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ABSTRACT: A low carbon yield is a major limitation for the use
of cellulose-based filaments as carbon fiber precursors. The present
study aims to investigate the use of an abundant biopolymer
chitosan as a natural charring agent particularly on enhancing the
carbon yield of the cellulose-derived carbon fiber. The ionic liquid
1,5-diazabicyclo[4.3.0]non-S-enium acetate ([DBNH]OAc) was
used for direct dissolution of cellulose and chitosan and to spin
cellulose—chitosan composite fibers through a dry-jet wet spinning
process (Ioncell). The homogenous distribution and tight packing
of cellulose and chitosan revealed by X-ray scattering experiments
enable a synergistic interaction between the two polymers during
the pyrolysis reaction, resulting in a substantial increase of the
carbon yield and preservation of mechanical properties of cellulose
fiber compared to other cobiopolymers such as lignin and xylan.

B INTRODUCTION

Carbon fibers (CFs) offer a superior strength-to-weight ratio
and rigidity, excellent creep resistance, and good thermal and
electrical conductivities." Therefore, carbon fiber-reinforced
composites have found widespread use in aircrafts, automotive
elements, turbine blades, construction materials, and sporting
goods." CFs are defined by having a carbon content of 90% or
above” and currently produced predominantly from petro-
leum/coal-derived precursor fibers, namely, polyacrylonitrile
(PAN) and pitch. Although PAN and pitch can produce
exceptionally superior carbon fibers for high-end products, the
main drawback of PAN- and pitch-based CFs is the high cost
of their precursor material, which is connected to the
fluctuating oil price. The slow and expensive carbonization
adds further to the final price.” This cost structure hampers
further the widespread use of CFs in the large-volume low-
price market segments. Amongst other reasons, this has led to
a renaissance of potentially inexpensive and renewable
biopolymer-based filaments as a precursor material for CFs.
Man-made cellulosic fibers (MMCFs) have been considered
as carbon fiber precursors for many decades. They can be
produced from high purity and low-cost cellulosic materials
with well-defined and uniform dimensions.” CFs from MMCFs
such as Tencel or Cordenka were reported to have good
strength, high thermal conductivity, and mechanical flexibil-
ity.>~" Although the maximum theoretical carbon yield of
cellulose is 44.4 wt %,° the actual yield after pyrolysis can be as
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low as 10 wt % if no catalysts are used.” Amongst a series of
reactions leading to volatile carbonaceous compounds, the
formation of levoglucosan during cellulose pyrolysis is a main
factor for the low yield."” This has been a major challenge in
bringing the production of cellulose-based CF to the industrial
scale. Strategies have been developed to suppress the
formation of levoglucosan and increase the economic feasibility
of cellulose-based CFs.'"' These strategies include the
incorporation of various carbonization agents and were
reported to improve the carbon yield up to 38 wt %
(corresponding to ~86 wt % of the theoretical carbon
yield).”"”

Chitosan, readily available from chitin, is known to be a
natural charring agent.'>'* Its char yield upon pyrolysis has
been reported to be higher than that of cellulose under the
same pyrolysis condition.">'® Chitosan is produced on an
industrial scale through enzymatic or chemical deacetylation of
chitin, the second most abundant biopolymer on earth.'”'® Its
molecular structure is similar to that of cellulose except for the
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presence of a primary amino group in the C2 position of the
anhydroglucose unit."” This structural similarity allows
blending cellulose and chitosan into a homogeneous matrix.
These properties make chitosan an attractive doping agent to
increase the yield of the cellulose-based CF precursor filaments
without significant impairment of the mechanical property.”’
However, the dissolution of chitosan and cellulose has been
challenging due to the polymer extensive intra- and
intermolecular hydrogen bonds. Thus, many previous studies
have employed derivatized forms of these biopolymers, which
require an additional energy- and material-consuming steps in
the process.”*” A new ionic liquid 1,5-diazabicyclo[4.3.0]non-
S-enium acetate ([DBNH]OAC), which is employed in a dry-
jet wet spinning process called Ioncell, is capable of dissolving
cellulose without derivatization.”*** Moreover, Ioncell fila-
ments possess high strength, polymer orientation, and
uniformity.””** These properties are highly desirable for
carbon fiber precursors.

For the first time, we prepare composite fibers of chitosan
and cellulose through the Ioncell process, using dissolving-
grade wood pulp and different types of chitosans. A facile one-
stage pyrolysis of the precursor fiber without stabilization and
the hot-stretching step is performed to examine the effect of
chitosan incorporation on the char yield of the CF. Using
extensive characterization techniques, we investigate the effect
of intimately incorporated chitosan on the structural,
mechanical, and thermochemical properties of the composite
fiber and on the properties of the resulting CFs.

B MATERIALS AND METHODS

Preparation of Chitosan—Cellulose Precursor Fibers. Birch (
Betula pendula) prehydrolysis kraft pulp (PHK) ([] = 494 mL/g, M,
= 72.9 kDa, M,, = 262.9 kDa, polydispersity 3.6, Enocell Speciality
Cellulose, Finland) was received from Stora Enso Enocell Mill in
Finland. The cellulose was received as pulp sheets and ground to a
fine powder in a Wiley mill before use. Chitosan powders were
purchased from Glentham Life Science (UK), having average
molecular weights of 30 kDa (CHA) and 250 kDa (CHB),
respectively. The ionic liquid (IL) 1,5-diazabicyclo[4.3.0]non-S-ene-
l-ium acetate ([DBNH]OAc) was synthesized from 1,5-
diazabicyclo[4.3.0]non-S-ene (Fluorochem, UK) and acetic acid
glacial (Merck, Germany), as described elsewhere.”

To prepare the chitosan—cellulose blend solution, the chitosan
powder was added gradually into the IL at 75 °C and then hand-
mixed thoroughly to ensure the dispersion of the chitosan powder.
After that, the chitosan suspension was stirred mechanically at 30 rpm
under vacuum (10—20 mbar) for 1 h at 75 °C to assure almost
quantitative dissolution of chitosan. Subsequently, the ground
cellulose pulp was added into the chitosan-IL solution and the
resulting blend solution was continuously mixed for 2 h. All solutions
were composed of 12% (w/w) of total polymer concentration and
88% (w/w) of IL. The chitosan accounted for 10% or 25% (w/w) of
the total polymer concentration. As a control, a 100% cellulose
solution was also prepared (12% w/w) with a similar procedure as
described previously.”* No 100% chitosan solution was prepared
because such a solution would not have the viscoelastic properties
needed for dry-jet wet spinning.

The viscoelastic properties of the spinning dopes were measured by
Anton Paar Physica MCR 300 and MCR 302 rheometers (Austria).
The complex viscosity #* and dynamic moduli (storage modulus G/,
loss modulus G”) as a function of angular frequency @ were obtained
through a dynamic frequency sweep test (100—0.1 s™!). The apparent
zero shear viscosity 77,™ was calculated by the Cross model, assuming
the cellulose and chitosan—cellulose dopes follow the Cox—Merz

27,28
rule.””
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All solutions were spun via a dry jet-wet spinning unit (Fourné
Polymertechnik, Germany) as previously described and termed
Toncell technology.** The take-up velocity and extrusion velocity
were adjusted so that the spun fibers had draw ratios (DRs) of 2, 4, 7,
and 10. The collected continuous filament was finally washed in hot
water (75 °C) and air-dried throughout a continuous washing line.

Preparation of Carbon Fibers Derived from Cellulose—
Chitosan Precursor Fibers. Up to 300 mg of the oven-dried
precursor fiber (~10 cm length) was placed on the ceramic boat. The
boat was placed inside a tubular furnace (NBD Tube Furnace) under
a constant N, gas flow of 8.3 L/min. The temperature of the tubular
furnace was increased from room temperature to the final temperature
(500, 700, or 900 °C) at a 10 °C/min heating rate and then held for
30 min. After the end of the pyrolysis, the tubular furnace was allowed
to reach room temperature and the boat was removed from the
furnace. The weight of the carbon fiber was recorded and then
compared with the weight of the precursor fiber to calculate the yield
of the solid residue

w carbon fiber

carbon yield = X 100%

w precursor fiber

(1)

Characterization of Precursor and Carbon Fibers. Thermal
degradation of the precursor fibers was characterized by a
thermogravimetric analysis (TGA) instrument (TA Instruments
Q500). The initial weight of the precursor fiber was 5—10 mg. For
the physical mixture of powdered cellulose fiber and chitosan powder,
the experiment was conducted on a Hitachi STA7200RV. For both
instruments, the measurement was carried out in an N, atmosphere
from room temperature until 900 °C at a 10 °C/min heating rate.

The mechanical properties of the precursor fiber (tenacity, linear
density, and elongation) were measured by a Favigraph tensile tester
(Textechno) in a conditioned state (20 + 2 °C and 65 + 2 RH). The
reported values are averages from 20 individual fibers. The gauge
length was 20 mm, and the testing speed was 20 mm/min. The
pretension weights were 100—500 mg, and the maximum forces of the
load cells were 100 and 20 cN for DR 2 and DR 10, respectively. The
calculation of Young’s modulus was done with a Matlab script
according to ASTM D2256/D2256Mf.

The mechanical properties of the carbon fibers were measured by a
Universal Tester Instron 4204 100N. The single-carbon filament was
fixed on a paper mounting tab with a gauge length of 20 mm. The test
speed was 0.5 mm/min.

The total orientation of the precursor fibers was measured by a
polarized-light microscope (Zeiss Axio Scope with a 51 Berek
compensator). The birefringence (An) was calculated from the
division of the retardation of the polarized light by the fiber thickness,
assuming a density of cellulose of 1.5 g/ cm®. The total orientation
factor f, was obtained by dividing the birefringence of the sample by
the maximum value of birefringence of cellulose (0.062).”

The chemical functionalities of the precursor fibers were
investigated by a Fourier transform infrared spectroscopy (FTIR)
Nicolet6700 using a KBr method. The spectra were acquired from 64
scans, 4 cm™! resolution, and wavenumber range 4000—650 cm™L

The X-ray scattering data collection, processing, and analysis were
performed and are described in the Supporting Information. In short,
X-ray diffraction data from the powder of the precursor fiber were
collected in a transmission mode setting of a Cu Ka X-ray instrument,
SmartLab (RIGAKU) operated at 45 kV and 200 mA. Collected
powder diffraction data were corrected for air scattering, sample
holder scattering, and inelastic scattering. The crystallinity and crystal
size were estimated by a background subtraction method and Scherrer
equation after a curve fitting process. The azimuthal intensity profile
was obtained from the crystallographic (004) lattice plane (34.6° by
20) and used to estimate the Hermans orientation parameter between
the fibril axis and crystallographic ¢ axis.

Small-angle X-ray scattering (SAXS) data from the fiber samples
were collected at beamline D2AM at the European Synchrotron
Radiation Facility (ESRF, Grenoble, France). The X-ray energy was
set to 18 keV (4 = 0.688801 A). The data were processed correcting
for the detector distortion, normalizing for the incident beam

https://dx.doi.org/10.1021/acs.biomac.0c01117
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intensity, and subtracting the scattering contribution from air. The
orientation distribution of the samples was estimated from the
equatorial streak. Then, the equatorial intensity profiles of the SAXS
data were obtained via azimuthal integration. The equatorial profiles
of the dry samples were fitted with a power law model in the
scattering vector q range of 0.007—0.06 (A™"), whereas the profiles of
the wet samples were fitted with a WoodSAS in the g range of 0.007—
0.18 using a SasView software.’**!

Elemental analyses of the precursor and carbon fibers were
performed with a Perkin Elmer 2400 CHNS/O Analyzer. The
catalytic combustion of the precursor and carbon fibers was carried
out at 925 and 975 °C, respectively. The C, H, and N (wt %) contents
were directly obtained from the measurement, while O (wt %) was
calculated from the mass difference. Each sample was measured in
duplicate.

SEM images of the precursor and carbon fibers were collected
using Zeiss Sigma VP with variable pressure. To obtain clear cross-
section images, the fibers should not be cut. The precursor fibers were
broken by means of cryo-fracture;>® the carbon fibers were simply
pulled apart manually. Higher magnification imaging for the surface of
the carbon fibers was done with a FE-SEM Hitachi S-4800. Prior to
imaging, the samples were sputtered by platinum. The imaging of the
precursor and carbon fibers was done at 3 and S kV, respectively.

B RESULTS AND DISCUSSION

Spinning of Chitosan—Cellulose Precursor Fibers.
Both chitosan samples dissolved readily in [DBNH]OAc.
The mixed polymer solutions were translucent with a
pronounced viscoelastic character. The complex viscosity of
the spinning dopes was measured at various temperatures and
is plotted at 70 °C in Figure 1, which corresponds to the
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Figure 1. Complex viscosity of the spinning dopes of cellulose pulp
and mixture of cellulose pulp with 10 and 25 wt % of CHA and CHB
at 70 °C, respectively. All dopes had a total polymer concentration of
12 wt % in [DBNH]OAC.

spinning temperature. All spinning dopes, with or without
chitosan, exhibited a shear thinning-like behavior where the
complex viscosity decreased with higher angular frequency,
suggesting a reduced entanglement between the biopolymer
chains induced by the increasing shear rate.”” The blends of
cellulose pulp with the two types of chitosans showed
differences in their rheological behavior. CHA had a softening
effect with a gradual decrease in the complex viscosity of the
solution as the share of CHA increases. By contrast, CHB
induced a higher complex viscosity than CHA. The different
effects of each chitosan sample are also reflected in the
modulus at crossover point (G’ = G”) in Figure S1 of the
Supporting Information. An increasing share of CHA in the
mixed-polymer dopes led to a noticeable reduction of the
crossover modulus. The effect of CHB was more subtle. The
decrease in the modulus at the crossover point suggested fewer
entanglements and a less interaction between the macro-
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molecular chains, thereby reducing the resistance to
deformation.”**’

The gradual decrease of both complex viscosity and
crossover modulus induced by the addition of CHA was
attributed to the much lower molecular weight of CHA (30
kDa) compared to the average molecular weight of the pulp
cellulose used in this study (260 kDa). The molecular weight
of CHB (250 kDa) is fairly close to pulp cellulose, explaining
the comparable crossover modulus.”* The minor increase in
the complex viscosity is most likely due to a slightly increased
interchain interaction induced by the amine and amide
functional groups.®

Table 1 shows the rheological parameters of the cellulose
and chitosan—cellulose dopes at the temperature chosen for

Table 1. Rheological Parameter of the Solutions of Pulp
Cellulose and Mixture of Pulp and Chitosan at Different
Concentrations of Chitosan Dissolved in [DBNH]OAc

b

dope Chitosan  total conc T 7" w’ G =G'°
sample (wt %) (wt %) (°C) (kPas) (1/s) (Pa)
cell 0 12 68 29.9 0.48 2400
10CHA 10 12 71 18.6 0.40 1500
2SCHA 25 12 66 16.8 0.44 1700
10CHB 10 12 70 26.7 0.46 2400
25CHB 25 12 75 25.6 0.49 1900

b .
“No = zero shear viscosity. “@ = angular frequency at crossover point.
“Modulus at crossover point.

dry-jet wet spinning. The values of the cellulose dope were
within the earlier proposed optimum spinning range for
cellulose dissolved in [DBNH]OAc: a zero shear viscosity of
20—30 kPa-s and a crossover modulus of 2000—4000 Pa.**~*
Due to the thickening effect of the CHB, the spinning
temperature of 25 wt % CHB was higher than for the cellulose
dope to reduce the viscosity of the spin solution. As a result,
the rheological parameters of the CHB-dopes were comparable
to that of cellulose and a maximum draw ratio (DR) of 10 was
possible, which is considered as “good spinnability”.””

The softening effect of CHA is also visible in Table 1. The
CHA dopes had a noticeably lower zero-shear viscosity and
crossover modulus compared to the pure cellulose dope.
Despite the slightly lower rheological parameters, the CHA-
containing dope also showed good spinnability demonstrated
by DR 10. This deviation confirms that the optimum spinning
conditions can vary depending on the t}?e of biopolymer or
biopolymer blend dissolved in the IL.*”*

The properties of the produced cellulose fibers and
chitosan—cellulose composite fibers, including the titer,
elongation, tenacity, and Young’s modulus of the fibers, as a
function of DR are shown in Figure S2. Overall, the results
confirmed previous studies where there was a decrease in the
fiber thickness or titer and elongation but an increase in the
tenacity and Young’s modulus of the fiber with an increasing
DR.*»*! Stretching in the air gap induces extensional stress on
the extruded filament, resulting in an enhanced alignment,
denser packing, and higher cohesive force between cellulose
chains. Consequently, there was an increase in the chain
orientation in the fiber axis and a decrease in the thickness.”*!
The higher chain orientation contributed to the increase in the
tenacity’” and thus the Young’s modulus but also caused the
decrease of the elongation.m’43 It is worth to note that the
largest change in tenacity and Young’s modulus occurred from

https://dx.doi.org/10.1021/acs.biomac.0c01117
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DR 2 to DR 4. This indicated that most of the oriented
structures was already formed at a moderate DR,*"** which
was DR 4 in this study. Because of this observation, fiber
samples spun at DR 4 were used to investigate the effect of
chitosan incorporation on the properties of the precursor fibers
and carbon fibers and for the pyrolysis study. Another
consideration was that DR 4 fibers were considerably thicker
than those at higher DRs. This could be beneficial to
compensate for the mass loss or shrinkage during the pyrolysis
process due to the formation of volatiles.

Effect of Chitosan on Structural and Mechanical
Properties of the Precursor Fibers. Extrusion and
coagulation of a homogeneous solution of several biopolymers
do not necessarily yield a homogeneous mixed-polymer matrix.
Upon coagulation, insufficient compatibility of the polymeric
solutes might lead to phase separation, forming discontinuous
structures with local domains consisting predominantly of the
minor-share polymer. This affects the structural and mechan-
ical properties of the resulting filaments.*>*%*¢

Table 2. Structural Properties of the Cellulose and
Chitosan—Cellulose Precursor Fibers Spun at DR 4
Measured by XRD and Birefringence

XRD birefringence
crystallite size  crystallinity Hermans total

samples (%) parameter orientation
cell 31.8 35.0 0.79 + 0.005 0.69 + 0.04
10CHA 30.3 34.5 0.79 + 0.006 0.69 + 0.08
25CHA 28.9 333 0.80 + 0.003 0.67 + 0.03
10CHB 31.0 34.6 0.78 + 0.004 0.69 + 0.10
25CHB 26.9 31.5 0.81 + 0.003 0.69 + 0.11

Tables 2 and 3 summarize the structural and mechanical
properties of the cellulose and the cellulose—chitosan
precursor fibers, respectively. The addition of 10 wt % chitosan
did not result in a notable change in the structural parameters
of the cellulose fiber and thus the mechanical properties of the
resulting fibers. At 25 wt %, the CHA and CHB caused a small
reduction in the crystallinity and crystallite size. However, the
crystalline orientation parameter measured by XRD and the
total orientation determined via birefringence were unchanged
even at the addition of 25 wt % chitosan (Table 2). The
crystalline parameters such as crystallinity, crystallite sizes, and
orientation are decisive for the tenacity of the fibers in the
conditioned state.”* Therefore, the decrease in the crystallinity
by the addition of chitosan was mostly responsible for the
lower tenacity of the fibers containing 25 wt % CHA or CHB
compared to the reference cellulose fiber."”~*

The decrease in the tenacity of Ioncell cellulose fibers with
the incorporation of additives, such as lignin and xylan, has

been reported previously.”>*" With the addition of 10 wt %
organsolv and kraft lignin, the tenacity of the cellulose fiber
decreased by 12 and 8%, respectively.”” At 20 wt % xylan and
lignin, the tenacity decreased even by 26 and 32%,
respectively.”*" In the case of chitosan addition, the reduction
of the tenacity of the cellulose composite fiber is generally
lower: ~1% with the addition of 10 wt % CHA and CHB and
~13% with the addition of 25 wt % CHA and CHB,
respectively. Furthermore, the Young’s modulus of the
cellulose fibers was not affected despite the addition of
chitosan, which is in good agreement with other studies
involving cellulose and chitosan blends,**° suggesting good
compatibility of cellulose and chitosan in its composite
form.>>>" Perpetuating the mechanical properties of the
precursor filament despite the addition of a secondary polymer
is of high importance when targeting carbon fiber produc-
tion.”® From this perspective, chitosan is an attractive
copolymer for bio-based carbon fibers.

To study the macromolecular structure of the chitosan—
cellulose system in more details, SAXS analyses were
performed for the 10 wt % chitosan—containing filaments
(Table 4). Regenerated cellulose fibers adopt a multilevel

Table 4. Structural Parameters from Synchrotron SAXS
Experiments

dry wet
microvoids radius of elementary
samples orientation PL_exp” fibrils (&)
cell 0.94 + 0.00 391 + 0.004 18.5 + 02
10CHA 091 + 0.02 3.98 + 0.092 200 + 0.3
10CHB 0.93 + 0.02 4.08 + 0.002 18.9 £ 0.2

“Power law exponent (details can be found in Figure S3 and Table S2
of the Supporting Information).

hierarchical structure.”> SAXS can provide information
regarding the nanometric structure level, which includes an
elementary fibril structure consisting of crystalline and
amorphous cellulose™ and a microvoid structure between
fibrils.”* The orientation parameters of the crystals and
microvoids with and without the addition of 10% CHA and
CHB were similar. This means that the presence of chitosan
molecules did not significantly alter the structure formation of
the regenerated cellulose fiber. By contrast, polymers with a
more hydrophobic character like lignin were found to phase-
separate and form microdomains, which resulted in a severe
decrease in the mechanical properties, as previously
discussed.”

In the equatorial profile of dry SAXS data (Figure S3), only
the power law scattering was observed down to 0.007 A", This
scattering is generated from surface scattering of microvoids
between fibrils. Both cellulose and chitosan samples had a

Table 3. Mechanical Properties of the Cellulose and Chitosan—Cellulose Precursor Fibers Spun at DR 4 and Measured in

Conditioned State

samples titer (dtex) diameter (ym) elongation (%)
cell 32 +03 16.6 + 0.8 129 + 14
10CHA 3.1+03 16.2 + 0.9 11.8 £ 1.3
25CHA 33+ 04 16.7 + 0.9 10.8 + 0.7
10CHB 32 +04 164 + 1.0 132 + 1.2
25CHB 3.1+03 16.3 + 0.9 109 + 1.4

tenacity (cN/tex)

Young’s modulus (GPa) modulus of toughness (MPa)

419 + 3.1 20.8 + 1.5 528 + 7.5
39.8 + 2.9 234 + 1.7 46.5 + 8.4
364 + 2.1 21.1 + 19 37.0 + 4.8
414 £ 29 222 + 13 52.5 £ 8.5
362 + 2.5 216 + 1.0 379 £ 7.0
4329 https://dx.doi.org/10.1021/acs.biomac.0c01117
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power law exponent of approximately 4, which indicates a
smooth surface of microvoids. Hence, chitosan seems to be
homogeneously incorporated into the cellulose matrix and
does not disorganize the cellulose fibril surface. The wet fibers
produced very different scattering profiles at the high-q region
(Figure S3). The difference of dry and wet data could be
explained by the change of scattering contrast between
structural phases like in native wood lignocellulose.” In the
case of wood, the presence of micro-order cleavages in the cell
wall produce power law scattering in the low-q region. The size
and interference of elementary fibrils in the matrix of lignin and
hemicellulose give rise to the scattering intensity of a
cylindrical form factor combined with an interference function
in the high-q region. These scattering contributions could be
adjusted by the water sorption in the cleavages. Similarly, when
microvoids of regenerated cellulose fibers are filled by water,
the enhanced scattering contribution of wet samples at high g
can be considered as scattering induced by elementary fibrils.
For this reason, the equatorial profile of wet SAXS data was
fitted with a WoodSAS model (the fitting details are available
in the Supporting Information, Figure $3 and Table $2).”° The
elementary cylindrical radius was estimated to be approx-
imately 2 nm for cellulose and chitosan-composite fibers, and it
was in a comparable range with the XRD-derived crystallite
size considering the Scherrer equation only provides a lower
bound of the crystal size. A small decrease observed in the
crystallite size obtained by XRD might be because of the
increase of crystalline defects due to the presence of
intracrystalline chitosan molecules since SAXS showed no
decrease of the cylindrical diameter.

Our SAXS experiments did not show significant differences
for cellulose and 10% chitosan composite fibers. In other
words, there was no evidence of phase separation due to the
presence of chitosan, and it is likely that chitosan chains co-
crystallize with the cellulose chains. This direct association of
chitosan and cellulose is the reason for the high tenacity values
compared to other cellulose composite fibers and probably
generates the synergetic effect for the CF production in a more
efficient manner as discussed in the next section.

Effect of Chitosan on the Carbon Yield and Thermal
Degradation of the Precursor Fibers. The low carbon
yield during pyrolysis of cellulose is a central problem in the
production of cellulose-based CFs. A yield increase is possible
through uneconomically slow heating rates or impregnation
with catalysts to suppress the formation of volatile carbona-
ceous compounds. In most cases, Lewis acids or bases are used
to promote dehydration reactions.” The amino group in
chitosan can act as such a catalyst. The homogeneous
incorporation of chitosan in the cellulose matrix described in
the previous chapter should enable a notable catalytic effect.

Figure 2 shows the results of the TGA measurements up to
900 °C for the precursor fibers with varying amounts of
chitosans, all spun at DR 4. The addition of 10 and 25 wt %
CHB increased the carbon yield by 85 and 135%, respectively.
CHA gave a similar increase in carbon yields when increasing
the chitosan concentration, but the carbon yield was
approximately 3 wt % lower compared to CHB at the
concentrations of 10 and 25 wt %.

The increase in the carbon yield upon the addition of
chitosan itself was not yet a proof for any catalytic activity of
chitosan during cellulose pyrolysis because chitosan has an
intrinsically higher carbon yield compared to cellulose under
the same pyrolysis condition.'®*® Pyrolysis of pure CHA and
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Figure 2. Carbon yield (wt %) of the cellulose fiber and composite
fibers with different chitosan concentrations spun at DR 4 measured
via TGA.

CHB powder resulted in a carbon yield of ~34 wt % while the
cellulose pulp gave only ~10 wt %. However, the carbon yields
were higher than expected when by simply adding the
weighted yield of each single constituent. If the two
biopolymers would not interact during the pyrolysis, the
carbon yield and respective TG curve could be predicted by a
simple weighted sum®’

TG(T), 4410w = %cellulose X TG(T) uiose + %
chitosan X TG(T) 4 it0an ()
DTG(T), 4410w = %cellulose X DTG(T),yuiose + %
chitosan X DTG(T) pit05n (3)

Figure 3a,b shows the experimental TG and DTG curves of
the CHA—cellulose composite fibers, individual constituents,

100 . r 25
cell N |cell
\\ CHA |1 —cHA
80 10CHA add.law. =20 Il | 10cHAadd.law.
= 10CHA exp. € 10CHA exp.
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Figure 3. (a) Comparison of experimental TG curves with the
corresponding additive models of cellulose and CHA-containing fibers
spun at DR 4. (b) Comparison of experimental DTG curves with the
corresponding additive models of cellulose and CHA-containing fibers
spun at DR 4.

and calculated weighted sums (the same data for CHB are
available in the Supporting Information, Figure S4). The
carbon yield of the composite fibers was consistently higher
than the additive values. Importantly, the experimental DTG
curves show that the higher chitosan concentration led to a
lower rate of the cellulose degradation peak. The rate (wt
%/min) of cellulose degradation at the peak maximum
decreased by ~51 and ~53% with the addition of 25 wt %
CHA and CHB, respectively, compared to the pure cellulose
fiber. This indicates that there was a notable interaction
between chitosan and cellulose in the composite fiber, which
altered the degradation pathways of cellulose molecules during

pyrolysis.
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Figure 4. (a) Comparison of DTG curves of the powdered cellulose fiber, 25 wt % CHA composite fiber, the physical mixture of powdered
cellulose fiber and 25 wt % CHA powder and CHA powder (numbers of 1, 2, and 3 indicate replication). (b) Comparison of DTG curves of the
physical mixture and corresponding calculated curve at 25 wt % CHA addition (error bar indicates standard deviation from $ replications).

To elucidate the catalytic effect of chitosan in the fiber
matrix, the DTG curve of the composite fiber containing 25 wt
% CHA was compared to the physical mixture of CHA powder
and powdered cellulose fiber at the same concentration (Figure
4a). In this way, the effects of residual ionic liquid in the
fibers”®*” or the difference in the cellulose polymorphs in pulp
(cellulose I) and regenerated fiber (cellulose 1) on the
thermal degradation could be excluded. It was found that the
rate at the peak maximum (wt %/min) of cellulose degradation
of the 25 wt % CHA composite fibers was significantly lower
than that of physical mixture (11.0 + 1.3 vs 18.0 + 0.50). In
addition, the peak area of DTG calculated from 200 to 500 °C
of the composite fiber was lower than the physical mixture, in
comparison to the powdered cellulose fiber (~75 vs ~90%,
respectively). Moreover, there was a difference in the shape of
the chitosan degradation curve where the composite fibers had
a broader shoulder than the physical mixtures.

The DTG curve of the physical mixture of the powdered
cellulose fiber and chitosan powder was then compared with
the corresponding curves calculated through the addition of
the single components (Figure 4b). Both curves superimposed
within the experimental errors. This indicates that there was no
interaction between cellulose and chitosan in a mere physical
contact and that the higher relative yield observed with the
physical mixture (Figure 4a) was simply due to the lower
amount of cellulose in the mixture. By contrast, the dissolution
of chitosan and cellulose in the ionic liquid and subsequent
regeneration as the homogeneous matrix resulted in a
synergistic interaction between the two polymers.

The analyses on the thermal degradation above suggests that
the intimate contact between cellulose and chitosan in the
Ioncell fibers plays an important role in the synergistic
interaction between the two biopolymers, as there was no
interaction exhibited by the simple physical mixture. This
interaction was likely facilitated by the amino groups in
chitosan, which are known to be catalytic sites." The N-
functionalities in the fibers were clearly visible by FTIR (Figure
S5). The band at ~1590 cm™ resulting from the N—H
bending vibration modes of amine and amide II groups®> was
found in all chitosan composite fibers. Several studies
highlighted the role of amino groups in retaining solid
products during pyrolysis, such as in Nieto-Marquez et al.
where they found a higher char yield upon the pyrolysis of
aniline (NH,-benzene) compared to benzene or nitrobenzene
(NO,-benzene);®* or chars from mixture of cellulose and L-
histidine compared to cellulose and r-proline, with the latter
having fewer amino functionalities.** Likewise, a higher degree
of deacetylation, or in other words, a higher content of amino
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groups, was reported to result in a higher char yield for
chitosan than chitin and for the monomer glucosamine
compared to acetylglucosamine.”> The slightly higher N
content (N/C) in the CHB-fiber compared to CHA-fiber,
shown in Table S3, might explain the slightly higher carbon
yield of CHB-fiber compared to that of CHA-fiber observed in
the TGA experiments (Figure 2). The marginally lower N/C
in the CHA-fibers could be due to the lower molecular weight
of CHA, causing a higher amount of water-soluble chitosan to
be lost in the coagulation bath or continuous washing line.*®
The homogenous distribution and physical proximity of the
amino groups in chitosan and cellulose in the Ioncell fiber
likely amplified the interaction between the two biopolymers
during pyrolysis, resulting in intermediates, which were less
susceptible to the formation of volatile carbonaceous
components. The detailed pyrolysis mechanisms and inter-
action between cellulose and chitosan during pyrolysis will be
investigated further in another study.

The effect of chitosan on the carbon yields observed in the
TGA was confirmed by carbonization experiments using a
tubular furnace at 500, 700, and 900 °C (Figure 5), keeping
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O 10Y
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Figure 5. Carbon yield (wt %) of composite fibers with different
concentrations of chitosan spun at DR 4 after oven pyrolysis.

the same heating rate as in the TGA. This experiment was
performed to compare the intermediate yields at different
temperature and study the transition through elemental
analysis, presented in Table S4. At all studied temperatures,
the carbon yield of CHA-fibers was slightly lower than for the
CHB analogues, but the difference was within experimental
errors. Higher temperature (700 °C) resulted in a lower
carbon yield (wt %) compared to the lower temperature (500
°C). The decrease in the carbon yield at a higher pyrolysis
temperature was due to an increased release of volatile
compounds (e.g, H,0, CO, CO,, and CxHyOZ),67 confirmed
by the significant drop in the H/C and O/C molar ratios from
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500 to 700 °C in Table S4. From 700 to 900 °C, the carbon
yield (Figure S) and the O/C ratio seemed to be unchanged
while there was a noticeable decrease in the H/C ratio. This
indicates that, at temperature higher than 700 °C, the carbon
residue was already depleted of the heavy volatile compounds
but still releasing hydrogen.”” The mass loss due to the release
of the hydrogen was too low to be measured in the final carbon
yield at 900 °C, but it translated in a non-negligible H/C molar
composition change. While the O and H contents from the
original precursor fiber continuously decreased as the heat
treatment progressed, the N content (N/C) first increased
when the precursor fibers were pyrolyzed at 500 °C but then
slightly decreased at higher temperatures. Despite that, the N/
C values of the carbon fibers at 900 °C were still higher than in
the precursor fiber. This suggests that the N compounds were
largely retained in the carbon structure even at temperatures as
high as 900 °C and the release of the N only occurred at a
temperature exceeding 500 °C. The slightly higher N/C in the
CHB-carbon fibers than in the CHA-carbon fibers at all
pyrolysis temperatures (Table S4) was expected from the
higher nitrogen content in the precursor fibers (Table S3).
Figures 6 and 7 show the cross-section and surface of the
cellulose and composite precursor fibers and the resulting

Precursor fibers

Carbon fibers at 900 °C

Figure 6. SEM of cross-section images of the precursor fibers of (a)
cellulose, (b) 10 wt % CHA, and (c) 25 wt % CHA and carbon fibers
produced at 900 °C derived from (d) cellulose, (e) 10 wt % CHA, (f)
and 25 wt % CHA.

carbon fibers after heat treatment at 900 °C, respectively. All
precursor fibers possessed a round cross-section and fibrillar
body typical for Toncell fibers.”****" After carbonization, the
round cross-section of the original precursor fibers was still
retained but the fibrillar structure disappeared and turned into
a compact and dense carbon structure. Overall, the
incorporation of chitosan did not alter the fiber body of the
precursor and resulting carbon fibers. However, carbon fibers
derived from pure cellulose had a rougher skin surface
compared to the carbon fiber prepared from chitosan-
containing precursor fibers. The surface roughness might be
a result of recondensation of the volatiles formed during the
pyro?rsis of the cellulose fiber, leaving tarry deposits on the
skin,”® as shown in Figure 7d,g. As discussed previously in
detail, the addition of chitosan altered the pyrolysis mechanism
of cellulose. The reduced formation of larger-sized carbona-
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Precursor fibers

Figure 7. SEM surface images of the precursor fibers of (a) cellulose,
(b) 10 wt % CHA, and (c) 25 wt % CHA and carbon fibers produced
at 900 °C derived from (d, g) cellulose, (e, h) 10 wt % CHA, and (£, i)
25 wt % CHA.

ceous volatiles, and consequently less recondensation on the
surface, may be one of the reasons for the smoother surface of
the chitosan-derived carbon fiber in Figure 7ef, h,i. Regarding
the mechanical performance of the resulting CFs, a smooth
homogeneous surface is obviouslgf preferred as defects can be
the source of mechanical failure.”” The mechanical properties
of the fibers carbonized at 900 °C are summarized in Table 5.

Table 5. Mechanical Properties of the Carbon Fibers
Obtained at 900 °C Derived from Precursor Fibers with
Different Chitosan Concentrations

sample Young’s modulus (GPa) tensile strength (MPa)
cell 20.7 + 2.5 351 + 63
10CHA 45.5 £ 83 578 + 133
25CHA 553 + 6.0 501 + 104
10CHB 424 + 3.7 361 + S5
25CHB 29.0 + 6.1 406 + 156

CHA in the precursor fiber led to slightly higher tensile
strengths than CHB. Also, it appeared that a higher share of
chitosan was detrimental for the fiber strength. The increased
carbon yield and reduction in fiber defects induced by the
chitosan addition is further reflected in the increase of the
Young’s modulus. The carbon fibers reported herein were
produced in a stationary oven at a moderate final carbonization
temperature (900 °C), a relatively high heating rate (10 °C/
min), and without impregnation or an additional stabilization
step. The obtained Young’s moduli are nevertheless com-
parable to values reported for other bio-based carbon fibers
produced both via stationary'”’°~" and continuous carbon-
ization® or with tension applied during carbonization.*"**
Figure 8 shows a comparison of the Young’s modulus of
different fibers reported in literature as a function of the final
carbonization temperature. A more detailed comparison is
given in the Supporting Information (Table SS). Further
optimization of the heat treatment is expected to increase the
mechanical properties and competitiveness of the chitosan—
cellulose composite fibers of this study even further.
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B CONCLUSIONS

This study provides a first assessment whether chitosan, the
second most abundant biopolymer after cellulose, is suitable as
a natural charring agent to improve the yield and properties of
cellulose-derived carbon fiber. The pyrolysis of the hybrid bio-
based fibers revealed synergetic interactions between cellulose
and chitosan, resulting in a higher carbon yield and preserving
the structural and mechanical properties of the fibers. When
blending biopolymers, their compatibilities in the solid state
upon coagulation from a homogeneous solution are mandatory
to obtain even distribution and the maximum interaction
between the different polymers. This shows potential to avoid
impregnation of the precursor fibers with flame retardants
prior to carbonization.

In the next step, we will study the interactions between the
two biopolymers during the pyrolysis, to understand the
reaction mechanisms and further improve chitosan/cellulose-
based CFs. A further increase in the carbon yield is anticipated
through optimization of the carbonization protocol. Prior to
carbonization at high temperatures, pyrolysis under an oxygen
or air atmosphere at low temperatures might improve the
stability of the char at subsequent higher temperatures.
Moreover, hot-stretching and a higher carbonization temper-
ature (>1200 °C) as used in the continuous production of
carbon fibers is expected to improve the mechanical properties
of the resulting carbon fibers. These results could open up new
possibilities to develop bio-based carbon fibers that can
become viable alternatives for those based on nonrenewable
polymers.
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