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ABSTRACT: In the present work, electrospinnability as well as thermal, rheological,
and morphological characteristics of low molecular weight hardwood organosolv
lignin, as a potential precursor for carbon fiber, was investigated. Submicromter
biobased fibers were electrospun from a wide range of polymer solutions with different
ratios of organosolv lignin to polyacrylonitrile (PAN). Rheological studies were
conducted by measuring viscosity, surface tension, and electrical conductivity of hybrid
polymer solutions, and used to correlate electrospinning behavior of solutions with the
morphology of the resultant electrospun composite fibers. Using scanning electron
microscopy (SEM) images, the solutions that led to the formation of bead-free
uniform fibers were found. Differential scanning calorimetry (DSC) analysis revealed
that lignin-based fibers enjoy higher decomposition temperatures than that of pure
PAN. Thermal stability of the lignin-based fibers was investigated by thermogravi- T
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metric analysis (TGA) indicating a high carbon yield of above 50% at 600 °C, which is
highly crucial in the production of low-cost carbon fiber. It was also observed that organosolv lignin synergistically affects thermal
decomposition of composite fibers. A significant lower activation energy was found for the pyrolysis of lignin-derived electrospun

fibers compared to that of pure PAN.
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B INTRODUCTION

In recent decades, due to the increasing demand for
biorenewable and eco-friendly resources, biopolymers have
drawn considerable attention. This is, in particular, a result of
rising environmental concerns surrounding polymers derived
from nonrenewable sources such as fossil fuels, oil, and coal.'™>
Furthermore, nonbiodegradability or poor biodegradability of
most petrochemicals has intensified environmental concerns
over continuing their consumption.* On the other hand, low
process cost as well as low energy requirements are some of the
interesting features of renewable biomaterials.®

In general, biopolymers are classified into natural and
synthetic polymers.® Lignin is one of the natural biopolymers
that exists in the cell wall of plants, and is basically a byproduct
of wood pulping. Lignin is the second most abundant natural
polymer after cellulose, and is one of the most important
renewable resources on earth.” A range of industrial
applications such as adsorbents,® adhesives,” dispersants and
binders,'® and soil preservation'' has already been demon-
strated for lignin.

Production of fibers from lignin has recently attracted the
attention of many researchers in order to further implement
this biopolymer for broader commercial industrial applications.
One of the most promising applications of lignin fibers is the
use of them as an environmentally sustainable precursor in the
production of carbon fibers'> that also will reduce the
manufacturing costs of carbon fiber.”> The abundance of
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aromatic components in the molecular structure of lignin
makes it a good candidate for a carbon fiber precursor.'*
Although there are some processing challenges in producing
fibers from lignin, some researchers have blended lignin with
other polymers to facilitate the fiber production process, and as
such, blending lignin with polymers has been investigated as a
convenient and inexpensive approach to produce fibers. The
literature shows several studies reporting melt sgpinning of
various polymer blends (polyblends) with lignin."> Nonethe-
less, the resultant carbon fibers are fairly weak in comparison
with those derived from petroleum-based precursors."®

Electrospinning, as another method of fiber production, has
also been reported to produce submicrometer lignin fibers with
high surface area and multifunctional characteristics,'®'” by
which the resultant carbon fibers can be applied in a wider
range of applications like energy storage, adsorption/separa-
tion, and composites.'®

As far as the production of carbon fibers is concerned, the
purity of the precursor is a critical factor to potentially achieve a
larger carbon yield.'* There are a variety of lignins available in
the market, depending on the isolation approach when lignin is
being extracted from pulp. The major type of lignin is known as
kraft lignin, which can be generated from the conventional kraft
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pulping process.'**® However, kraft lignin contains inorganic

impurities like ashes and salts.*! In contrast, organosolv lignin,
as another type of lignin, enjoys higher purity and is known as a
sulfur-free lignin with low ash and carbohydrate content.'>'?
Apart from higher purity of organosolv lignin, this should be
pointed out that it is the byproduct of solvent pulping process
which is known as an environmentally friendly pulping
technique.'® Moreover, it has been reported that hardwood
lignin shows good fiber spinnability,® in contrast with softwood
lignin with poor processability in spinning.”* According to
Kadla et al” hardwood kraft lignin and Alcell lignin are
appropriate for conversion to carbon fibers with generally
acceptable mechanical properties. While there are several
reports in the literature on electrospinning of kraft lignin
(Table 1), only a few studies have been conducted on
electrospun organosolv lignin nanofibers.

Table 1. Summary of Literature Reports on Kraft Lignin-
based Electrospun Nanofibers

type of lignin auxiliary polymer year  reference

softwood kraft lignin  poly(vinyl alcohol) (PVA) 2012 24
softwood kraft lignin  poly(ethylene oxide) (PEO) 2013 25
softwood kraft lignin  poly(vinyl alcohol) (PVA) 2014 14
kraft lignin polyacrylonitrile (PAN) 2013 26
sodium carbonate poly(ethylene oxide) (PEO) 2012 27

lignin
kraft lignin poly(ethylene oxide) (PEO) 2013 28
softwood kraft lignin  poly(ethylene oxide) (PEO) 2012 29
kraft lignin polyacrylonitrile (PAN) 2011 30
softwood kraft lignin  poly(ethylene oxide) (PEO) 2013 31
alkali kraft lignin polyacrylonitrile (PAN) 2013 32
alkali kraft lignin polyacrylonitrile (PAN) 2014 33
sodium carbonate chitosan/poly(ethylene oxide) 2014 34

lignin (PEO)
kraft lignin Poly(ethylene oxide) (PEO) 2015 3

Dallmeyer et al.'® examined seven different technical lignins,
including organosolv lignin, and found that electrospinning of
lignin is possible if poly(ethylene oxide) (PEO) is used in the
polymer blend. However, a precaution had be taken not to use
more than 5% PEO in the blend, because higher amount of
PEO caused fusion of lignin/PEO fibers together in pyrolysis,
as a result of low glass transition of PEO. In another studz,
organosolv lignin (Alcell) was electrospun by Lallave et al,*!
who dissolved Alcell lignin in ethanol and produced solid and
hollow fibers through coaxial and triaxial electrospinning
configurations. They reported fiber formation from Alcell
lignin without addition of any other polymer; however, owing
to the volatile nature of ethanol as solvent, a coaxial spinneret
was used to compensate the amount of solvent loss, in which
excess amount of ethanol was injected as a sheath around
polymer. Wang et al’® prepared electrospun polyblend
organosolv (Alcell) lignin nanofibers from hybrid solution of
poly(ethylene oxide) and Alcell lignin for the production of
carbon nanofibers. As per their studies on electrochemical
properties of Alcell lignin-derived carbon nanofibrous mats, the
resultant carbon nanofibers showed good cyclic stability
suitable for energy stora%e applications such as lithium-ion
batteries. Schreiber et al.”’ investigated the effect of iodine
treatment on morphological retention of electrospun organo-
solv lignin/cellulose acetate fibers, and found that iodine
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treated electrospun fibers can retain their original morphology
during the heating process.

To the best of our knowledge, there is no report in the
literature investigating the electrospinning of the fairly pure
type of lignin, organosolv lignin, with PAN. The current work
aims to investigate the electrospinning of hardwood organosolv
lignin through the addition of a minimum amount of
polacrylonitrile (PAN) as the most common and widely used
precursor of carbon fiber. To further explore the structure—
property relationships of the resultant as-spun lignin-based
fibers, precise attention is drawn to the correlation between
rtheology of electrospinning solutions and pyrolysis and
morphological properties of fibers.

B EXPERIMENTAL SECTION

Materials. Water insoluble hardwood HP-L Organosolv Lignin
powder (Lignol Lignin) with molecular weights of M,, ~1900 g/mol
and M, ~900 g/mol was obtained from Lignol Innovations Ltd.,
Canada. Polyacrylonitrile (PAN) with an average molecular weight of
M,, 150 000 g/mol (typical, CAS Number 25014-41-9) was purchased
from Sigma-Aldrich. N,N-Dimethylformamide (DMF), as a solvent
(product number 103053), was obtained from Merck KGaA,
Germany. All chemicals were used as received without further
purification.

Preparation of Electrospun Nanofibers. Electrospinning
solutions containing given amounts of lignin and PAN with an overall
concentrations ranging from 18 to 55 wt % (relative to the weight of
solvent) were prepared using the respective amount of DMF as the
solvent. PAN was first dissolved in DMF under constant stirring for 2
h until a clear and homogeneous solution was obtained. Subsequently,
the defined amount of lignin powder was added to the solution and
stirring was continued for 24 h. All solutions were used for
electrospinning in less than 72 h after their preparation. In this
paper, from now on, the term PL «:y, which demonstrates the hybrid
solution composition, refers to a solution containing % PAN and y%
lignin. Pure PAN solution (10 wt %), as a control sample, was also
prepared and electrospun to be compared with the lignin-based fibers.
As per our observation, electrospinning of above 10 wt % PAN
solution was problematic due to needle blockage through electro-
spinning.

Electrospun nanofibers were produced by using an electrospinning
setup consisted of a feeding pump (KDS Legato 101, KD Scientific,
USA), a high voltage power supply (Gamma high voltage Inc., ranging
from 0 to 50 kV), and an aluminum flat collector connected to the
negative pole (ground). Electrospinning solutions were loaded into a 5
mL plastic syringe with a 21 gauge needle which was connected to the
positive pole of high voltage. Constant working distance of 15 cm was
applied between needle tip and collector, and feeding rates of 0.6 to 4
mL/h were used under voltage ranging from 10 to 15 kV.

Characterizations. Viscosity of solutions was measured using a
theometer (The Discovery HR-3, TA Instruments) as a function of
shear rate with the range of 0.1 to 100 s™" (40 mm diameter geometry
with a 2° cone angle in a S1 um truncation). A pendant drop
experiment was employed for measuring surface tension of solutions in
a contact angle meter (KSV CAM101), and conductivity of solutions
was measured using a conductivity meter (S30 Mettler Toledo
SevenEasy). It must be pointed out that all the measurements on
solutions were carried out at room temperature.

The morphology of electrospun fibers was studied using field
emission scanning electron microscopy (FE-SEM, Zeiss Supra SSVP
with Gemini Column). Average fiber diameter was calculated by
measuring the diameter of at least 100 random selected fibers in the
SEM images using Image] software and IBM SPSS Statistics. In the
case of beaded fibers, bead-free parts of the fibers in the SEM images
were considered for the aforementioned measurements and
calculations. Similarly, the average size of beads was also measured
and calculated by measuring the major diameter of 50 elliptical beads
in each SEM image. Differential scanning calorimetry (DSC, TA
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Figure 1. SEM images of electrospun lignin based fibers from 18 wt % solutions with PAN to lignin ratios of (a) 90:10, (b) 80:20, (c) 70:30, (d)
60:40, (&) 50:50, (f) 40:60, (g) 30:70, (h) 20:80, (i) 10:90, and (j) 0:100.
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Table 2. Various PAN/Lignin Solution Properties and the Corresponding Properties of Resultant Electrospun Fibers

electrospun fibers

solutions
total solution PAN/lignin viscosity (Pa-s)
concentration (wt %) ratio (in a constant shear rate of 10 s_l)
18 90:10 6.958
18 80:20 4.050
18 70:30 1.577
18 60:40 0.498
18 50:50 0.278
18 40:60 0.127
18 30:70 0.074
18 20:80 0.028
18 10:90 0.009
18 0:100 0.002
25 50:50 3.165
25 40:60 0.988
25 35:65 0.427
25 30:70 0.224
25 20:80 0.063
25 10:90 0.018

surface tension conductivity average fiber
(mN/m) (uS/cm) morphology diameter (nm)
40.54 + 0.04 109.6 uniform fibers 2240
40.16 + 0.87 102.7 uniform fibers 1666
3831 + 0.17 94.3 uniform fibers 1100
35.28 + 0.18 87.0 uniform fibers 738
35.61 + 0.31 77.6 uniform fibers 603
35.24 + 0.61 74.7 beaded fibers 390
34.29 + 0.02 68.4 beaded fibers 367
29.22 + 0.03 67.2 beaded fibers 201
3122 + 0.28 66.1 beaded fibers 61
29.13 £ 0.04 311 sprayed particles
35.89 + 0.68 76.0 uniform fibers 2254
35.19 + 0.12 634 uniform fibers 2277
34.89 + 0.26 S51.8 uniform fibers 1396
33.51 + 0.31 44.7 beaded fibers 942
33.35 + 0.11 39.4 beaded fibers 362
33.84 + 0.29 315 beaded fibers 61

Instruments Q200) was used to examine the thermal properties of
electrospun nanofibers in which ~5 mg of electrospun fibers was
placed in the DSC aluminum pan, and heated from room temperature
up to 380 °C with the heating rate of 10 °C/min. Additional thermal
analysis was performed with thermal gravimetric analysis (TGA, TA
Instruments QS0); the same amount of specimen was used, and
heated from room temperature up to 600 °C under nitrogen
atmosphere. Attenuated total reflectance Fourier transform infrared
spectroscopy (ATR-FTIR, Vertex 70, Bruker) was used in a
wavelength range of 4000 to 600 cm™ to study the chemical
characteristics of resultant electrospun fibers.

B RESULTS AND DISCUSSIONS

Electrospinability and Rheological Properties of
Lignin-based Solutions. We found that electrospinning of
pristine lignin solution in DMF is challenging and results in
electrospraying of the solution and forming spherical droplets
with no fiber collectable (Figure 1j). It was observed that the
fiber formation starts by introducing PAN into the spinning
solutions. Various concentrations of PAN/lignin were prepared
and examined for their electrospinability. The concentration 35
wt % was found as an upper limit for PAN/lignin solution
concentration, since further increasing the solution concen-
tration resulted in highly viscose solutions containing some
undissolved solid polymers.

A wide range of parameters affect the electrospinning
process. Apart from processing parameters such as voltage
and spinning distance, material parameters such as inherent
properties of polymer in hybrid solutions can play a critical role
in determining the electrospinability of the polymer itself, and
controlling the morphology of fabricated fibers. To explore the
effect of material parameters on the electrospinability of lignin-
based solutions, rheological behavior of the solutions was
studied by measuring their viscosity (17), surface tension (y),
and conductivity (0). These parameters for each individual
electrospinning solution are summarized in Table 2.

As regards 18 wt % solutions, it can be seen that increasing
the lignin content of solutions from 10 to 100% significantly
decreases the conductivity of solutions from 109.6 to 31.1 uS/
cm. It is worth mentioning that the conductivity of DMF used
in this work (0.74 4S/cm) significantly increased by dissolution
of PAN in, whereas the addition of lignin to the PAN solution
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in DMF had a reverse influence on the overall conductivity and
dramatically decreased it. Formation of beaded electrospun
lignin fibers is more likely when the electrical conductivity of
solution is lower and this is in consistent with what has recently
been reported in the literature.** This is in line with a gradual
decline in surface tension of solutions from 40.54 to 29.13 mN/
m, respectively. According to our observations, it was found
that the formation of beaded PAN/lignin fibers occurs at lower
conductivities and lower surface tensions. This could be due to
the effect of capillary breakup in solutions with lower surface
tension that lead to bead and, finally, droplet formation.*®
Solutions containing a lignin portion higher than 50% resulted
in conductivities and surface tensions of lower than 77.6 uS/cm
and 35.61 mN/m, respectively. These can be considered as the
critical points for shift from uniform fibers to beaded fibers in a
total polymer concentration of 18 wt % in solution. In other
words, these thresholds can be assumed as the starting points of
possible capillary breakup instabilities. Likewise, similar trend
can be seen for 25 wt % solutions, where increasing lignin
component of the polymer solution has led to a remarkable
decrease in solution conductivity and a gradual reduce in
surface tension. Nevertheless, with regard to 25 wt % solutions,
the formation of beaded fibers has started from solution with
70% lignin content, whereas in the case of 18 wt % solutions,
beaded fibers were formed at lower lignin contents, i.e., 60%.
This confirms that apart from conductivity and surface tension
that have critical roles in electrospinning behavior of solutions,
solution concentration and in effect viscosity are both also very
important material variables governing the formation of either
beaded or uniform fibers.

In terms of 18 wt % solutions, it is observed that further
addition of lignin to the hybrid solution reduces the dynamic
viscosity of solution. Solutions with higher lignin content enjoy
lower viscosities. It has been demonstrated that the higher
viscosity a solution has, the more likely is the formation of
bead-free fibers.”® We observed that the addition of low
molecular weight organosolv lignin compared to PAN with
higher molecular weight, caused a significant drop in the
viscosity of solution from # = 21.65 Pa-s for 18 wt % pure PAN
solution to 77 = 6.958 Pa-s for the PAN/lignin 90:10 solution. In
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Figure 2. SEM images of electrospun lignin based fibers from 25 wt % solutions with PAN to lignin ratios of (a) 50:50, (b) 40:60, (c) 30:70, (d)

20:80, and (e) 10:90.

fact, the viscosity-reducing nature of lignin derivatives has been
attributed to their aromatic hyper-branched structure.*’

When the PAN content went beyond 50% in 25 wt %
solutions, both the solution preparation and the electrospinning
were found to be difficult, as a result of higher viscosity of the
solutions. Therefore, we have only examined the electro-
spinability of 25 wt % solutions with lignin content of equal and
more than 50%. It is worth to mention that in electrospinning
of solutions with higher viscosity, higher voltage had to be
applied to overcome the high surface tension of the polymer
solution.

Morphology of PAN/Lignin Blend Electrospun Fibers.
Unlike white PAN electrospun fibers, brown nanofibers were
obtained through electrospinning of PAN/lignin hybrid
solutions. Figures 1 and 2 show SEM images of as-spun lignin
fibers and electrosprayed particles resulted from 18 and 25 wt
% PAN/lignin hybrid solutions, respectively. As can be clearly
seen from Figure 1, uniform fibers are formed from solution
blends containing up to 50% lignin, whereas a higher amount of
lignin in the solution resulted in beads-on-string structures. As
Figure 1 shows, with the rise in the lignin proportion in the
composition, the number of beads on a certain length of fiber
grow gradually, and concurrently the distance between beads
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shorten. At the same time, the morphology of beads changed
from an almond shaped to a more spherical shape. Eventually, a
complete sphere in electrosprayed pure lignin solution in form
of droplets was seen. Nonetheless, as can be seen in Figure 3,
bead sizes decrease with increasing the lignin content of hybrid
electrospun fibers. This can be attributed to the role of
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Figure 3. Average bead diameters of electrospun fibers versus lignin
percentage in solutions with total concentrations of 18 wt %.
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viscosity, which decreases with increasing the lignin content in
the solution (Table 2), and thereby results in formation of
smaller beads on the fiber.*® Likewise, a similar trend is
observed for electrospun fibers from 25 wt % solutions (Figure
2).

As beaded fibers only appeared in solutions containing more
than 50% lignin in 18 wt % solutions, only electrospinning of
solutions with lignin content higher than 50% was conducted in
the case of 25 wt % solutions, to see whether higher solution
concentration (25 wt %) help to eliminate beads in those high
lignin content solutions. Interestingly, raising the overall
concentration of solution from 18 to 25 wt % resulted in
elimination of beads in solution containing 60% lignin, whereas
bead formation was observed again when the lignin content
reached to 70%. Considering viscosity of solutions (Table 2), it
can be seen that the viscosity of 18 wt % solution with 60%
lignin (0.127 Pa-s) is approximately one-eighth that of the 25
wt % solution (0.988 Pa-s). In other words, increasing total
concentration of hybrid solution boosted the formation of
uniform, bead-free fibers with higher amounts of lignin.
Nonetheless, the presence of 70% lignin in the composition
of polymer solution resulted in some minor beads on the
surface of the fibers.

Figure 4 illustrates the correlation between the diameter of
electrospun fibers and the lignin content of 18 and 25 wt %

2500 T+
025 wt. % Solution
E 2000 T B 18 wt. % Solution
=
5
£ 1500 +
£
3
2 1000 +
e
@
=
=500 4
0 it
10 20 30 40 50 60 70 80 90
Lignin (%)

Figure 4. Average diameters of electrospun fibers versus lignin
percentage in hybrid solutions with total concentrations of 18 and 25
wt %.

solutions. It can be clearly seen that the fibers diameter contract
substantially with increase in lignin content. The more lignin in
the composition of solutions, the thinner fibers have formed.

The diameter measurements from SEM images showed that
electrospun fibers from 18 and 25 wt % solutions have
diameters ranging from nanometer to micrometer scales; 61 to
2240 nm and 61 to 2254 nm, respectively. It is interesting to
note that fibers produced from 18 wt % lignin-based solution
with only 10% lignin content had approximately similar
diameter to those electrospun from 25 wt % solution
containing 50% lignin content, 2240 and 2254 nm, in the
order already mentioned. As already demonstrated in the
literature,** increasing the solution concentration would result
in larger fiber diameter.

Viscosity and stress measurements as a function of shear rate
for 18 wt % PAN/lignin solutions (Figure Sa,b) reveals that
loading more lignin in bicomponent solutions causes an
obvious shear thinning which intensely happens in solutions
with lignin concentrations less than 30%. In addition, non-
Newtonian fluid behavior can be recognized for those solutions
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with higher viscosity, lignin content of less than 30%. This can
be attributed to the fact that some of entangled polymer chains
in the solution become oriented under flow to the shear
direction.** In contrast, for low viscosity solutions (with
lignin more than 20%), shear thinning effect decreases after the
shear rate of 10 s™', indicating that the viscosity of these
solutions remain steady and is independent of shear force.
Therefore, lignin-based solutions with lignin contents more
than 20% can be classified as the fluids following Newtonian
fluid behavior.

Phase Behavior of PAN/Lignin Blend Electrospun
Fibers. Glass transition temperature (Tg) and decomposition
temperature (T,,) were employed to study the phase behavior
of polyblend electrospun fibers. Figure 6 illustrates differential
scanning calorimetric (DSC) curves of 10 wt % PAN and
various electrospun fibers obtained from 18 wt % solution
blends with different lignin contents. The T, range of the
composite electrospun fibers is shown in the inset graph. As can
be seen from the inset graphs, all the lignin-based electrospun
fibers with various PAN/lignin ratios have shown only one
single T, rather than two T, values for each individual polymer
(please also see Figure S1 of the Supporting Information). This
reveals that PAN and lignin are miscible with no phase
separation during the fiber formation. As can be also found
from Figure 6, presence of lignin in the polyblend electrospun
fibers has raised the T, and endothermic peak has moved
toward higher temperatures. According to the graph, composite
fiber samples that contain lignin enjoy higher T,’s in a broader
temperature range than the pure PAN fibers. The higher and
wider T, range observed for samples with lignin mainly arises
from the highly aromatic and complex structure of lignin as well
as large number of hydrogen bonds in the main chain.***
Besides, it has been proposed that*® an increase in T, after
polymer blending shows the compatibility and phase miscibility
of the two polymers in blends. A shift in T, with increasing
lignin content is also attributed to the molecular level
interactions of PAN and lignin that occur during the thermal
treatments.

The decomposition temperature (T,,) and heat of fusion
(AH,,) for blends are demonstrated in Table 3. As is clear, the
lowest temperature at which an exothermic peak has appeared
is approximately 294 °C, which refers to electrospun pure PAN
fibers. Addition of only 10% lignin to the PAN solution led to a
sudden increase in T, to 301 °C for the resultant electrospun
fibers. A higher lignin ratio in the composite fibers resulted in a
larger decomposition point, about 314 °C for PAN/lignin
10:90. This is a 20 °C increase in decomposition temperature
from 100% PAN fibers to PAN/lignin ratio of 10:90. At the
same time, a remarkable decrease in heat of fusion (from 503 to
60 J/ g) is identified with rising the lignin portion in the
composite fibers from 10% to 90%. Besides, when the lignin
content of the electrospun lignin-based fibers increases, the
exothermic peaks change from sharp to broad peaks. The same
pattern is observed in case of exothermic peaks of electrospun
PAN/lignin fibers obtained from 25 wt % solutions shown in
Figure S2 of the Supporting Information.

A dear increase in decomposition temperatures and a
corresponding decrease in heat of reactions can be realized with
rise in lignin ratio of composite fibers. Although lignin is known
as an amorphous polymer,* the increase in the T, of PAN/
lignin fibers with increasing the lignin content as well as the
decrease in the AH,, could be due to the intermolecular
interactions between PAN and lignin chains particularly when
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pure PAN fibers from 10 wt % solution. (The inset graph shows glass transition temperature range (T,) of composite electrospun fibers.)

Table 3. Degradation Temperature (T,,) and Enthalpy of Fusion (AH,,) for Various PAN/Lignin (PL) and Pure PAN
Electrospun Fibers from 18 and 10 wt % Solutions, Respectively

PAN PL90:10 PL80:20 PL70:30 PL60:40 PL50:50 PL40:60 PL30:70 PL20:80 PL10:90
T, (°C) 294 301 301 300 300 301 307 306 310 314
AH,, U/g) 241 503 500 402 351 306 259 186 115 60
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Figure 7. TGA curves of (a) PAN/lignin electrospun fibrous with different lignin content obtained from 18 wt % solutions and corresponding curve
for pure lignin powder and electrospun pure PAN fibers from 10 wt % solution, (b) derivative weights of the same samples. (The inset graph show a

focused view of composite electrospun fibers.)

Table 4. Maximum Weight Loss Rate (R), Carbon Yield at 600°C (C), Temperature of Major Mass Loss (T,,,,), activation
energy (E,), and the corresponding R” values in kinetic plots of various PAN/Lignin (PL) and Pure PAN Electrospun Fibers

from 18 and 10 wt % Solutions, Respectively

PAN PL90:10 PL80:20 PL70:30
R (%/°C) 2.97 0.33 025 0.51

C (%) 37 70 64 67

T (°C) 286 302 323 294

E, (kJ/mol) (R*) 117 (0.99) 49 (0.97) 42 (0.96) 35 (0.81)

PL60:40  PLS0:50  PL40:60  PL30:70  PL20:80  PL10:90
0.27 035 026 022 026 0.30

55 56 59 54 3] 49

317 301 296 303 306 313
32(095)  28(097) 23 (094)  25(098)  32(098) 23 (0.99)

being heat treated during thermal analysis, in which
thermochemical reactions between polyaromatic lignin and
linear PAN play a significant role. Meanwhile, it should be
pointed out that the a-ether linkages available in the ether
chains of the lignin structure will be cleaved at higher
temperatures of above 300 °C. This further confirms the fact
that the presence of lignin can increase the T, in lignin-based
electrospun fibers.*

Pyrolysis Behavior of PAN/Lignin Blend Electrospun
Fibers. Thermal stability of the PAN/lignin composite fibers
was studied using thermogravimetric analysis (TGA). Figure 7a
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shows the TGA profiles of electrospun PAN and PAN/lignin
fibers. The corresponding derivatives can be seen in Figure 7b.
As can be seen from the graphs, pure PAN nanofibers were
fairly stable up to 286 °C without any significant weight loss.
The first major degradation of pure PAN fibers occurred at
around 286 °C and the second one at about 420 °C.
Comparing PAN/lignin composite fibers with pure PAN fibers,
one can see that composite fibers show a continuous weight
loss with increasing the temperature. Nevertheless, the first
major degradation temperature has shifted toward higher
temperatures. This is in consistent with the aforementioned
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Figure 8. (a) Comparison between experimental and calculated weight loss values, and (b) AW values obtained from thermogravimetric curves of
PAN/lignin electrospun fibrous with different lignin content obtained from 18 wt % solutions.

DSC results in which T, raised upon increase in the lignin
content of composite fibers. For instance, the first main weight
loss of electrospun PAN/lignin 90:10 was recorded at 302 °C,
and that of PAN/lignin 10:90 at 313 °C, both higher than that
of pure PAN by 15 and 27 °C, respectively. With respect to the
second important weight loss of lignin-based fibers, it appears
in a lower temperature compared to that of pure PAN. As can
be found from the curves, the second major degradation of
electrospun PAN/lignin 10:90 was observed at 351 °C, which is
69 °C lower than that of pure PAN.

Regarding the weight loss derivatives shown in Figure 7b,
one can easily see an extremely sharp derivative peak for
electrospun pure PAN fibers (around 286 °C) showing a
sudden major weight loss, followed by a small broad peak
(about 420 °C). However, addition of more lignin into the
hybrid polymer system, resulted in the broader peaks.

Table 4 summarizes the parameters derived from TGA
curves, namely the maximum weight loss rate (R), temperature
of major weight loss (T,), carbon yield (C), and activation
energy of pyrolysis (E,). The Coats and Redfern approach*’
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was employed to calculate E, of pyrolysis for pure PAN and
polyblend electrospun lignin-based fibers. According to eq 1,
where « is the mass conversion, E, is activation energy of
pyrolysis, R is the universal gas constant (8.314 J/(mol-K)), T
is the temperature, and C is a constant, In(—In(1 — a)/T?)
versus 1/T gives a straight line in which E, can be obtained
from the slope of the line.

[5)-e-%
In =C-—=
RT (1)

The results (Table 4) show that the E, of pyrolysis for the
polyblend PAN/lignin fibers with different lignin contents is
significantly lower than that of pure PAN fiber. Clearly, this
indicates that more energy was consumed for the degradation
of PAN fibers, whereas a remarkably lower amount of energy
has driven the degradation reactions in the lignin-based fibers.
This can suggest the different nature of the reactions taking
place in the polyblend PAN/lignin fibers during the thermal
decomposition. As regards the linear structure of PAN, the

—In(1 — a)
)
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Figure 9. FTIR spectra of (a) pure lignin powder, (b) electrospun 18 wt % PAN/lignin 40:60, and (c) 10 wt % pure PAN fibers.

typical thermal reaction is cyclization, whereas in the case of
lignin with a hyper-branched aromatic heterogeneous structure,
it is hypothesized that there are several parallel reactions
contributing in the thermal decomposition of lignin-based
fibers.*® This can be further confirmed by the fact that E,
essentially depends on the nature of polymer as well as its
chemical structure and degree of crystallinity.*” The lower E, of
polyblend PAN/lignin fibers compared to that of pure PAN
fibers may also be attributed to the amorphous structure of
lignin that requires lower energy through thermal decom-
position. In addition, the energy required for cleavage of triple
bonds in the nitrile group of PAN probably plays a major role
in the higher E, of PAN; E, decreases with reducing the amount
of PAN in the fiber composition. Therefore, E, depends on the
composition of the polyblend and changes with altering the
ratios of PAN and lignin in fibers. The result suggests that the
differences in thermal stability of pure PAN and PAN/lignin
fibers could be due to the different nature of thermal
degradation reactions, evidenced by various Es.

The maximum weight loss rate (R) of electrospun pure PAN
fibers is about 3 wt %/°C, whereas PAN/lignin fibers showed
lower maximum weight loss rates ranging from 0.2 to 0.5 wt
%/°C, a significant decrease of 15 to 6 times. This reveals that
the decomposition of composite PAN/lignin fibers is more
difficult than that of pure PAN fibers. In fact, lignin-based fibers
experience slower thermal decomposition over a broad range of
temperatures compared to pure PAN fibers with rapid thermal
decomposition in a shorter range of temperatures. As already
discussed above regarding the decomposition temperatures of
composite fibers, structural properties of lignin may possibly be
responsible for the difficulty in decomposition of fibers
containing lignin.50 As regards the carbon yield, we found
that the slower rate of degradation of lignin-based fibers
accompanied by higher carbon yield at final temperature of 600
°C. Considering the TGA graph for each individual polymer,
the decomposition behavior of composite PAN/lignin fibers
can be explained by the synergistic effect of the combined
polymers on the decomposition reactions through pyrolysis.
When a combination of two or more chemical substances
results in a total effect greater than the sum of their individual
effects, there might be a cooperative interaction that is known
as the synergistic effect. The synergistic effect taking place
during the copyrolysis of PAN and lignin can be estimated by
the subtraction of calculated weight loss (W) from
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experimental weigh loss (W,,,) values by using eq 2.°"**
Wy, has already been obtained from TGA, but W, can be
calculated from the sum of each individual polymer weight loss
(Wiignin and Wpyy) multiplied by their mass fractions in the
blend (thnin and Mp,y), as shown in eq 3.

AW = T/Vexp - W (2)
I/Vcal = Mligninmignin + MPANM/PAN (3)

To investigate the synergistic effect of polyblend PAN/lignin
fibers, three ratios of 90:10, 50:50, and 10:90 were selected. As
shown in Figure 8a, the experimental weight loss values are
mostly greater than that of calculated. As already noted, this
may indicate the possible synergistic effect taking place between
lignin and PAN. In the range of temperatures recorded by
TGA, the experimental values of weight losses are mostly
higher than the calculated ones, which are more significant at
higher temperatures. Therefore, the differences of W,,, and W,
are positive values (Figure 8b) showing a positive synergistic
effect between two individual polymers in the lignin-based
electrospun fibers, which results in deceleration of thermal
decomposition and also a larger solid residue remaining after
the pyrolysis. This might suggest that combining PAN and
lignin can hinder the decomposition of each individual polymer.
As lignin has a three-dimensional heterogeneous aromatic
molecular structure, it can be postulated that it may provide
some traps and gaps among the polymer chains in the blend, by
which less volatile compounds are able to abandon the
polyblend structure.®’ Therefore, a lower quantity of volatiles
can be released in a certain period of time, resulting in a larger
char amount and higher W,

Functional Groups in Electrospun Composite PAN/
Lignin Fibers (ATR-FTIR). FTIR spectra of electrospun fibers
obtained from a PAN/lignin ratio of 40:60 in 18 wt % solution
are shown in Figure 9 along with the reference spectra for
organosolv lignin powder and electrospun pure PAN fibers.
Considering the pure lignin spectrum (a), a relatively week
band at 867 cm™' originates from C—H deformations. Also,
C—O stretching bonds can be assigned to the peak at around
1211 cm™. The two bands around 1515 and 1600 cm™ are
corresponding to vibrations of aromatic rings in phenylpropane
units, i.e., aromatic ring deformations and aromatic stretching
bands, respectively. The peaks observed at around 1712 and
1365 cm™! are associated with unconjugated carbonyl groups
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and phenolic hydroxyl groups, respectively,®> which are
originally formed during the ethanol organosolv isolation
process of the hardwood lignin.* A broad peak around 3400
cm™ indicates the stretching vibrations of strong bonds in
hydroxyl groups (O—H), which is of constituting groups of
phenolic and aliphatic structures.”® In PAN/lignin fibers
(spectrum b), it can be seen that this peak has shifted toward
higher wavenumbers, i.e, 3440 cm™’, with less sharpness, due
to the decrease in lignin content compared to pure lignin
spectrum, and increasing the stretching vibration of O—H after
blending with PAN. Apart from the fingerprint regions of each
individual polymer, some similar functional groups, which are
available in both polymers, have peaked at the same regions in
the spectra. For instance, the two peaks around 2942 and 2850
cm™" in all three spectra, generally arise from C—H stretching
vibrations in both polymers.>* With respect to spectrum c, the
typical sharp peak at 2240 cm™ can be related to C=N groups
in the structure of the pure PAN fiber;>® nonetheless, it is
weakened for PAN/lignin nanofibers due to the presence of
lignin as the predominant portion in the blend. The spectrum
of a polyblend comprising both lignin and PAN shows
characteristics of both polymers; however, because there is no
indication of any new peak in the FTIR spectrum of lignin-
based electrospun fibers, it seems that no new functional group
has formed in the PAN/lignin polyblend, and there is only
physical interaction between two polymers.

Bl CONCLUSION

In the present work, we used hardwood organosolv lignin that
not only is a high purity biorenewable polymer but also is
produced through a more environmentally friendly pulping
process. Electrospinning solutions with various compositions of
organosolv lignin and PAN were prepared. Solution rheology
was examined by measuring the critical parameters of viscosity,
surface tension, and electrical conductivity of solutions. The
PAN/lignin solution blends properties as well as scanning
electron microscopy images of the resultant composite fibers,
was used to determine the critical points for transition from
nonhomogenous beaded fibers to bead-free uniform fibers. It
was found that lignin-based composite fibers enjoy higher
decomposition temperatures followed by a larger carbon yield
compared to pure PAN fibers. A gradual weight loss was seen in
the pyrolysis of PAN/lignin fibers over a broader range of
temperature compared to pure PAN fibers with a sudden
sharper weight loss. Thermal decomposition of lignin and PAN
showed a significant synergistic effect between two constituting
polymers in the lignin-based electrospun fibers. A lower
activation energy was found for the pyrolysis of lignin-based
fibers compared to pure PAN fibers. The findings of this study
showed that although organosolv lignin, as a low-cost precursor
of carbon fiber, enjoys low molecular weight compared to PAN,
it is feasible to employ it in the polyblends for the purpose of
carbon fiber production, which is the subject of our current
research, and will be reported in the future.
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