus determination (Wave Cal
Solution, PerkinElmer, U.S.A.).

EXPERIMENTAL SECTION

Materials. Softwood kraft lignin (SKL) produced using the
LignoBoost process was obtained from LignoBoost Demo, Bäckhammar, Sweden. Fully bleached paper-grade softwood kraft pulp
(KP), Celeste, was provided by SCA Forest Products (Sundsvall,
Sweden). The carbon and oxygen content of SKL was 64 and 25 wt
%, respectively. For further details regarding the raw materials SKL
and KP, the reader is referred to our recent work.17 The solvent 1ethyl-3-methylimidazolium acetate ([EMIm][OAc]), 95%, was
purchased from Sigma-Aldrich (Steinheim, Germany), and ammonium dihydrogen phosphate (ADHP), 99%, was supplied by WWR
AB (Stockholm, Sweden). The chemicals were used as received.
Preparation of Precursor Fibers. Sheets of KP were chopped,
ground, and dried overnight at 40 °C prior to dissolution. A 70/30
(w/w) blend of SKL and KP was dissolved in [EMIm][OAc] at 70 °C
for 60 min in a closed reactor with stirring at 30 rpm. The solid
concentration of the dope was 18%, and the solution temperature
during spinning was 60 °C. The solution was spun into precursor
ﬁbers (PFs) using lab-scale spinning equipment which consisted of a
spin pump, spin bath and take-up rolls. Extrusion was performed
through multiﬁlament spinnerets over an air-gap of 10 mm into a spin
bath of deionized water, having a temperature of 5 ± 2 °C. Thick PFs
with a diameter of 22 μm were prepared by using a spinneret with 33
holes (120 μm capillary diameter) and a draw ratio (DR) of 4. Thin
PFs with a diameter of 14 μm were prepared from a spinneret with 75
holes (80 μm capillary diameter) and by applying a DR of 7. Cellulose
PFs (KP, DR 4) was prepared according to our previous work giving a
PF-diameter of 27 μm.17 Subsequently, the PFs were washed with
deionized water for 24 h and treated with spin-ﬁnish, Neutral, from
Unilever (Copenhagen, Denmark) for improved handling before
drying at 80 °C for 45 min. Tows of PFs were immersed for 5 s in a
solution of 0.4 M ADHP. Excess of the solution was removed with a
paper towel prior to drying in a fume hood at 23 °C for at least 24 h
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carbonization. The possibility of obtaining infusible ﬁbers
despite the (relatively) high heating rate 5 °C/min during
oxidative stabilization, or even after instant carbonization is a
great advantage. Heating rates used for stabilization of melt
spun lignin-based PFs are typically below 0.2 °C/min which
results in long stabilization times, sometimes over 100 h.12,22,23
Dry-jet wet spinning involves no thermal treatment of kraft
lignin, in contrast to melt spinning which commonly is carried
out at around 200 °C.24 To obtain suitable thermal properties,
neat technical alkaline lignin such as kraft lignin must be
fractionated for successful melt spinning.6,24 The use of dry-jet
wet spining for producing lignin:cellulose ﬁlaments makes it
possible to bypass these requirements, suggesting a possibility
of using thermally reactive SKL. The highly condensed
structure of SKL as well as its high reactivity, due to the
guaiacyl units, is clearly an advantage in the stabilization stage.
The results suggest that the oxidative stabilization step can be
omitted, pointing toward a simpliﬁed processing route during
the preparation of CFs from SKL and KP blends.
Structural Changes during Stabilization. In general,
oxidative stabilization induces chemical changes in a PF, by,
e.g., dehydration, oxidation, cross-linking, and cyclization.9
Besides heating rate, the isothermal time at the stabilization
temperature may also aﬀect the induced structural changes.
The change in functional groups of the PFs induced by the
stabilization reactions, including prolonged isothermal treatments, was studied. Figure 3 shows FTIR spectra of the
SKL:KP PFs after slow (a) or fast (b) heating to 250 °C
subjected to isotherms of 1, 5, or 10 h.
Along with an increase in stabilization time, the PFs became
progressively dehydrated, as reﬂected by the continuous
decrease in intensity of the O−H stretching band (3600−
3100 cm−1). The slow heating to 250 °C takes about 15 h,
while that of fast heating is less than 1 h, explaining the more
comprehensive dehydration of the former. This diﬀerence
between the samples persisted until around 5 h of isothermal
treatment. The same trend was observed for dehydrogenation,
i.e., a decrease in intensity of the signals in the region 2940−
2840 cm−1 related to aliphatic C−H stretching in methyl,
methylene, and methoxyl groups of lignin, as well as aliphatic
C−H stretching of methyl and methylene functionalities in
cellulose.25−27 In contrast, the intensity of the signal related to
oxidation, i.e., CO stretching (1730 cm−1) in unconjugated
ketones, carbonyls, and ester groups, increased with stabilization time, in agreement with earlier studies.9,12,28,29 The
heating rate mainly inﬂuenced the oxidation during the ﬁrst 5
h, as suggested by the negligible diﬀerence observed thereafter.
The band around 1600 cm−1 related to CC bonds in
cellulose28 and CC aromatic skeletal vibrations combined
with conjugated CO stretch in lignin29 demonstrated the
same trend as the one for oxidation. The speciﬁc changes in
functional groups induced by the stabilization is reﬂected in
the gradual disappearance of the characteristic lignin signal at
1510 cm−1 (aromatic skeletal vibrations) as well as the
characteristic C−O−C/C−O stretching band of cellulose at
1080−890 cm−1, suggesting that their initial structure was
degraded.29,30 Interestingly, the PFs stabilized for 5 and 10 h
also showed aromatic ester and anhydride functionality,
associated with the shoulder present at 1770−1750
cm−1.31,32 In addition, FTIR revealed that an increased
stabilization time enhanced the aromatic nature of the PFs.
After 5 h of isothermal treatment at 250 °C, a band related to
C−H stretching of aromatic carbons (3070 cm−1) became

The gravimetric CF yield was determined using 50−70 mg of PF
that was subjected to stabilization and carbonization. The reported
data are normalized to its dry content.
Single ﬁber tensile testing of the CFs was performed on an
LEX820/LDS0200 ﬁber dimensional system (Dia-Stron Ltd.,
Hampshire, U.K.) equipped with a laser diﬀraction system for
diameter determination (CERSA-MCI, Cabriès, France). Testing was
performed at a ﬁxed gauge length of 20 mm by using an extension rate
of 0.5 mm/min. Evaluation was done with the UvWin 3.35.000
software (Dia-Stron Ltd., U.K.). The reported values are the average
of 34−63 individual measurements.

■

RESULTS AND DISCUSSION
Inﬂuence of Stabilization Time on Fiber Fusion. The
goal of stabilization is to convert the PF into a stable thermoset
that can undergo carbonization without losing its shape. The
detrimental eﬀect of an insuﬃcient stabilization is usually
revealed as fused CFs showing inferior mechanical properties
and yield. Hence, the inﬂuence of the heating rate was initially
studied. Figure 1 shows DSC thermograms of SKL:KP PFs (22

Figure 1. DSC thermogram of SKL:KP precursor ﬁbers (22 μm)
oxidatively stabilized by heating by the slow or fast heating rate to 250
°C and then held isothermally for 1 h. Slow heating: 0.2 °C/min to
200 °C, then 1.0 °C/min to 250 °C; Fast heating: 5 °C/min to 250
°C.

μm) before and after stabilization for 1 h at 250 °C using the
slow or fast heating rate. The PF had a Tg of 176 °C but after
oxidative stabilization no Tg was observed regardless of the
heating rate used. The absence of Tg indicates that the ﬁbers
were successfully turned into thermosets and suggests that
fusion should not occur in the subsequent carbonization. The
Tg of SKL used for PF-spinning is 151 °C,17 i.e., about 25 °C
lower than the Tg of the PF. This is probably related to the
incorporation of cellulose in the PF as well as losses of low
molecular mass fragments of lignin in the PF-spinning.17,21
However, there seems to be a positive eﬀect of combining
lignin and cellulose in a ﬁber, the latter possibly hinder ﬁber
fusion due to the restriction of lignin mobility. Similar results
have recently been reported by Cho et al.21 where the authors
were able to skip oxidative stabilization during the preparation
of electrospun SKL-based carbon nanoﬁbers by adding up to 5
wt % nanocrystalline cellulose.
Fusibility of the CFs was further investigated by SEM, and
CFs was also prepared by instant carbonization, i.e., by
omitting the oxidative stabilization step. The CFs had a
circular solid cross-section and smooth surface and did not fuse
irrespective of the stabilization conditions used, see Figure 2.
However, minor defects at the ﬁber−ﬁber interface were
observed originating from the ﬁber spinning of the PF (Figure
S1), as recently reported by others.9 More remarkable is the
absence of ﬁber fusion for the CFs derived by instant
8442
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Figure 2. SEM images of the surface (left) and cross-section (right) of CFs obtained by carbonization of SKL:KP precursor ﬁbers (22 μm). Top:
slow stabilization; middle: fast stabilization; bottom: instant carbonization. Black arrows shows surface defects originating from the precursor ﬁber.
For details regarding the stabilization conditions, see Figure 1.

Figure 3. FTIR spectra of precursor ﬁbers (22 μm) before and after oxidative stabilization at 250 °C showing (a) slow heating or (b) fast heating.
Isothermal time at 250 °C: 0, 1, 5, or 10 h. For details regarding the stabilization conditions, see Figure 1.

visible, and its increase relative to the 2930 cm−1 band
(aliphatic C−H stretching) is indicative of increased
aromaticity.31 A further indication of an increase in aromaticity
was the formation of the band at 750 cm−1 (aromatic out-ofplane bending of C−H), which relates to the loss of
substituents on the aromatic ring of lignin and loss of oxygen
functionality of cellulose.12,28,33,34 It has been suggested that
the 750 cm−1 band reﬂects the formation of fused ring systems,
such as substituted naphthalene, anthracene or phenanthrene.34
Conclusively, oxidative stabilization induced structural
changes in the SKL:KP PFs which could be monitored by
FTIR. To obtain comprehensive structural changes it thus

appears that treatment at 250 °C for at least 1 h is required,
even for samples exposed to slow heating and thereby long
treatment time. At prolonged isothermal treatment at 250 °C,
i.e., for more than 5 h, FTIR signals indicated the formation of
polyaromatic ring structures.
Estimation of the Degree of Oxidation As a Measure
of Relative Stabilization. Oxidation is one of the major
reactions occurring during stabilization. The relative stabilization of lignin:cellulose PFs has been semiquantitatively
determined by FTIR.9 The degree of oxidation was estimated
by measuring the intensity ratio of the signals related to CO
stretching (1730 cm−1) and aromatic ring vibrations in lignin
as well as C−H bending in CH2 for cellulose (1425 cm−1). In
8443
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Figure 4. Oxidation degree (I1730/I1425) from FTIR spectra (a) and stabilization yield in TGA (b) as a function of heating rate and isothermal time
at 250 °C. For details regarding the stabilization conditions, see Figure 1.

Figure 5. TGA (a) and DTG (b) curves for SKL:KP precursor ﬁbers (PFs; 22 μm) with or without ADHP, heated at 10 °C/min in nitrogen.

valid considering the goal of stabilization which is to turn the
PF into a stable thermoset that can undergo carbonization.
Eﬀect of ADHP-Impregnation on the Thermal
Behavior of PFs. Controlled stabilization of cellulosic
precursors is important in order to suppress formation of tar
(levoglucosan) and volatiles, thereby maximizing the CF
yield.7 Phosphate salts are known to have a beneﬁcial impact
on the char yield during thermal degradation of cellulose and
lignin by promoting the dehydration reactions.14,35 The
inﬂuence of ADHP was studied by comparing ADHPimpregnated PFs with untreated PFs. Figure 5a,b shows
TGA and DTG curves, respectively, of the SKL:KP PFs with
and without ADHP heated to 1000 °C in a nitrogen
atmosphere. The addition of ADHP lowered the onset
temperature of degradation from about 254 to 194 °C, and
the remaining mass at 1000 °C increased from 33 to 46 wt %.
ADHP-impregnation at the same conditions of neat KP-based
PFs exhibited a larger eﬀect on the remaining mass in TGA at
1000 °C showing an increase from 15 to 37 wt % (Figure S2).
Since the main part of KP-based PFs consists of cellulose it was
expected that the major eﬀect of ADHP may be assigned to the
cellulose present in KP. However, in the temperature range
190−210 °C, ADHP decomposes into gaseous ammonia
(NH3) and phosphoric acid (H3PO4), where the latter catalyze
the dehydration reactions in cellulose and lignin.14,35,36 In
addition, Figure 5a,b clearly shows that the thermal
degradation above 190 °C is diﬀerent between the samples.
This can thus be assumed to be related to the dehydration
reactions as well as the evaporation of water when phosphorus
pentoxide (P2O5) is formed during degradation of H3PO4.27,36
Reduction of P2O5 to elemental phosphorus at temperatures
around 800 °C37 may explain the small mass loss in this region
for the ADHP-containing sample. Conclusively, the results
suggest that ADHP has a catalytic eﬀect on the dehydration
reactions in SKL:KP- and KP-based PFs and clearly

agreement with earlier studies, the intensity of the signal at
1425 cm−1 remained fairly unaﬀected irrespective of the
isothermal stabilization time and was therefore used as the
reference signal.9 Figure 4a shows the oxidation degree as a
function of the heating rate and isothermal stabilization time.
In general, the oxidation degree increased with stabilization
time. The oxidation degree of the PFs slowly heated to 250 °C
was higher as a result of the longer treatment time as compared
to the fast heating. The PFs heated with the fast heating rate
had, when reaching 250 °C, a more or less identical oxidation
degree as the untreated PF, illustrating the need for a dwell
time at 250 °C to oxidize the structure. After 1 h at 250 °C, the
PFs that were subjected to the slow heating rate still had higher
oxidation degree than the PFs subjected to the fast heating
rate. The largest increase in oxidation degree for the PFs
subjected to the slow heating rate was observed during the
heating to 250 °C. In contrast, the PFs exposed to the fast
heating rate demonstrated the largest increase in oxidation
during the ﬁrst isothermal hour at 250 °C. This suggests that a
fast heating rate requires a slightly longer isothermal treatment
at the ﬁnal temperature but with savings in overall stabilization
time. After 5 h of isothermal oxidative stabilization, the degree
of oxidation leveled oﬀ irrespective of the heating rate.
To assess the eﬀect of the oxidation degree on the yield of
the stabilized ﬁber, stabilization of the PFs was performed in
TGA (air atmosphere), Figure 4b. Clearly, irrespective of
heating rate and isothermal time, the degradation proﬁle and
residual mass at 250 °C were almost identical. At 250 °C the
remaining weight was around 92 wt % which decreased to
around 60 wt % after 10 h. It can be concluded that the heating
rate and degree of oxidation had a minor inﬂuence on the
yield, and heating longer than 1 h at 250 °C might not be
beneﬁcial in terms of yield, due to the comprehensive mass loss
at longer heating time under oxidative conditions. This is also
8444
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demonstrates a positive eﬀect on preserving the mass in inert
atmosphere.
Notably, the impregnation did not alter the Tg of the PF
(Figure 1 vs Figure S3). Irrespective of the heating rate, all
ﬁbers turned into thermosets as no Tg was detected after
stabilization for 1 h at 250 °C. In agreement with the literature,
DSC also revealed that the melting of ADHP occurred around
200 °C.14 In addition, no fusion of the resulting CFs was
observed by SEM (Figure S4), in line with the CFs made from
untreated PFs.
The structural changes of the ADHP-impregnated PFs were
compared with the untreated PFs after stabilization for 1 h at
250 °C, using the fast heating rate (Figure 6). More

Figure 7. Gravimetric yield of carbon ﬁbers (CFs) made from thick
(22 μm) or thin (14 μm) SKL:KP precursor ﬁbers (PFs) with or
without ADHP. The PFs were instantly carbonized or, prior to
carbonization, oxidatively stabilized for 1 h at 250 °C using slow or
fast heating. For details regarding the stabilization conditions, see
Figure 1. Standard deviations: untreated CFs 0.3 wt % (n = 5);
ADHP-series 0.5 wt % (n = 3).

h of stabilization the PFs stabilized with the slower heating rate
was more comprehensively oxidized than the PFs subjected to
the fast heating rate, and may explain the minor diﬀerence in
CF yield.
Irrespective of diameter, instant carbonization resulted in a
lower CF yield, 31−32 wt %. In general, no eﬀect of PFdiameter on the CF yield was seen, suggesting that the mass
transport of oxygen into the ﬁbers was not a limiting factor.
The elemental composition of the CFs estimated by EDXA
revealed a carbon content slightly below 95 wt % and about 5
wt % oxygen. However, treatment with ADHP had a beneﬁcial
eﬀect on the CF yield. Even after instant carbonization the
yield was above 46 wt % and for the thinner PF about 50 wt %.
The yield after the stabilization stage was consistently lower for
the ADHP-series compared to the untreated PFs, while the
opposite was true for the yield of the carbonization (data not
shown). Obviously, the ADHP contribute to a higher overall
CF yield due to a more eﬃcient stabilization. This strongly
indicates that ADHP catalyzed the dehydration reactions
during the stabilization step and thereby promoted the
charring reactions. About 3−4 wt % phosphorus was present
in the CFs after carbonization at 1000 °C, probably in the form
of P2O5 and P4.36,37 Noteworthy, the carbon content of the
CFs derived from ADHP-impregnated PFs was lower,
approximately 90 wt %, while the oxygen content was 5−7
wt %. The slightly higher oxygen content of the ADHP-series
suggests that the phosphorus might be, at least partly, in the
form of P2O5. With respect to the initial phosphorus content
(2.4 wt %) in the PF, the fraction of phosphorus remaining in
the CFs was estimated at 58−83%. Furthermore, the higher
speciﬁc area obtained when decreasing the diameter may
explain the slightly higher CF yield of the thin ADHPimpregnated PFs than the corresponding thick PFs due to a
more eﬃcient impregnation. However, the ADHP-series
showed negligible diﬀerence in CF yield between oxidatively
stabilized and instantly carbonized samples. This is in
agreement with TGA studies on H3PO4-impregnated kraft
lignin, where the char yield of impregnated kraft lignin was
independent of the atmosphere (air or nitrogen).35 This
suggests that the dehydration reactions are eﬃciently catalyzed
by H3PO4 irrespective of the atmosphere.
Noteworthy, the gravimetric CF yield of the thick PFs with
or without ADHP, subjected to instant carbonization, 32 and
46 wt %, respectively, are in excellent agreement with the TGA

Figure 6. FTIR spectra of SKL:KP precursor ﬁbers (22 μm) with or
without ADHP heated with the fast heating rate to 250 °C then held
for 1 h. For details regarding the stabilization conditions, see Figure 1.

comprehensive dehydration of the ADHP-impregnated PFs
was revealed by FTIR, in agreement with stabilized
diammonium phosphate impregnated viscose ﬁbers.27 ADHP
aﬀected the oxidation behavior, demonstrated by the shift in
the ratio between CO stretching in unconjugated carbonyls
(1730 cm−1) and CC bonds plus CO stretch in
conjugated carbonyl (1600 cm−1). After stabilization for 1 h
of the ADHP-impregnated PFs, I1730/I1600 was <1.0, while the
opposite was true for the untreated PFs, irrespective of the
isothermal time at 250 °C. This indicates an increased charring
of the cellulose fraction due to the presence of ADHP. A
similar observation, i.e., a decrease in I1730/I1600, has been
reported for cellulose after treatment in inert atmosphere in
the temperature range of 220−390 °C,28 caused by loss of
oxygen and an increased aromatization. In addition, the region
at 1400−1000 cm−1 became unresolved for the ADHP ﬁbers,
demonstrating a similar spectrum as the untreated PFs
stabilized for 5 or 10 h (Figure 3), which further demonstrates
its catalytic eﬀect.
Eﬀect of Stabilization Time and ADHP-Impregnation
on the Gravimetric CF Yield. The gravimetric CF yield of
the untreated and ADHP-impregnated PFs was evaluated as a
function of PF-diameter and applied stabilization conditions. A
reduction in ﬁber diameter facilitates oxygen diﬀusion into the
core leading to a more homogeneous stabilization. Figure 7
shows the gravimetric yield of the conversion of thick (22 μm)
and thin (14 μm) SKL:KP PFs to the corresponding CFs, by
applying diﬀerent stabilization conditions prior to carbonization at 1000 °C. The results clearly indicate that the heating
rate during oxidative stabilization has a minor impact on the
CF yield, ranging from 38 to 40 wt % irrespective of initial PFdiameter. Minor diﬀerence between the slow and fast heating
rate was observed for the stabilized PFs, see Figure 4a. After 1
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CF-diameter decreases the probability of critical defects.39 In
addition, a higher draw ratio (DR) in the spinning process may
contribute to an increased ordering of the cellulose chains in
the PF, resulting in a higher TM.40 The thick PFs were spun
with DR 4 while the thin PFs were prepared using a DR of 7,
which may reﬂect the higher TM observed for the thin CFs
derived via oxidative stabilization. This however needs further
investigation. However, the thin CFs obtained by instant
carbonization displayed a lower TM and suggests that even a
short oxidative stabilization is necessary for obtaining the
optimal tensile properties of CFs made from SKL:KP PFs.
It appears that ADHP had a negative impact on the tensile
properties of the CFs, possibly due to intercalation of
phosphorus into the molecular structure of the ﬁber. It has
recently been reported that residual phosphorus in rayon-based
CFs had a negative impact on the TM by intercalation, and
thereby inhibiting the molecular order.14 Wide angle X-ray
scattering studies14 revealed that the interlayer spacing, d002,
increases in the presence of residual phosphorus, suggesting a
disturbance of the evolution of graphitic structure. Removing
the phosphorus may be beneﬁcial to the orientation and
structure of the CFs. By increasing the carbonization
temperature, the reduction of P2O5 into gaseous P4 or P2 is
enhanced, and thus it may be possible to remove a majority of
the residual phosphorus at higher temperatures.14,37,41
The average tensile properties reported in this study are
higher than those reported for CFs made from melt spun kraft
lignin-based PFs.18−20 Recently, a TM and TS of 63 GPa and
1100 MPa, respectively, were obtained for CFs made from
melt spun PFs using 150 kDa permeate SKL. However, the PFs
were stabilized with a heating rate in the range 0.1−0.5 °C/
min, rendering in a stabilization time of 7.5−38 h.20 PFs can be
produced by dry-jet wet spinning of unfractionated SKL, if
blended with cellulose-containing KP. The cellulose in KP
facilitates PF-handling and the PFs can be stabilized rapidly in
less than 2 h. The TM of the resulting CFs is approaching the
TM of commercially available high-modulus glass ﬁbers,
generally having a TM around 86 GPa.42 To the best of our
knowledge, the CFs prepared in this study show the highest
tensile properties reported for CFs prepared from blends of
lignin and cellulose.
This study shows that conversion of dry-jet wet spun
SKL:KP-based PFs is a very promising route toward the
utilization of biobased CFs due to the possibility of obtaining
infusible CFs by using stabilization times less than 2 h or by
applying instant carbonization. A CF production based on
coprocessing unfractionated softwood kraft lignin (SKL) and
fully bleached paper-grade kraft pulp (KP) is a cost-eﬃcient
alternative to fractionated lignins and dissolving pulp (DP).
Compared to melt spun lignin-based PFs, combining SKL and
KP in a PF has several advantages: the high carbon content in
SKL gives a high CF yield, and the molecular orientation of the
cellulose in KP makes wet spinning possible which improves
the handling of the PFs due to the increased ﬂexibility. The
CFs also shows great potential in terms of mechanical
properties. It should be emphasized that thin CFs obtained
via oxidative stabilization in less than 2 h, demonstrates a
promising yield (39 wt %) and tensile properties (TM 76 GPa;
TS 1070 MPa). ADHP impregnation can be an alternative to
further improve the yield, but the remaining phosphorus needs
to be removed in order to avoid its negative impact on the
mechanical properties, in particular, the TM of the ﬁnal CF.

yields obtained using similar conditions, see Figure 5a. This
suggests a possibility to increase the heating rate during
carbonization at no expense of the yield and also shows that
TGA can be used to estimate the yield using small sample
sizes.
Gravimetric yields of CFs prepared from lignin:cellulose PFs
are scarcely reported, but recently Vincent et al.16 reported a
gravimetric CF yield of 35 wt % when preparing CFs from a
75:25 lignin:cellulose blend using organosolv hardwood lignin
and cellulose pulp as sources. In our recent work,17 we
reported a gravimetric CF yield of about 40 wt % from SKL:KP
(70:30) PFs. To the best of our knowledge, the yields in the
present study, about 50 wt %, are the highest reported for CFs
made from wet spun lignin:cellulose PFs. In the presence of
ADHP, we obtained, despite the incorporation of 30 wt %
cellulose, similar yields as those reported for CFs made from
melt spun hardwood kraft lignin (46 wt %).38 Conclusively, the
results suggest that the presence of ADHP in the PF makes it
possible to reduce the processing time by omitting the
oxidative stabilization step, without hampering the CF yield.
Eﬀect of Stabilization Conditions and PF-Diameter
on CF Tensile Properties. The tensile properties of the CFs
were evaluated as a function of the treatment conditions and
PF diameter. Figure 8 shows the tensile properties of the CFs

Figure 8. Mechanical properties of SKL:KP-based carbon ﬁbers
(CFs) made by diﬀerent stabilization conditions and precursor
diameters. Blue: ADHP-series (16−17 μm); black: thick CFs (13−15
μm); red: thin CFs (6−8 μm). For details regarding the stabilization
conditions, see Figure 1.

derived from thick (22 μm) and thin (14 μm) PFs; Figure S5
and Table S1 give a comprehensive summary of the results
from the tensile testing. The conversion reduced the diameters
by 35−50%, highest for the thin PFs, and all CFs possessed a
strain at break >1%.
The CFs made from thin PFs subjected to oxidative
stabilization displayed the highest TM (76−77 GPa) and TS
(1070−1170 MPa). Despite the dramatic diﬀerence in
oxidative stabilization time when using the slow (16.4 h) or
fast (1.75 h) proﬁle, the resulting CFs showed similar TM and
TS. The CFs obtained by instant carbonization demonstrated a
slightly lower TM (67 GPa) and negligible diﬀerence in TS
(1030 MPa) in spite of a slightly smaller CF diameter as
compared to using oxidative stabilization. This demonstrates
the possibility of having a time-eﬃcient route to produce CFs
from SKL:KP PFs at no expense of the mechanical properties.
The CFs made from thick PFs exhibited a TM of 64−66
GPa and TS of 680−890 MPa. A signiﬁcant diﬀerence in TS
between the thin and thick CFs is expected, since a reduced
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Investigation of the carbonization proﬁle, including the use of
dynamic tension, gives room for further improvements.

■

CONCLUSIONS
This study investigated the stabilization conditions and the
impact of ﬁber diameter of PFs for CF made from dry-jet wet
spun lignin:cellulose blends (70:30) of softwood kraft lignin
(SKL) and fully bleached softwood kraft pulp (KP). The
results revealed that the PFs can either be oxidatively stabilized
in less than 2 h or instantly carbonized, showing no ﬁber fusion
after conversion to CF. The main reactions involved in the
oxidative stabilization stage was ascribed to dehydration and
oxidation. A holding time at 250 °C during the stabilization
appeared necessary to oxidize the structure and predominated
the importance of using a very slow heating rate. After 5 h of
isothermal treatment at 250 °C, no diﬀerence between the fast
and slow heating rate was observed. The increased draw ratio
in the ﬁber spinning combined with a reduced PF-diameter
resulted in CFs with a tensile modulus of 76 GPa and tensile
strength of 1070 MPa. Preparing CFs by dry-jet wet spinning
of unfractionated SKL and paper-grade KP blends is a very
promising route for making cost-eﬃcient CFs, when also
taking the CF yield of 39 wt % as well as the oxidative
stabilization time of less than 2 h into account. The ADHPimpregnation of PFs had a positive eﬀect on the gravimetric
CF yield on all investigated samples, showing the largest
increase, from 31 to 49 wt %, for thin PFs subjected to instant
carbonization but at the expense of the tensile properties.
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(35) Montané, D.; Torné-Fernández, V.; Fierro, V. Activated
carbons from lignin: kinetic modeling of the pyrolysis of Kraft lignin
activated with phosphoric acid. Chem. Eng. J. 2005, 106 (1), 1−12.
(36) Di Blasi, C.; Branca, C.; Galgano, A. Effects of Diammonium
Phosphate on the Yields and Composition of Products from Wood
Pyrolysis. Ind. Eng. Chem. Res. 2007, 46 (2), 430−438.
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