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ABSTRACT: Utilizing inexpensive biorenewable and waste raw materials for the production of carbon nanofibers can pave the way for
lowering their manufacturing cost. In this research, lignin is combined with recycled poly(ethylene terephthalate) (PET) to fabricate
precursor fibers via electrospinning. The process is optimized using the Design of Experiments statistical methodology and fibers
with minimum average diameter equal to 191 = 60 nm are prepared. Investigation with Attenuated Total Reflection — Fourier Trans-
form Infrared Spectroscopy reveals the lignin structural changes induced by the solvent (trifluoroacetic acid), which is used for the
preparation of homogeneous solutions of lignin and PET in various concentrations, while it gives an indication of the blending of
the two electrospun polymers. The good miscibility between lignin and PET is also confirmed with Differential Scanning Calorimetry.
The subsequent carbonization of the precursor fibrous mats results in a fibrous carbon structure with average fiber diameters similar
to those of the precursor fibers. The successful transformation into carbon nanofibers is affirmed by Energy Dispersive X-ray Spec-
troscopy. The Carbon content of these nanofibers amounts to 94.3%. © 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43936.
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most common precursor is poly(acrylonitrile) (PAN), while pitch
is secondarily used.>® However, the high cost of PAN hampers the
widespread use of CNFs, since the precursor cost accounts for up
to 50% of their manufacturing cost.® In the recent years, research
has focused on reducing the manufacturing cost by utilizing alter-
native raw materials, especially natural polymers such as lignin
that come from biorenewable resources.

INTRODUCTION

Carbon fibers have attracted the interest of research because of
their unique properties including high tensile strength and stiff-
ness, low density, high electrical conductivity, and good flexibil-
ity."™* When their diameter is reduced to the submicron range,
their surface area is maximized and they are termed as carbon

nanofibers (CNFs). The strict use of the term “nanofibers”
Lignin is the second most abundant natural polymer behind cellu-

lose and the most important renewable source of aromatic struc-
tures on Earth.”'® It is a low-cost raw material obtained as a
major by-product of paper industry.”>" Its structure is formed by
radical polymerization of phenylpropane units (guaiacyl, syringyl
and p-hydroxyphenyl propane units),'? although its configuration
varies among plant species.'”'? The lignin macromolecules
contain various functional groups, such as hydroxyl, carboxyl and
carbonyl groups (Figure 1)."°

(either carbon or polymer nanofibers) demands that the fiber
diameter does not exceed 100 nm. However, this term is very
often used for fibers whose diameters are in the range of 100—
500 nm in the relevant literature. An assembly of graphene
sheets constitutes the internal structure of CNFs,> having typi-
cally a carbon content of at least 92 wt %.” They have an array
of applications in different technologies and industries such as
in the automotive and aerospace industries, in sports equip-

ment, in filtration technology, energy storage, catalysis, and
1-4,6,7

electromagnetic shielding among others.

Currently, the main route of commercial carbon fiber production
is the thermal treatment of fibrous polymer precursors.”® Their

Despite its utilization in several applications, there are no value-
added products derived from lignin on a large scale.” There has
been, however, a growing interest in its use as precursor for carbon
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Figure 1. Proposed structure of beech lignin.'>

fibers because of its relatively high carbon content (>60%), the
absence of toxic by-products during carbonization, its availability
and its low cost.” Either melt-spun or electro-spun, lignin has been
successfully used as a precursor for carbon fibers either alone or
blended with other polymers including poly(ethylene) (PE), poly
(propylene) (PP), poly(ethylene terephthalate) (PET), poly(ethylene
oxide) (PEO), poly(acrylonitrile) (PAN) and poly(vinyl alcohol)
(PVA).Z481L13-16 1 the other hand, the total global consumption
of plastics increases annually by 5-6%, while PET is the most recycla-
ble plastic material.'” It would be therefore desirable to develop alter-
native usages of recycled PET.

The motivation for the research presented here is to combine
an inexpensive, natural and renewable polymer (lignin) derived
from bio-waste matter with a recycled commodity polymer
(PET) for the production of low-cost CNFs. In this way, the
values of an industrial by-product (lignin) and a waste material
(used, recycled PET) are significantly improved by manufactur-
ing high added-value products, while environmental issues are
addressed in a positive way.

According to published data concerning the cost of CNFs,® the pro-
duction cost of conventional PAN carbon fibers ranges between
$12.25 and $25.43 kg~ ', depending on the polymer grade and the
process; a significant proportion of this price (up to 50%) is the
cost of raw PAN. In addition, the production cost of lignin-based
carbon fibers was estimated at around $4-$6.27 kg~ ' depending on
the yield®; this cost is significantly lower compared to PAN-based
carbon fibers. Taking into consideration the low price of recycled
PET (usually less than $1 kg™ '), the production cost of CNFs from
lignin/recycled PET is expected to be considerably reduced.

Blends of lignin with PET as carbon fiber precursors have been
reported before.”'® Kadla et al.* reported the fabrication of kraft lig-
nin/PET fibers with melt spinning. The ratio of PET varied between
0 and 25 wt %. Although this blend exhibited better spinnability
than the blends of lignin with poly(ethylene) and poly(propylene),
the fiber formation was more difficult compared to pure lignin, so
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the researchers didn’t proceed with the carbonization process. Kubo
and Kadla'® further reported the melt spinning of kraft lignin
blended with PET. The PET ratio varied between 0 and 100 wt %
and the processing temperature between 195°C and 273 °C. The
produced carbon fibers’ diameter ranged between 30 and 45 pm
and improved tensile strength was reported compared to carbon
fibers derived from pristine lignin. Because of good miscibility of
the two materials the fiber surface was smooth, but the carbon fiber
yield decreased with increasing the PET content. The researchers
suggested that the good miscibility of the two materials probably
derives from m-type interactions of the aromatic rings that both
polymers contain in their molecules. The same researchers report
elsewhere'® that, in lignin/PET blends, there is no hydrogen bond-
ing, but only weak intermolecular interactions. Finally, Compere
et al*® also reported the fabrication of lignin/PET fibers by melt
spinning and subsequent carbonization. The fiber diameters ranged
between 11 and 13 pm.

Here, the precursor carbon fibers of lignin/recycled PET were fab-
ricated with electrospinning, a well-established technique for the
fabrication of micron- and nano-sized fibers. Briefly, the tech-
nique produces fibers by applying an electrostatic field between
the tip of a syringe that contains the polymer solution and a
grounded collector, which stretches the droplets of the polymer
solution. The processing parameters (including the feed rate, the
solvent, the polymer concentration, the spinning distance, the
voltage and the temperature) can be controlled. Detailed infor-
mation about the technique can be found elsewhere.”®

In the present article, we summarize the successful preparation of
the electrospun lignin/PET precursor nanofibers following the
Design of Experiments (DoE) statistical methodology and provide
carbonization results that prove the creation of CNFs. In contrast
to previous research, where the average diameter of the produced
lignin/PET fibers was larger than 11 pm, we report the fabrication
of precursor nanofibers with average diameter lower than 200 nm,
which were transformed into CNFs of similar diameter.
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Table I. Electrospinning Variables and Their Experimental Range

Variables Experimental range
Flow rate (uL min~?) 0.1-2
Spinning distance (cm) 7-20
Voltage (kV) 20-30
Concentration of both polymers 15-25

in the solution (% w v™1)
Lignin mass ratio in the 20-50

polymer blend (wt %)

EXPERIMENTAL

Materials

Kraft lignin (alkali lignin, low sulfonate content, M,, ~ 10,000)
was obtained from Sigma-Aldritch and was used as received. Since
the idea behind this research was the combination of lignin with
recycled PET for the fabrication of nanofibers, we did not use pris-
tine PET, but already used PET water bottles. All the bottles that
were used as the source for PET came from the same water-
bottling company in the U.A.E. and were chosen for their avail-
ability (popular water brand). They were dried and cut into pieces
for the preparation of the spinnable solutions.

The Melt Flow Index of the recycled PET was measured using a
Chengde Jingmi (XRL-400) plastometer according to ASTM
D1238. At 265°C with 2.16 kg load the MFI was found 72 g 10
min~". This value is within the range found in the literature for
PET which has undergone thermal processing cycles, such as
extrusion or injection molding, as it is expected for PET scraps
derived from water bottles.”** An indicative MFI value for

pristine PET found in the literature is 23 g 10 min~ *.*>*?

Trifluoroacetic acid (TFA, 99%) purchased from Merck was
used as solvent for the electrospinning, since TFA is commonly
used as a solvent for the electrospinning of PET.**® Solutions
of lignin/PET with various concentrations (Electrospinning and
Experimental Design section) were prepared and left under
magnetic stirring at room temperature for 6 h until the PET
pieces had been dissolved completely.

Electrospinning and Experimental Design

The electrospun mats were fabricated in a FUENCE E-sprayer
(ES-2000S) apparatus in which the setup has vertical orienta-
tion. A 10 mL syringe (21G needle) was used. The grounded
collector was moving horizontally during the process in a
controlled pattern. The design variables of the electrospinning
process were the flow rate of the solution, the distance between
the needle and the collector (spinning distance), the applied
voltage, the concentration of both polymers in the electrospin-
ning solution and the lignin mass ratio in the polymer blend
(Table I). The average fiber diameter was chosen as the meas-
ured response. The experiments were performed at room tem-
perature (~23°C) and the humidity was almost constant
throughout the experiments (around 44-46%). Humidity was
regarded as an uncontrollable factor, since it was not possible to
adjust its level inside the chamber of the electrospinning appa-
ratus; however it did not variate significantly.
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In order to decide on the range of each electrospinning variable,
some preliminary experiments were performed for finding out
in which conditions the spinnability is acceptable. Because of
the relatively low molecular weight of lignin (M,, ~ 10,000) and
consequently the relatively low viscosity of the solutions, in
some conditions there was spray (droplets) falling on the collec-
tor, especially at high flow rates, low voltage, low concentra-
tions, and high lignin content. In addition, the electrospinning
apparatus had restrictions regarding the values of the process
variables that could be set; specifically, 20 cm spinning distance,
0.1 uL min~" flow rate, and 30 kV voltage were the respective
limits of the apparatus. The range of each variable was based on
the demand of continuous fiber formation without spray.
Regarding the range of the lignin mass ratio, when the lignin
ratio was very high there was electrospray falling on the collec-
tor. On the other hand, we did not wish to use less than 20 wt
% lignin, although there was successful fiber formation, because
of our aim of using this biowaste material as carbon fiber
precursor.

In order to minimize the response, an experimental design was
employed. First, a 2°" resolution V fractional factorial design
with 16 unreplicated randomized runs in two blocks and two
center points in each block was constructed (20 experimental
runs in total). The purpose of this screening factorial design
was to examine the effects of the design variables on the
response and identify which of them have the most significant
influence. Subsequently, the method of steepest descent was
implemented in order to find the optimum combination of the
significant design variables. The experimental design was con-
structed and analyzed using the Minitab 17 software with 95%
confidence interval. Extensive details on the experimental
design, the statistical analysis of the results and the minimiza-
tion procedure can be found elsewhere.””

Characterization

After the fabrication, all the electrospun samples were left to
dry for 24 h at room temperature. The morphology of the
fibrous mats was examined using Scanning Electron Microscopy
(JEOL Neoscope JCM-5000). The necessary coating of the mats
with a gold (Au) layer preceded their SEM examination. The
mean fiber diameter was measured using an image analyzer
(ImageJ, National Institutes of Health, U.S.A.). Around 100
measurements in each sample were used for the calculation of
the mean diameter and the standard deviation. Measurements
of the fiber diameters at several different spots of each SEM
image were taken in order to ensure a representative average
fiber diameter for each different sample (mat).

In addition, Attenuated Total Reflection-Fourier Transform Infra-
red Spectroscopy (ATR-FTIR) analysis was performed to investi-
gate the possible structural alterations of lignin under the effect of
trifluoroacetic acid, as well as the structure of the lignin/PET elec-
trospun fibers. In the case of lignin, three different cases were
examined: pristine, solvent-cast and electrospun (in reality
“electrosprayed”, see Electrospinning of Lignin section) lignin. In
both solvent-cast and “electrosprayed” lignin, the concentration
of lignin in TFA was 20% w v~ . For the preparation of solvent-
cast samples, pristine lignin was first dissolved in TFA and then,
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the solution was cast onto petri dishes and left to dry for 72 h. The
spectra were obtained using an IRPrestige-21/Shimadzu spectro-
photometer with a MIRacle ATR tool by PIKE Technologies.

The miscibility between lignin and PET was examined through
Differential Scanning Calorimetry (DSC) using a Netzsch DSC
200 F3 instrument. Five different compositions of the lignin/
PET blend were investigated; namely 80/20, 65/35, 50/50, 35/65,
and 20/80. Each blend was prepared by dissolving the appropri-
ate quantities of polymers in TFA and then, following the elec-
trospinning process they were spun into nanofibrous mats and
left to dry for 72 h before monitoring their thermal behavior.
For comparison, the thermogram of pristine untreated lignin as
well as that of the starting recycled PET were also recorded. For
each measurement, a sample of 9-10 mg was tested in the range
40-300°C with a scan rate of 10°C min~".

Carbonization

The electrospun mats were carbonized following relevant pub-
lished protocols for lignin.*'" First, the precursor fibers were
thermo-stabilized in air with a heating rate of 120°C h™" until
they reached 260 °C, where they were held for 1 h. Then, the car-
bonization took place in N, atmosphere; the heating rate was
180°C h™ " until the temperature of 1000 °C was reached; the sam-
ples were held at 1000°C for 1 h. A temperature-programmed
tubular furnace (Tube Furnace GSL-1500X-50, MTI) was used for
these carbonization experiments.

The morphology of the carbonized mats was investigated via
Scanning Electron Microscopy using either a JEOL 6610LV or a
JEOL 6390A microscope after gold coating them (Q150R S,
Quorum). The elemental composition of the these carbonized
mats was examined with Energy Dispersive X-ray Spectroscopy
(EDS) (X-MAX 80, Oxford Instruments) and analyzed using
the AZtech Nanoanalysis software (Oxford Instruments).

RESULTS AND DISCUSSION

Electrospinning of Lignin

The choice of trifluoroacetic acid as a solvent was made because
of its suitability for the electrospinning of PET.**° PET is
insoluble in the common solvents used in the literature for the
electrospinning of lignin (H,O, N,N-dimethylformamide, aceto-
nitrile, ethanol, etc.).9’11’13’16’28_30 However, the behavior of lig-
nin in TFA is rather ambiguous. TFA has been proposed as a
solvent for the treatment and fractionation of plant biomass in
order to separate and recover various useful components (cellu-
lose, lignin, non-cellulosic polysalcchalrides).31’32 In this context,
Morrison and Steward®' reported that most of the lignin of oat
straw is insoluble to TFA, with Poirier et al>’ presenting similar
results for lignin derived from maize leaves and attributing this
feature to some degree of cross-linking. In addition, Fanta
et al’* stated that ~10% of lignin derived from wheat straw
underwent degradation in TFA and gave water soluble fractions.
Similar results were reported by Dong et al.** Other researchers
who used TFA for the electrospinning of lignocellulosic
fibers®~® report that the dissolution of lignin in TFA includes
the cleavage of some covalent bonds and the disruption of the
3D network. Moreover, the hydroxyl groups of lignin create
ester bonds with TFA, a process which, however, is reversible in
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Figure 2. SEM image of electrospun (electrosprayed) lignin 30% w v~ ' in

TFA.

atmospheric conditions.”® In our experiments, kraft lignin
was found totally soluble in TFA. In general, the chemical prop-
erties of lignin depend on its plant source, the extraction pro-
cess and possible post-treatment. Probably some of these
variables defined this behavior in our case. However, some
degree of degradation was expected. The possible structural
modification of lignin dissolved in TFA was studied with ATR-
FTIR (Structural investigation with ATR-FTIR section).

The attempts to produce fibers of pure lignin were unsuccessful.
Instead of electrospun fibrous mats, there was just electrospray
(Figure 2). This has been observed previously with solutions of
kraft lignin in water or N,N-dimethylformamide.'"'>**>° This
behavior is attributed to the relatively low molecular weight of
kraft lignin resulting in the absence of extensive chain structures
and/or molecular entanglements.’® Therefore, the presence of
PET as a binder polymer is determinant for successful electro-
spinning. Dallmeyer et al* reported that the electrospinnability
of lignin in the presence of a binder polymer [in their case poly
(ethylene oxide)] is dependent on the viscoelastic properties of
the solution, as an increase in shear modulus and strain harden-
ing was observed. The interaction between lignin and PET is
obviously important for the successful fiber formation. The
nature of this interaction was studied by Kadla and Kubo."”
Although both polymers possess functional groups capable of
forming hydrogen bonds, they concluded that only a minor
degree of such interaction existed between the two polymers.
Instead, the fact that the glass transition temperature of the
blend (T,) exhibited negative deviation from a linear mixing
intermolecular

rule was an indication of weak specific

interactions.

Electrospinning of Lignin/PET Blend

The Significant Variables. Figure 3 presents some SEM images
of characteristic mat morphologies fabricated at various electro-
spinning conditions. The results showed that the average fiber
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Figure 3. Examples of mat morphologies with varying fiber diameters; (a) 278 = 88 nm, (b) 508 £ 168 nm, (c) 1144 = 560 nm. Scale bar is 10 pm in all

images.

diameter ranged vastly from 229 * 84 nm to 1473 = 575 nm for
different sets of conditions.

The analysis of variance performed for the screening factorial
design revealed those electrospinning variables, which have the
most significant effect on the response. These were the solution
concentration and the spinning distance. The other three varia-
bles were found to have no significant effect on the average
fiber diameter for the chosen range of values. A probable expla-
nation of this behavior lies on the relatively narrow experimen-
tal range of these variables. However, this range was defined by
the demand of acceptable spinnability and was also restricted by
the apparatus’ allowable limits in voltage and distance between
the tip and the collector. Even so, all of the variables influence
the response through their two- or three-way interactions. The
magnitude of the effects on the response is presented in the
normal plot of Figure 4.

Here, points that fall far from the line indicate significant
effects, and their magnitude is proportional to their distance
from the line. The statistical analysis of the design gave the val-
ues of 99.24% for R, 85.46% for R* (prediction) and 0.000 for
the P value of the model; thus, there is a strong indication that
the model adequately describes the data.

Minimization of the Fiber Diameter. The surface plot of the
average fiber diameter as a function of the two significant varia-

Influence of Variables on the Average Fiber Diameter

99,
Effect Type
@ Not Significant |
95 Da A Significant
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low Rate (pL/min)
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Figure 4. The influence of each electrospinning variable on the average
fiber diameter. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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bles (concentration and distance) is presented in Figure 5. The
two marked areas signify the experimental regions in which the
average fiber diameter is minimized.

As can be seen from the surface plot of Figure 5, in order to
minimize the diameter, low values of concentration are needed.
This behavior is well-described in the literature.”>®*%23%37
Solutions with lower concentration have lower viscosity; so, as
the jet travels towards the collector, the low viscosity promotes
the extension of the jet, resulting in thinner fibers.®

The effect of spinning distance is, however, more complicated
and different behavior has been reported for different sys-
tems.”®*** Here it seems that the response is minimized either
at very low or at very high values of distance. Probably this
happens because of antagonistic effects, which are affected by
the strength of the electric field (the ratio of voltage over dis-
tance). At small spinning distance and constant voltage, the
electrostatic field is stronger; so, it exerts higher electrostatic
forces on the jet and elongates the fibers. Simultaneously, the
strong field causes higher mass flow tending to increase the
fiber diameter.*> At higher distances, these effects are reversed,
but the fibers have more time to elongate; hence, this intricate
relationship.

Average Fiber Diameter vs. Distance, Concentration

T
5
g
2 1250 -
8
[a)
g 750
o 25 O
. , R
- o
g 250 0
- <«
)
135 15 &

Distan‘:e ‘cm}

Figure 5. Surface plot of the average fiber diameter as a function of spin-
ning distance and solution concentration. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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The surface plot of Figure 5 reveals that the steps for diameter
minimization should focus on two distinct areas: (1) lower con-
centration combined with the lowest distance or (2) lower con-
centration combined with the highest distance. The shape of the
surface plot in these two areas indicates that probably the point
of minimization lies beyond the experimental area initially
explored. This is what the two arrows demonstrate. So, in order
to find the conditions in which the diameter is minimized, the
plot borders should be expanded and the areas beyond should
be explored. However, the distance of 20 cm was the maximum
allowed by our electrospinning apparatus, so, in area (2), only
the effect caused by minimizing the concentration could be
investigated. Following the method of Steepest Descent,** we
explored the paths for the minimization of the average fiber
diameter, moving towards the direction shown by the two
arrows. Four additional experimental points beyond the plot
borders were examined in area (1) and five points in area (2).
The step and direction of proceeding in these two experimental
regions, as well as detailed results are described more extensively
elsewhere.””

The behavior of the system was similar in both areas. Moving
along the experimental paths indicated by the arrows in Figure 5,
the mean fiber diameter decreased gradually, but at the same time
there was a progressive appearance of beads until they totally pre-
vailed. This behavior is expected and is explained by the effect of
concentration; very low concentration means very low viscosity,
so the jet breaks into droplets and beads are formed on the collec-
tor. The fibers in area (1) had lower diameter and narrower distri-
bution than those in area (2). Because beads are not acceptable,
we decided to regard the experimental point of minimum beads
as the desirable combination of variables. The point of minimum
average diameter appeared in area (1). At this point, the measured
value of average diameter is 191 = 60 nm; this value and the rela-
tive range were confirmed by replicating the electrospinning pro-
cess under the same conditions. The corresponding optimum
combination of electrospinning variables is: Concentration = 10%
w v !, Distance = 7.7 cm, Voltage = 30 kV, Lignin ratio = 50 wt

%, and Flow rate = 0.1 pL. min~ L.

Structural Investigation with ATR-FTIR

Lignin. In order to assess the possible influence of TFA in the
structure of lignin, the ATR-FTIR spectra of pristine, solvent-
cast, and electrospun (electrosprayed) lignin were examined and
are shown in Figure 6.

This figure presents the absorption bands (a) in the region
4000-500 c¢cm ' and (b) in the magnified region 1900—
500 cm™'. The spectra contain the typical peaks found in the
literature for lignin samples.*™* Table I summarizes the peaks
detected in the pristine lignin sample and their assigned types
of vibration. The solvent-cast and the electrospun (electro-
sprayed) lignin samples exhibited differences in their spectra
compared to pristine lignin. Because of the similarity between
the spectra of solvent-cast and electrosprayed lignin, in Figure 6
only the peaks of the latter are marked.

The most important differences between the spectrum of the
electrospun (electrosprayed) lignin and that of the pristine
lignin are:
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Figure 6. ATR-FTIR spectra of the lignin samples, (a) wavenumber from
4000 to 500 cm ' and (b) magnified region of IR spectra (1900—
500 cm ). [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

e Solvent-cast and electrosprayed lignin exhibit a large absorp-
tion band in the area 1650-1800 cm™'. This band probably
corresponds to vibrations of C=0O groups either in conjunc-
tion or not with the aromatic ring,”™*’ probably associated
with guaiacyl units.*” The appearance of these bands could
be an indication of cleavage of ester linkages.”” The peak in
the region of 1781 cm™' may signify the presence of trifluor-
oacetyl groups, since TFA can act as esterifying agent of
hydroxyl groups present in lignin.*>*¢

e The most significant difference between pristine and electro-
sprayed lignin is the huge increase in absorption in the area
11001200 cm ™ ". This area is associated with deformation vibra-
tions of C—H bonds in the aromatic rings'®*>*’ probably in
syringyl units*>*” and is also associated with some possible over-
lapping of stretching vibrations of C—O bonds.*>*® This could
signify a higher number of un-substituted positions in the aro-
matic ring or rearrangement of peripheral groups attached to
it.>' The mechanism of this effect, induced by the strong acid, is
not clear. Similar observations are found elsewhere.*®"* In Ref.
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Table II. Absorption Peaks and Types of Vibrations in the Pristine Lignin
Sample

Peak location

cm™Y) Type of vibration

3385 Stretching vibrations of alcoholic and phenolic
—OH groups involved in hydrogen bonds*®

2937 CH stretching (—CHs or —CH,—)*7:48

1588 Aromatic ring vibrations*®

1502 Aromatic ring vibrations*°

1458 Aromatic ring vibrations/asymmetric
deformation of C—H stretching®*®4°

1419 Aromatic ring skeletal vibrations combined
with C—H in-plane deformation®®4547

1263 Vibrations of guaiacyl rings and stretching
vibrations of C—0 bonds*547

1209 Vibrations of guaiacyl rings and stretching
vibrations of C—0 bonds*5:5°

1133 Deformation vibrations of C—H bonds in the
aromatic rings - syringy!l units*®4547

1039 Vibrations of C—H bonds in guaiacy! rings/C—0
stretching in O-CHg, C-OH groups*®4°

850 Deformation vibrations of C—H bonds
associated to guaiacyl#548

742 Deformation vibrations of C—H bonds associated
to aromatic rings*°

649 Out-of-plane -OH bend*®

52 some possible mechanisms of rearrangement in the lignin
structure are speculated. In this area, there is also the only signifi-
cant difference between solvent-cast and electrosprayed lignin,
possibly because of the stretching effect of electrostatic field.

e Solvent-cast and electrosprayed lignin have intense absorption
peaks in the region 640-850 cm ™ '. These peaks are attributed
to deformation vibrations of C—H bonds in aromatic rings*’
or C—H out-of-plane vibrations in guaiacyl units**; perhaps
another indication of un-substituted positions in the aro-
matic ring or rearrangement of peripheral groups.

e Generally in most peaks there is a shift towards higher or
lower wavenumber values between pristine and electrosprayed
lignin, indicating small structural differences between them.

Lignin/PET Blend. Figure 7 unveils the ATR-FTIR spectrum of
electrospun lignin/PET mats in comparison with the spectra of
electrospun (electrosprayed) lignin and of the raw recycled PET
that was used in the experiments. The electrospun PET had
identical spectrum with the raw PET, so we chose to present
only the former. The electrospun lignin/PET mat, whose spec-
trum is presented here, consisted of a 50-50 lignin-PET blend.
Spectra of different lignin-PET ratios exhibited absorption peaks
at the same wavenumbers. Table III summarizes the absorption
peaks of electrospun PET and their respective types of vibrations
as described in the literature. In our case, the most distinctive
peaks of the PET spectrum appear in 1719, 1408, 1242, 1095,
1018, 872, and 723 cm ™ '. These peaks appear in the electrospun
lignin/PET mat almost at the same wavenumbers. The same
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happens with the main lignin absorption peaks (see Table III).
The fact that most of the peaks in the blend appear unchanged
compared to those of the pure polymers, is an indication of
weak intermolecular interactions between them.

Kadla and Kubo'® reported that in the blend of lignin with
PET, the intermolecular bonds consisted mainly of weak inter-
molecular interactions rather than hydrogen bonding. In our
case, in the area around 3300-3500 cm ™', which corresponds to
hydroxyl stretching because of hydrogen bonding, there is a
shift in the peak (from 3418 to 3447 cm™"). This is a possible
indication of some degree of hydrogen bonding development
between the two polymers. However, the peak at 1719 cm™ ',
which shows the C=0 stretching in the PET molecules, appears
almost unchanged in the blend; therefore, we can assume that
there is only a small degree of hydrogen bonding, in accordance
with the observations by Kadla and Kudo.

(@) g0
magnified region
y B Electrosprayed
% T Sits 2040 Lignin
140 |
120 4 ¥ Electrospun
2958 PET
100
< N Electrospun
a5 3447 2956  Lignin/PET
60
_—
4000 3000 2000 1000
Wavenumber (cm™)
o o oW o
(b) @ ¢ B P83 gg¢w
160 o
[Electrosprayed
ILignin
%T
120 JElectrospun w
PET /
Electrospun
Lignin/PET
80 -|
T T T
2000 1500 1000

Wavenumber (cm™)
Figure 7. ATR-FTIR spectrum of electrospun lignin/PET mat in compari-
son with the spectra of electrospun (electrosprayed) lignin and electrospun
PET, with (a) presenting the whole region (wavenumber from 4000 to
500 cm~ ') and (b) presenting the magnified region (2100-600 cm™').
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]
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Table III. Absorption Peaks and Types of Vibrations in the Electrospun
PET Sample

Peak
location
cm™Y) Type of vibration
1719 C=0 stretching®®
1408 Para-substituted benzene ring, ring
C—H in-plane deformation, ring
C-C stretching®®
1242 (C=0)—C stretching of ester, ring-ester
in-plane mode, amorphous phase®°°3
1095 Ester C=0 stretching/O-CH> stretching,
in-plane ring mode, amorphous phase®°53
1042 Gauche O-CH> stretching, amorphous phase,
gauche conformation®°
1018 Para-substituted benzene ring, ring C—H in-plane
deformation, gauche conformation®®-°3
872 Para-substituted benzene ring, ring
C—H out-of-plane vibration,
crystalline phase®°:°3
723 Ring C—C bending and ring

C—H out-of-plane®°:53

Thermal Behavior and Miscibility of the Lignin/PET Blend

A common way of assessing the miscibility of polymers is by
monitoring the thermal behavior of their blends in various
compositions. The appearance in the blends of a single glass
transition temperature (Tg), which is dependent on the blend
composition, signifies full miscibility at a dimensional scale
between 5 and 15 nm.'” The appearance of two distinct glass
transition temperatures, however, is an indication of immiscible
polymers.

Figure 8 presents the DSC curves of the electrospun mats pre-
pared from lignin/PET blends of various compositions. In addi-
tion, the thermograms of the pristine untreated lignin (100/0)
and the starting recycled PET (0/100) are presented. In order to
reveal more details about the thermal behavior of PET, its ther-
mogram in the region 60-130°C is magnified. The recycled PET
has T, at 70.5°C as indicated by the respective slope appearing
at that region. The large endothermic peak at 250.9 indicates its
melting temperature (7T,,), while the broad exothermic plateau
in the region 95-120°C is associated with its cold crystallization
temperature (7T,.). The T, of pure PET generally appears in the
region between 100°C and 160°C, while its T, is generally
between 70°C and 80°C.”'"**** On the other hand, the T, of
lignin generally varies depending on its source, while it does
not exhibit any melting temperature since it is amorphous
because of its complex structure.”” >’ Here, the T, of lignin
appears at approximately 88.7 °C. One can observe that each lig-
nin/PET blend has one single T, which depends on the blend
composition. Increasing the mass fraction of lignin, there is a
slight gradual increase in the T, of the blend from the curve of
pure PET (0/100) towards the curve of pristine lignin (100/0).
It can be deduced that the incorporated amorphous lignin inter-
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acts with PET at molecular level and restricts the motion of the
polyester macromolecules, raising its T,. Therefore, there is evi-
dence that the two polymers are miscible.

Because of the close proximity of the glass transition tempera-
ture between pristine lignin and raw PET, as well as the moder-
ate inclination that the DSC curves exhibit at that region, there
could be a possibility of overlapping between two separate
peaks; this scenario would conceal the possible immiscibility
between lignin and PET. Nevertheless, this case should be
rejected since the T, and T,, peaks provide a collateral evidence
for the good miscibility of the two polymers. It is clear that the
cold crystallization region in the raw PET shifts gradually
towards higher temperatures with increasing lignin content,
until it disappears for lignin mass fraction higher than 65 wt %
(the trend is highlighted with the dashed ellipses in Figure 8).

In addition, the melting temperature of PET gradually decreases
with increasing lignin content (from 250.9°C at 0 wt % lignin
to 242.3°C at 35 wt % lignin) until it practically vanishes for
more than 50 wt % lignin content. This is an indication of
amorphous structure, or perhaps only minor regions in the
blend are crystalline, which are undetectable in the thermo-
grams. It can be inferred from the observations regarding T,
T, and T, that lignin interacts with the polyester macromole-
cules, restricts their mobility and impedes their crystallization.

I ________________ nl
T _— magnified region

I
I
I
I
I
J
I
|

s i g i i S

1.00 -

DSC - Heat Flow (mW/mg)

-1.50 -

PR T |

magnified region

-2.00 T T T T T
40 80 120 160 200 240

Temperature (°C)

Figure 8. DSC thermograms of: electrospun mats prepared from various
lignin/recycled PET blends (80/20, 65/35, 50/50, 35/65, 20/80), the pristine
untreated lignin (100/0) and the starting recycled PET (0/100). The
dashed ellipses indicate the regions of cold crystallization. The magnified
region shows more clearly the DSC curve of PET in the region 60-130 °C.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]
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Figure 9. Lignin/PET precursor fibers of 280 = 46 nm average diameter, (a) before and (b,c) after carbonization. Scale bar in (a) and (b) is 10 pm, while

in (c) it is 1 pm.

The lignin—PET interactions disrupt the integrity and purity of
PET spherulites and induce a drop in the melting temperature
of the polyester. Similar behavior has been reported for the
blend of lignin with poly(lactic acid).’”® These results provide
therefore strong support to the hypothesis that lignin and PET
exhibit good miscibility, and agree with previous observations
for the same polymers."’

Carbonization Results

The carbonization process involves two steps in general: Oxida-
tive thermo-stabilization at temperatures of 200-300 °C followed
by carbonization under an inert atmosphere at temperatures
higher than 600°C. In the present research, we followed a car-
bonization protocol similar to those described in the literature
for lignin samples®'" (Carbonization section).

The carbonization of precursor polymer fibers does not neces-
sarily lead to carbon fibers, since not all polymers remain ther-
mally stable and infusible during the thermostabilization and
carbonization process (e.g., polyethylene, polystyrene).” The pre-
cursor fiber diameter also affects the structure after carboniza-

Mnk\;,?lfﬂs WWW.MATERIALSVIEWS.COM
1

43936 (9 of 12)

tion, since deformation and shrinkage are usual phenomena,
especially in the case of lignin.” The precursor lignin/PET fibers
reported in the literature so far, presented diameters larger than
10 pm and exhibited some degree of deformation and shrinkage
during carbonization. Therefore for precursor fibers with
diameters of around 200 nm, as in the present research, the
contingency of yielding a completely shapeless structure after
carbonization instead of carbon fibers could not be excluded.

Carbonization results of the lignin/PET fibers are presented in
Figures 9-11. Here, the results for the successful carbonization
of three samples with different average fiber diameters are pre-
sented, as an example which confirms the feasibility of the con-
cept. Similar results were taken after carbonizing the other
fibrous precursor mats, as well. The samples presented in Fig-
ures 9 and 10 were chosen from the ones fabricated during the
initial factorial experimental design, which were subsequently
carbonized. The mat shown in Figure 11 was fabricated under
the same electrospinning conditions, which resulted in the min-
imum average diameter (see Minimization of the fiber diameter
section). All three samples shown here were produced form

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43936

Applied Polymer -


http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

15KV X7,500." ~2um

WILEYONLINELIBRARY.COM/APP

Applied Polymer

15kV. X5,000 Spum

a) before and (b) after carbonization. Scale bar is 5 pm in both images.

15kV X7,500 2um

Figure 11. Lignin/PET precursor fibers of 163 * 35 nm average diameter, (a) before and (b) after carbonization. Scale bar is 2 um in both images.

precursor fibers of a 50/50 lignin/PET blend, under various
electrospinning conditions corresponding to specific runs of the
factorial design. In our ongoing research we are focusing on the
carbon structure itself and the carbonization process, investigat-
ing the effect of several factors on the carbon morphology,
including the lignin/PET ratio.

Figure 9 shows the morphology of a lignin/PET sample, with
average precursor fiber diameter of 280 = 46 nm, before (a) and

B Map Sum Spectrum
Wt o
943 03
29 02
28 0.2

Figure 12. EDS Spectrum of the carbonized sample. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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after (b,c) carbonization. Careful examination with SEM con-
firms the creation of fibrous carbon morphology; the diameter
measurements in the carbonized sample shown here gave the
value of 290 * 43 nm, which reveals that the fiber diameter was
kept at the same levels as in the precursor fibers. Similarly, the
precursor fibrous mat in Figure 10(a) has an average diameter
of 241 £ 70 nm, while the corresponding carbonized mat exhib-
its an average diameter of 237 = 72 nm [Figure 10(b)].

Figure 11 presents the carbonization results of the precursor
fibers fabricated under the conditions which give the minimum
diameter (see Minimization of the fiber diameter section). It
was mentioned in Minimization of the fiber diameter section
that under these conditions, precursor fibers of 191 £60 nm
were produced. Replication of the electrospinning process under
these conditions produced a mat with average diameter of
163 = 35 nm [Figure 11(a)], which is within the range of diam-
eters expected (191 £ 60). The corresponding carbonized fibrous
mat has an average diameter of 155 42 nm [Figure 11(b)],
similar to the precursor fibers.

There is definitely fiber deformation, fusion, and interfiber bond-
ing in all samples, which has been described again in the literature
for lignin” and was possibly promoted by the presence of PET. It
seems that the phenomenon is more intense as the fiber diameter
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decreases. This could probably be controlled by adjusting the heat-
ing rate, the ratio of lignin or other parameters and is one of the
objectives in the immediate-future optimization of the carboniza-
tion process, although in some applications such as energy storage
devices, fusion could be desirable.® The EDS spectrum of the car-
bonized sample of Figure 9, which is shown in Figure 12, con-
firmed the transformation of the precursor fibers into CNFs with
a C content amounting to 94.3%. The detection of Na and S can
be attributed to the possible presence of ash in the kraft lignin.*®
Traces of Au because of the gold-coating of the SEM samples are
also present in the EDS spectrum.

CONCLUSIONS

A method of combining an abundant natural raw material such
as lignin with low-cost recycled PET for producing CNFs has
been demonstrated. Through a well-established nanomanufac-
turing process, the electrospinning, precursor nanofibers were
produced. Following the DoE statistical methodology, it was
identified that the most significant variables for minimizing the
average diameter were the solution concentration and the spin-
ning distance for the range of values examined. By optimizing
the process, the average diameter of precursor nanofibers was
reduced to the value of 191 *60 nm. Examination of the
electrospun mats with ATR-FTIR revealed the structural changes
of lignin under the effect of TFA and provided an indication
for the blending of the two polymers via weak intermolecular
interactions. Evidence of the good miscibility between lignin
and PET was also provided by DSC measurements. The trans-
formation into carbon nanofibrous structure after thermo-
stabilization and carbonization of the precursors was confirmed
with EDS. The average diameter of the CNFs was retained at
the same levels as those of the precursor fibers and their C con-
tent amounted to 94.3%. Minimization of the diameter at such
levels results in maximization of the surface area, enhancing
their capability as reinforcing material in automotive, military,
aerospace or construction applications and providing a promis-
ing solution for numerous other uses in which the nano-sized
dimension is significant, such as in the separation technology or
energy storage devices. Future work will focus on the optimiza-
tion of the carbonization process and the thorough characteri-
zation of the CNFs in conjunction with our intended
applications, which lie in the field of advanced separations.
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