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Abstract
High value utilization of renewable biomass materials is of great signi�cance to the sustainable development
of human beings. Because biomass contains large amounts of carbon, they are ideal candidates for the
preparation of carbon nanotube (CNT) �bers. However, continuous preparation of CNT �bers using biomass
as carbon source remains a huge challenge due to the complex chemical structure of biomass. Here, we
develop high-performance CNT �bers from lignin by solvent dispersion, high-temperature pyrolysis, catalytic
synthesis, and assembly, and realize continuous preparation of CNT �bers. The CNT �bers exhibit a tensile
strength of 1.35 GPa and an electrical conductivity of 6.28×105 S m− 1, superior to that of most biomass-
derived carbon materials. More importantly, we achieve an unprecedented continuous production of CNT
�bers from biomass with a production rate of 120 m h− 1. Our preparation method is extendable to other
biomass materials and will greatly promote the high value application of biomass in a wide range of �elds.

Introduction
Replacing fossil resources with renewable carbon sources is crucial to addressing climate change and energy
shortages1-3. Under the background of carbon neutralization, the use of biomass as a source of renewable
fuels, chemicals and polymer derivatives is receiving widespread attention4, 5. According to estimates from the
International Energy Agency (IEA), 10% of the global energy will be provided by biomass raw materials by
2035, and 27% of transportation industry fuel will be replaced by biomass-derived energy by 20506, 7.
Considering the carbon-neutral nature of biomass, it is important to replace traditional fossil resources with
renewable biomass resources to produce carbon-neutral and low emission materials.

Lignin is the second largest natural polymer material with reserves next to cellulose. Compared with cellulose,
the industrial application of lignin is relatively limited8, 9. As a suitable carbon precursor, lignin can be
processed into carbon �bers through multiple process steps, including extraction, puri�cation, melt processing,
stabilization and carbonization10. However, the tensile strength of lignin-based carbon �bers is only one-third
that of polyacrylonitrile-based carbon �bers11, 12. The mechanical properties of lignin-based carbon �bers can
be improved by graphitization13, 14. However, it is di�cult for lignin to form a highly graphitized structure even
at extremely high temperatures15, so improving the mechanical properties of lignin-based carbon �bers by
graphitization is limited. In addition, the continuous preparation of carbon �ber materials from biomass as a
carbon source also remains a great challenge16, 17.

In this work, we realized continuous preparation of high-performance CNT �bers from lignin by solvent
dispersion, high-temperature pyrolysis, catalytic synthesis, and assembly. The CNT �bers were synthesized by
carbon monoxide (CO) and hydrogen (H2) released from decomposed lignin under the catalysis of ferrocene.
After post-treatment, the lignin-based CNT �bers were endowed with a tensile strength of 1.35 GPa and an
electrical conductivity of 6.28×105 S m-1. In addition, the continuous production of CNTs �bers from lignin
with a 120 m h-1 production rate was achieved. The excellent mechanical strength and electrical conductivity
of lignin-based CNT �bers will greatly expand the application �eld of lignin.

Results



Page 3/16

Synthesis mechanism of CNT �bers from lignin
Lignin solution was �rst obtained by dissolving lignin in appropriate solvent. The lignin solution is heated in a
high temperature furnace, the solvent evaporates instantly, and the lignin is decomposed into monocyclic
aromatic hydrocarbons (MAHs). At temperatures above 1300°C, these MAHs can be further pyrolyzed into H2

and CO. The decomposition products are synthesized into CNTs catalyzed by iron (Fe) particles and promoted
by sulfur (S). The synthesized CNTs are further assembled into a sock-like integrate, which is introduced into
water for densi�cation and further twisted to obtain CNT �bers under drafting force (Fig. 1).

In order to realize continuous preparation of CNT �bers using lignin, it is necessary to select appropriate
solvents. In addition to good solubility, the simple structure and low-cost of the solvents are essential for large-
scale preparation of high-performance CNT �bers. In addition, a synthetic temperature of higher than 1300°C
is needed to decompose lignin into H2 and CO as raw materials of CNT �bers. Our CNT �bers obtained under
these conditions have the advantages of high mechanical strength (1.35 GPa), high electrical conductivity
(6.28×105 S m− 1) and high preparation e�ciency (120 m h− 1). We achieved an unprecedented continuous
synthesis of high-performance CNT �bers from lignin, breaking the limitation that CNT �bers cannot be
continuously prepared from biomass (Table S1).

Mechanism analysis for the lignin pyrolysis
The structure of lignin determines its pyrolysis characteristics. The nuclear magnetic resonance (NMR) spectra
of lignin were obtained to analyze the structural characteristics. 13C NMR can effectively detect the carbon
skeleton structure of lignin and provide a comprehensive analysis of the overall structure of lignin. Figure 2a
shows the two-dimensional heteronuclear single quantum coherence (2D-HSQC) spectra of lignin. The
corresponding connection units and assignments are shown in Figure S1, S2 and Table S2. The syringyl S-
type units (103.9/6.7 ppm) and guaiacyl G-type units (110.8/6.97 ppm, 114.5/6.7 ppm, 119.0/6.78 ppm) were
identi�ed, β-β resinol (53.5/3.07 ppm, 71.2/3.82–4.18 ppm, 84.8/4.66 ppm) and β-O-4 unit (59.9/3.35–3.80
ppm, 71.8/4.86 ppm) appeared in the HSQC spectra of lignin 22, 23. The signal peaks at 121.03, 115.7 and
111.96 ppm in the 13C NMR spectrum correspond to C6, C5 and C2 positions in guaiacyl G-type structure, and
the signal peaks at 152.91, 134.65 and 105.4 ppm correspond to the C3/C5, C1 and C2/C6 positions in
syringyl S-type structure. The signal peaks at 72.13 ppm and 63.68/59.76 ppm can be assigned to the Cα and
Cγ in β-O-4, respectively 23.

The heteronuclear multiple bond coherence (HMBC) spectra and the main linkages are shown in Figure S3 and
S4. Hα (H4.76) was found to be connected with the HMBC of Cβ' and Cγ', whereas Hγ (H4.10) was discovered
to be correlated with the HMBC of Cα, Cβ, Cα'and Cβ', indicating the presence of β-β bonds in lignin.
Furthermore, Hα (H4.63) was found to be connected with the HMBC of Cβ and Cγ, and Hγ (H4.18), Hγ (H3.78)
was found to be correlated with the HMBC of Cα and Cβ, showing the existence of β-1 bonds in lignin 24. The
average molecular weight of lignin was 3990 by Fourier transform ion cyclotron resonance mass spectrometry
25. Based on the above information, the possible molecular structure of lignin is shown in Figure S5.
ChemDraw analysis results show that the chemical formula of lignin is C205H234O81, and its element content
(C: 61.65, H: 5.91, O: 32.45) is consistent with the actual test results (Figure S6 and Table S3).
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The types of lignin pyrolysis products depend on the temperature of the reactor and the residence time in the
reactor 26. The DTG curve shows that the signi�cant thermal weight loss of lignin occurs between 200°C and
500°C, and the maximum weight loss temperature is about 360°C. When the temperature rises to 1400°C, the
residual coke rate of lignin is 40% (Figure S7). At 1400°C, the accumulated gaseous small molecule products
from lignin pyrolysis are mainly H2O (57%), H2 (23.82%), CO (14.24%), CH4 (2.14%), CO2 (2.8%) (Fig. 2b). CO is

an effective carbon source for the synthesis of CNTs 27, and its content is signi�cantly higher than that of CH4

and CO2.

Pyrolysis gas chromatography mass spectrometry (PY-GCMS) results show the structural changes of MAHs at
different temperatures from 200°C to 800°C (Figure S8). The chemical bonds between syringyl S-type
structural units and guaiacyl G-type structural units are broken, such as β-O-4, α-O-4, β-β, 4-O-5, β-5, and β-1
bonds 28. The primary pyrolysis reactions of lignin are retro-ene and Maccoll reactions at 500–600°C and C-O
homolysis reaction above 1000°C 26. At 800°C, small molecular gases and aromatic ring compounds coexist
in the lignin pyrolysis products (Figure S9, Table S4 and S5). Small molecular gases may be produced by the
removal of side groups of aromatic hydrocarbons (Figure S10) 29, 30.

For the pyrolysis of lignin at higher temperatures, FTIR was used to analyze the high-temperature carbon in the
inert atmosphere (Figure S11 and S12). The results show that there is no organic matter in the carbides
obtained from lignin pyrolysis at 1400°C. Some studies have shown that polycyclic aromatic hydrocarbons
(PAHs) can be obtained by the reversible pyrolysis and polycondensation of lignin at high temperatures 31, 32.
Our study shows that PAHs, such as naphthalene can be obtained from lignin pyrolysis at 800°C, while only
MAHs can be obtained below 700°C. The formation of PAHs easily leads to carbon deposition, which is an
important cause of catalyst deactivation. At high temperatures above 1300°C, lignin can be completely
decomposed into small molecular gases, thus avoiding carbon deposition and catalyst deactivation (Fig. 2c).
In addition, it has been reported that the quality, growth rate and length of CNTs can be improved in the
presence of oxygen-containing additives, such as H2O 33. Therefore, the water produced by lignin pyrolysis in
our system is also bene�cial for the synthesis of CNTs.

When the reaction temperature is 400–1300°C, carbon source CO for the synthesis of CNTs can be generated,
but CNTs cannot be obtained under these conditions (Fig. 2C). On the one hand, the ratio of carbon source to
hydrogen is very important for CNT synthesis. When the temperature is below 1300°C, lignin cannot be
completely decomposed into small molecular gases and there are a large number of aromatic compounds.
Therefore, there is not enough CO in the pyrolysis products to generate CNTs. On the other hand, when the
temperature is higher than 900°C, lignin will undergo carbon reforming, which requires high activation energy
of 178 kJ/mol. The C = C bonds do not begin to decompose until above 1000°C and they can only be
completely broken at about 1400°C 34. Therefore, our experimental results show that only when the synthesis
temperature of CNTs is raised to above 1300°C can the high pyrolysis activation energy of lignin be satis�ed,
so as to realize the complete pyrolysis of lignin and the continuous preparation of CNTs.

Synthesis and structures of CNTs
Figure 3 shows the morphology and structure of the synthesized CNTs from lignin. Under the action of iron
catalysts, the small molecule gases produced by lignin pyrolysis continuously generates CNT aggregates
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(Fig. 3a and 3b). The CNTs have an average outside diameter (OD) of 34 nm (Fig. 3c and 3d). TEM images
show that the prepared CNTs are multi-walled (Fig. 3e and 3f). The CNTs are well crystallized and have an
IG/ID of 3.84 (Fig. 3g). TGA result shows that the mass fraction of the CNTs in the aggregates is 75.3%
(Fig. 3h), which indicates that the lignin-based CNT �bers have high purity. In addition, based on the carbon
content (61.9%) and feeding rate (4.8 mg min− 1) of lignin and the preparation rate (1.46 mg min− 1) and purity
(75.3%) of the CNT aggregates, the yield of the CNTs is about 37%.

The formation mechanism of the CNTs is as follows: At a temperature greater than 1300°C, CO obtained from
lignin pyrolysis �st adsorbs on the surface of iron catalyst particles and form C-C dimers. Then the dimers
leave the surface of the catalysts and link to each other to form short chains. Finally, these short chains are
connected to each other to form sp2 bonded graphene sheets (Fig. 3i-k). The growth model of our CNTs is the
so-called “cap” type, that is, all layers of the CNTs are deposited on the surface of the catalysts at the same
time 35, 36.

In the process of CNT synthesis, the sulfur atoms from thiophene pyrolysis are adsorbed on the surface of the
iron catalysts and form sulfur-rich microregions. Because these microregions have lower surface energy than
iron particles, the addition of sulfur will promote the deposition of carbon atoms on the surface of iron
particles 37, 38. Due to the presence of iron catalysts and sulfur, Fe3C, Fe2O3 and FeS2 crystals can be observed
in the CNT aggregates (Fig. 3l). In addition, the presence of iron and sulfur atoms was also demonstrated
through elemental mapping images and TEM-EDS analysis (Fig. 3m and 3n).

We removed thiophene from the CNT synthesis solution and performed CNT synthesis without sulfur. Under
this condition, soot-like substances are formed in the reactor (Figure S13a). Due to the absence of sulfur, the
surface energy of the iron catalysts is high and the carbon atoms have no depositing sites on the catalysts, so
crystalline carbon is formed and wrapped on the whole surface of the catalysts. The synthesized products
include a large number of carbon nanospheres and a small number of CNTs (Figure S13b and S13c). The
formation of crystalline carbon can be veri�ed by Raman spectroscopy and the prepared carbon nanospheres
have an IG/ID of 3.81 (Figure S13d). The TGA results show that the mass fraction of the CNTs is about 10%
(Figure S13e). The peak at 450°C on the TG curve is caused by the formation of Fe2O3 from the reaction of
iron and oxygen.

When excessive thiophene is added to the CNT synthetic solution, too much sulfur will cause excessive
deposition of carbon on the surface of the catalysts, resulting in the formation of curled CNTs (Figure S14a-c).
Under this condition, CNT �ocs are formed in the reactor. It’s di�cult for these resulting CNTs to assemble into
thick hollow cylinders and further form CNT �lms. Raman results show that the obtained CNTs are
amorphous, and they have an IG/ID of 1.20 (Figure S14d). In addition, TGA shows that most of the products
are CNTs, and the mass fraction of the CNTs is about 80% (Figure S14e).

In order to study the effect of solvent dispersion on the synthesis of CNTs, the mixture of lignin and catalysts
were directly placed in a tube furnace at 1400°C for 30 min. Only black charcoal was obtained under these
conditions, CNTs and carbon nanospheres were not hardly formed. The obtained black charcoal is partially
crystallized and have an IG/ID of 0.68 (Figure S15 and S16). Previous studies have also shown that only a
small number of multi-walled carbon nanotubes can be produced using this approach, mostly in the form of
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amorphous carbon 20. In addition, we attempted to synthesize CNTs using methanol as raw material under the
same conditions. Although iron catalysts and sulfur accelerators can be formed, no solid materials can be
obtained, indicating that CNTs were derived from lignin pyrolysis and not from methanol solvent.

Structures and properties of CNT �bers
The nascent CNT �bers (NCFs) were obtained from the compaction and winding of the synthetic lignin-derived
CNTs (Figure S17a). These CNT �bers have loose structure and low degree of orientation (Figure S17b). In
order to improve the mechanical properties of the CNT �bers, they were treated by two methods, including
twisting and rolling (Fig. 4a and 4b). The twisted CNT �bers (TCFs) achieved a high degree of densi�cation,
and the spiral patterns can be clearly observed (Fig. 4c). As can be seen from the cross-section of the TCFs,
the �bers have a diameter of about 50 µm and their interior is not dense enough (Figure S17c and S17d). In
addition, excessive twisting cannot improve the mechanical strength of the CNT �bers, but cause �ber fracture
39, 40.

Compared with twisting, rolling can make the �bers (rolled CNT �bers, RCFs) have a denser structure (Fig. 4d
and S17e) and improve the �ber orientation (Figure S17f). The orientation of the CNT �bers was measured by
the azimuth scanning of wide-angle X-ray diffraction (WAXD) (Figure S18). The full width at half maximum
(FWHM) of the TCFs and RCFs are 71.58° and 60.08°, respectively, much smaller than that of the NCFs (Figure
S19). Note that the FWHM of the NCFs is 91.32°. The CNT �bers treated by densi�cation have higher
orientation degree along the axial direction than the NCFs, and the RCFs exhibit better orientation than the
TCFs. In addition, the IG||/IG⊥ values of the TCFs and RCFs obtained from polarized Raman spectra are 1.35
and 2.45, respectively, indicating that RCFs have better orientation than TCFs (Fig. 4e and 4f).

CNT �bers obtained by different densi�cation methods have different mechanical properties. The tensile
strength of TCFs and RCFs are 0.27 GPa and 1.35 GPa, respectively (Fig. 4g). RCFs have a denser structure
and a more oriented structure compared to TCFs, resulting in signi�cantly higher mechanical properties. As
RCFs have similar elongation at break to TCFs, the fracture work of RCFs is also signi�cantly higher than that
of TCFs (Fig. 4h). Note that the fracture work of the TCFs and RCFs are 10.9 MJ m-3 and 47.5 MJ m-3,
respectively.

In addition to excellent mechanical properties, the resultant RCFs also have high thermal conductivity of 42 W
m-1 K-1 (Figure S20) and high electrical conductivity of 6.28×105 S m-1. Compared to biomass-derived carbon
materials 44, 45, 46, 47, our CNT �bers possess higher thermal conductivity, comparable to some common
metals (30–500 W m-1 K-1) (Fig. 4i and Table S6). Considering that the CNT �bers have signi�cantly lower
density than common metals, they can be used in some �elds that require lightweight thermal conductive
materials. In addition, our CNT �bers have a balanced high tensile strength and electrical conductivity
compared to most biomass-derived carbon materials (Fig. 4j and Table S7). Taken together, the lignin-derived
CNT �bers show the unprecedented integration of high tensile strength, thermal conductivity, and electrical
conductivity, as well as continuous preparation process.

Discussion
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In this work, we utilized lignin, the second largest biomass resource on earth, as a carbon source to achieve
continuous preparation of CNT �bers. In order to achieve continuous preparation of CNT �bers, it’s necessary
to dissolve lignin in appropriate solvents, and the synthesis reaction needs to be completed at a high
temperature of more than 1300°C under the action of catalysts. The lignin-derived CNT �bers unprecedently
integrated a high tensile strength of 1.35 GPa, a high electrical conductivity of 6.28×105 S m-1, and a high
thermal conductivity of 42 W m-1 K-1, exceeding that of most currently reported biomass-derived carbon
materials. More importantly, the continuous preparation of lignin-derived CNT �bers combined with the
production rate of 120 m h-1 makes their large-scale preparation possible, which will greatly promote the
application of lignin materials in high-end �elds.

Methods
Materials and chemicals

Lignin (hardwood kraft lignin) was purchased from Suzano Papele Cellulose S.A. in Brazil, and composition
analysis of lignin is shown in Table S8. Anhydrous methanol (AR, Sinopharm) was purchased from
Sinopharm Chemical Reagent Co., LTD. Ferrocene (AR, Rhawn) and thiophene (AR, Innochem) were purchased
from Wendong (Shanghai) Chemical Co., LTD. in China.

Synthesis of CNT �bers

0.1–2.5 g lignin was dissolved in 250 mL methanol and stirred magnetically for 12 h. Then 0.5 g ferrocene
and 0.5 g thiophene were added into the lignin solution, and dissolved ultrasonically for 20 min to obtain
uniform mixed solution. The lignin mixed solution was pumped into a tube furnace using a metering pump at
a rate of 1–10 mL min− 1. High purity argon gas was used as carrier gas to carry the reactants forward
continuously, and the reactants reacted in the process of movement. The air�ow velocity of argon was set to
100 mL min− 1. The temperature in the tube furnace was set at 400–1400°C. Unless otherwise stated, CNTs
were synthesized at 1400°C. The CNT socks generated from the tube furnace were immersed in water and
densi�ed to obtain nascent CNT �bers (NCFs). The same process was also used to prepare CNT �bers from
tea polyphenol and tannic acid.

Characterization

The hydrogen spectra (1H NMR), carbon spectra (13C NMR), hydrogen correlation spectroscopy (1H-1H COSY),
two-dimensional heteronuclear single quantum coherence (2D-HSQC) spectra and heteronuclear multiple bond
coherence (HMBC) spectra were obtained by 600 MHz nuclear magnetic resonance (NMR) spectrometer to
analyze the molecular structure of lignin. The pyrolysis products of lignin were characterized by PY-GCMS (QP
2010, Shimadzu, Japan). The decomposition process of lignin was analyzed by thermogravimetric-mass
spectrometry (TG-MS, Thermo Plus EV2, Rigaku, Japan). The morphologies and microstructures of the
samples were characterized by scanning electron microscope (SEM, SU8010, Hitachi, Japan) and
transmission electron microscope (TEM, FEI Talos F200S, Hillsboro, USA). Polarized Raman spectroscopy
(RM2000, Renishaw, UK) was used to analyze the graphitization degree and orientation of the CNT �bers. The
crystal structures of CNTs were characterized using X-ray diffractometry (XRD, Ultima IV, Rigaku, Japan) in the
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scanning range of 10–60° at a scanning speed of 2° min− 1. The orientation of the CNT �bers was measured
by the azimuth scanning of wide-angle X-ray diffraction (WAXD, D/max 2550 VB/PC, Rigaku, Japan). The
thermal conductivity of the CNT �lms was measured by laser thermal conductivity analyzer (LFA467, Netzsch,
UK). The determination of electrical conductivity was performed on a Digit Graphical Touchscreen Digital
Multimeter (DMM6500 6½, Keithley, USA). The mechanical properties of the CNT �bers were determined using
a universal tensile testing machine (YG-004, Dahua Electronic, China).

Data availability
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Figure 1



Page 13/16

Synthesis mechanism and preparation schematic of CNT �bers from lignin.

Figure 2

Pyrolysis of lignin and synthesis conditions of CNT �bers. (a) 2D NMR HSQC spectra (in DMSO-d6) of lignin.
(b) Content of main products obtained from lignin pyrolysis (50-1400°C) by TG-MS analysis. (c) Schematic
showing the conditions under which CNT �bers can be obtained.
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Figure 3

Synthesis and structures of the lignin-derived CNTs. (a) Digital image and (b) SEM image of a CNT sock. (c)
SEM image and (d) diameter distribution of the CNTs. (e,f) TEM images of the CNTs. (g) Raman spectrum and
(h) thermogravimetric analysis (TGA) of the CNTs. (i) TEM image of the CNTs and catalyst particles. (j)
Lattices of the CNTs and iron catalysts. (k) Schematic showing the growth mechanism of the CNTs on iron
catalysts. (l) XRD pattern of the CNTs. (m) Elemental mapping images of the CNTs. (n) TEM-EDS image of the
CNTs and the element contents.
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Figure 4

Preparation and properties of lignin-derived CNT �bers. Preparation diagrams of (a) TCFs and (b) RCFs. SEM
images of (c) TCFs and (d) RCFs. Polarised Raman spectra of (e) TCFs and (f) RCFs. (g) Tensile stress-strain
curves of the TCFs and RCFs. (h) Comparison of tensile strength and fracture work for the TCFs and RCFs. (i)
Comparison of thermal conductivity and density between our CNT �bers and other conductive materials38-44.
(j) Comparison of tensile strength and electrical conductivity of our CNT �bers (red pentagon) with other
biomass-derived carbon �ber materials (green triangle)45-52 and metals (orange square) 44.
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