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Abstract: Electrospinning with consequent thermal treatment consists in a carbon fiber production
method that spins a polymer solution to create fibers with diameters around a few hundred nanome-
ters. The thermal treatments are used for the cyclization and then carbonization of the material at
1700 ◦C for one hour. The unique structure of micro- and nano-carbon fibers makes them a promis-
ing material for various applications ranging from future battery designs to filtration. This work
investigated the possibility of using milled gasification biochar, derived from a 20 kW fixed-bed
gasifier fueled with vine pruning pellets, as an addictive in the preparation of electrospinning solu-
tions. This study outlined that solvent cleaning and the consequent wet-milling and 32 µm sifting
are fundamental passages for biochar preparation. Four different polyacrylonitrile-biochar shares
were tested ranging from pure polymer to 50–50% solutions. The resulting fibers were analyzed
via scanning electron microscopy, and energy-dispersive X-ray and infrared spectroscopy. Results
from the morphological analysis showed that biochar grains dispersed themselves well among the
fiber mat in all the proposed shares. All the tested solutions, once carbonized, exceeded 97%wt. of
carbon content. At higher carbonization temperatures, the inorganic compounds naturally showing
in biochar such as potassium and calcium disappeared, resulting in an almost carbon-pure fiber
matrix with biochar grains in between.

Keywords: biochar; carbon fibers; polyacrylonitrile; nanofibers; gasification

1. Introduction

Market and research are in the constant pursuit of new technologies and treatments
to improve the properties of mechanical components. Human society has been increasing
the magnitude of global production constantly for several decades. Environmental prob-
lems such as waste management, and the need to reduce CO2 and other pollutants and to
produce energy in a sustainable way, are creating pressures on the research to find new
sustainable materials and technologies. Biochar could play a major role in this process.
The biochar consists in the carbonized biological material obtained through thermochem-
ical conversion processes such as pyrolysis and gasification [1]. Nowadays, biochar has
well-documented applications, such as geopolymers additivation [2], insulation materials
production [3], water remediation [4,5], and soil amendment [6,7]. Biomass-derived char is
also gaining interest in high-tech carbon-based materials, i.e., using biochar as a graphene
precursor [8,9] or blending graphene and biochar to produce new materials [10].
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Within this literature framework, the presented work aims to investigate the possi-
bility of including biochar as a carbon source in electrospun PolyAcryloNitrile (PAN)-
based carbon nanofibers. The literature review shows a few attempts to use carbon
sources derived from biomass thermochemical conversion in electrospun fiber produc-
tion: Moulefera et al. [11], in their literature review, investigated the preparation of carbon
nanofibers from biomass and biopolymers as precursors using electrospinning as the man-
ufacturing method; Velez et al. in 2018 used additivated and non-additivated pyrolysis
bio-oil in a melt-spinning process [12]; Nan et al. in 2017 and Li et al. in 2021 both included
char from hydrothermal liquefaction in PAN-spun fibers [13,14].

Gasification-derived biochar has still not been investigated in the literature, opening
the question of the feasibility of the proposed aim. Pyrolysis and hydrothermal gasification
are widely used for char production due to the large biochar yield values (up to 30%wt) that
can be obtained from these processes [1]. On the other hand, pyrolysis and hydrothermal
carbonization are endothermic processes that require an external source of heat to oper-
ate [1]. Gasification systems produce less char compared to pyrolysis (about 2–10%wt.),
but they have the major advantage that biochar is the byproduct of a renewable bioenergy
(thermal and/or electric) production process [1]. A second advantage relies on the specific
biochar production conditions in gasification reactors: gasifiers are characterized by higher
temperatures (600–1100 ◦C) compared to pyrolysis reactors (300–600 ◦C). These conditions
create a more regular physical structure of the gasification biochar that moves toward the
graphene one, as it is described in [15]. Therefore, this study aims to investigate whether
gasification-derived char can be included as a carbon source in carbon fiber production.

Carbon NanoFibers (CNFs) are fibers less than 1 µm in thickness. These fibers are a
new class of superior engineered materials due to their excellent mechanical and electrical
properties. CNFs reach 600 GPa in Young’s modulus [16,17]. CNFs and carbon fibers are
usually fabricated through various spinning methods. After spinning, the fibers undergo
the heat treatment, which allows the carbonization of the material. This thermal process
is divided into two: stabilization and carbonization [18,19]. The spinning system uses a
solution composed of a polymer and a solvent. The concentration ratio of the solution
is usually in the range of 10–30% of polymer/70–90% solvent, depending on the applica-
tions [18,20]. Further to the mechanical properties, CNFs are particularly interesting due to
the range of possible applications, among which filtration plays a major role. The process
takes advantage of the small diameters and a high surface area/volume ratio. Different
branches of engineering employ nonwoven ultrafine fiber mats: biomedical and indus-
trial fields such as membrane technology, filtration media, energy harvesting, electrical
power transmission and storage, tissue engineering, medical prostheses, drug delivery, and
wound healing [5,20,21].

In this work, the constituting polymer chosen for the spinning dope solution was PAN.
It is a synthetic colorless polymer with the linear formula (C3H3N)n, obtained from the
polymerization of acrylonitrile. It has a thermoplastic behavior and does not melt under
usual operation conditions for the above-mentioned applications, as it has a high crystalline
melting point at 317 ◦C and a glass transition temperature at 104 ◦C [22,23]. The yearly
worldwide amount of PAN produced is around 2.73 million tons [24]. PAN fibers are also
the most used precursor in the production of high-quality carbon fibers, covering around
90% of the market [23]. The carbon content in PAN is 67.9%; therefore, it has, compared
to other precursors, a high yield of carbonized fibers above 50%, combined with a high
Young’s modulus and good mechanical properties [25]. It is fundamental that the polymer
precursor has an acrylonitrile content above the 85%, not being an homopolymer, otherwise
the final product will not result in a satisfactory PAN precursor fiber [25].

In this work, different shares of biochar derived from biomass gasification were added
to the spinning material. The aim of the experimental part was to define if biochar particles
can be included in the fiber material despite differences in the diameter. Biochar, compared
to PAN, is produced in an inexpensive way; indeed, it is an energy production byproduct.
By reducing the amount of PAN in carbon fibers production, the cost of production and



Appl. Sci. 2022, 12, 4441 3 of 15

the use of nonrenewable resources could be reduced. The biochar share in the material
will also contribute to the shift in the carbon footprint toward a partial carbon negativity.
To further stress the importance of by-product-derived biochar, this work used the char
produced through vineyard pruning gasification [26]. Unfortunately, by-products such as
vine pruning material are usually characterized by higher inorganic contents compared to
high-quality biomass fuels (i.e., wood pellets) [27]. For this reason, particular attention was
paid to the role and the presence of inorganics through all the fiber production processes.
Biochar must be properly cleaned and milled before using it in the solution. Despite the
milling process, biochar particles strongly differed in size from the fibers, suggesting that
more performing milling procedures should be used in the future. On the other hand, this
study proved that the biochar ashes are removed during the fiber carbonization process.

2. Materials and Methods
2.1. Biochar Production

The biochar used in this work was produced in a small-scale fixed-bed downdraft
gasifier (model PP30) from the US-based company “All Power Labs” [28]. The PP30
produces both electricity and biochar. The specific fuel consumption and biochar production
are 1 kg/kWh and 0.1 kg biochar/kg of dry biomass, respectively. The machine has two
different collection points for the char. The larger char particles are extracted underneath
the reactor hearth while fine particles are collected from a thermally insulated cyclone. This
work used only the char collected from the reactor. Here, the temperature during steady-
state conditions exceeded 600 ◦C, reducing the chance to have polluting compounds in
the sampled material such as Polycyclic Aromatic Hydrocarbons (PAHs) [1]. The ultimate
analysis of the vine pruning pellets was derived from [26]. The carbon, hydrogen, and
nitrogen shares were 46.4%wt., 6.5%wt., and 0.9%wt., respectively. The ash content was
3.6%wt. and the remaining mass consisted of oxygen bonded to the other elements. Oxygen
cannot be directly detected by the ultimate analysis [1]. The calculated heating value was
19.3 MJ/kg using the Channiwala–Parikh equation [26]. Lastly, the average residence time
for this specific fixed-bed reactor was derived from [29], where the gasifier consumption,
its geometrical values, and the average density of the char resulted in an average residence
of about 4 h under temperature conditions that ranged from 950 ◦C (combustion zone) and
600 ◦C (end of the reduction zone).

2.2. Biochar Preparation

To evaluate the size distribution, a sample of as-received biochar was processed in a
vibratory sieve shaker (Retsch AS200 control G) equipped with a sieves tower composed
by the following sieves: 710 µm, 500 µm, 125 µm, 63 µm, and 32 µm. An amount of 101 g
of “as-received” biochar was put on top of the sieve tower, shook for 5 min, and then the
process stopped and the result collected.

In a second test, to obtain a cleaner powder, biochar pellets were submerged overnight
in isopropyl alcohol. IsoPropyl Alcohol (IPA) is commonly used in gasification applications
to dissolve the polycyclic hydrocarbon contaminants that are carried with the gas due
to incomplete gasification [30–32]. Previous studies [1] have shown that the gasification
process consumes the biomass structures, leading to large charred particles with high
porosity. There is the chance that portions of the material are kept in the combustion or
char reduction zone for too long, leading to an excessive carbon conversion. Furthermore,
due to the extreme conditions within the reactor, it is not uncommon to find small ceramic
or metallic particles derived from the power plant components itself [33]. In order to select
the char particles only, the char-alcohol mix was filtered with a 3 mm metallic mesh, a
dimension that is slightly smaller than the pellets’ diameter (4 mm), to remove all the liquid
(isopropanol + undesired particles), keeping the clean biochar pellets only. The remaining
isopropanol was evaporated for several hours, leaving the filtered pellets on a plate under
the fume hood. Pellets were later analyzed using a scanning electron microscope (ESEM).
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The results of size distribution analysis showed the necessity to reduce the particle
size through milling. A small-capacity laboratory mill (Retsch Mixer Mill MM400) was
used. Each mill vessel had a volume of 50 mL. An amount of 10 g of biochar was inserted
in each of the 2 stainless-steel vessels containing each of the 8 stainless-steel milling spheres
with a diameter of 12 mm and an individual weight of 6.97 g.

The procedure for the “as-received” and “clean” biochar was the following:

• Set frequency of vibration to 25.0 Hz;
• Mill for 2 min;
• Cool down the vessels for 5 min to reduce the powder temperature;
• Mill for 2 more minutes (as-received) or 3 min (clean);
• Cool down the vessels for 5 min to reduce the powder temperature;
• Sieve with the 32 µm sieve (as-received); wet-sieve with the 32 µm sieve (clean).

Wet sieving consists in reducing the formation of biochar micro-agglomerates, pouring
isopropanol in the milled powder, and sieving it with the 32 µm sieve. The bottom collection
container was left under the fume hood to let isopropyl alcohol evaporate. “As-received”
and cleaned biochar grains and sieved powders were further analyzed in a scanning
electron microscope (LEO 1455 VP).

2.3. Fibers Preparation

Four different solutions for the electrospinning process were produced. All the solu-
tions consisted of PAN and biochar mixes in different proportions, with dimethylformamide
(DMF) as the solvent. Sigma AldrichTM PAN with an average Molecular Weight (MW) of
150 g/mol was used for the electrospinning dope solution preparation. The solvent used
was Carl RothTM DMT for all the samples. The proportions were: 10 mL of solvent every
1.5 g of powder obtained mixing different amounts of PAN and biochar. Four types of dope
solutions were produced:

1. 100% PAN: 1.5 g PAN + 10 mL DMF;
2. 90% PAN/10% Biochar: 1.35 g PAN + 0.15 g Biochar + 10 mL DMF;
3. 75% PAN/25% Biochar: 1.125 g PAN + 0.375 g Biochar + 10 mL DMF;
4. 50% PAN/50% Biochar: 0.75 g PAN + 0.75 g Biochar + 10 mL DMF.

The dope solutions for the electrospinning process were prepared using a precision
scale (KERN AEJ 200-5 CM). The prepared solutions were then put in a vortex mixer for
24 h to guarantee the proper solution homogeneity.

2.4. Electrospinning Process

Figure 1 depicts the electrospinning apparatus and the setup used. An amount of
7 mL of each dope solution was collected in a 10 mL syringe. The syringe was mounted on
the top of the apparatus and was connected to an electric linear actuator, to pump the fluid.
The actuator forces the solution to flow in the connection tube to the apparatus chamber.
Here, the tube and needle were connected using an alligator clip to the electrical potential
difference generator. Between the syringe and the metal needle, a tube with 1 m length
and 1 mm diameter was placed. The chamber also contained a rotative collector that was
electrically grounded. The distance between the needle and the rotative collector was about
20 cm. The apparatus was provided with an LED lamp used both for illumination and
temperature regulation. The whole system was controlled through dedicated software.

To start the process, the volume flow rate was set to 0.8 mL/h in the tube; the collector
speed was set to 8 m/s and the potential difference to 16 kV. As soon as the first drop
of solution pours from the needle, the electric field attracts it, forming the nanofilament
flow that ends on the foil covering on the spinning collector. The apparatus was operated
continuously for 6 h and then stopped. The aluminum foil with the fiber mat was cut and
removed from the collector. Then, the nanofiber mat was accurately separated from the foil
and stored.
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Figure 1. Electrospinning apparatus scheme.

2.5. Stabilization/Cyclization

Nanofiber mats were subsequently cut into smaller stripes with a scalpel and prepared
for the stabilization process. Stabilization is the fundamental intermediate step of carbon
fiber production. Stabilization or cyclization consists in a controlled heat treatment at
a temperature between 180 ◦C and 300 ◦C [34]. As a result, the linear PAN molecular
chains convert into cyclic structures or ladder-like structures, which help to keep the fibers
infusible and nonflammable when carbonized at higher temperatures [35]. The process
starts clamping the pieces of the pre-cut fiber mats, using two aluminum clamps, as shown
in Figure 2 (in the picture, only one side of the mat is clamped). Once both sides are
clamped, the mats are placed in the oven for the first thermal treatment. Here, the metal
clamps have two major roles: first, they keep the mats lifted for an even thermal treatment
on both the mat faces; secondly, they keep the material slightly tensioned under its own
weight, preventing excessive shrinkage during the heat treatment.
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before stabilization.

The stabilization method used was based on a stepwise increase in temperature.
Tightened precursor stripes were put in a Thermo Scientific HeraTermTM oven. The heating
program was set according to reference [34]: during the first 3 h, the temperature constantly
increases until 250 ◦C is reached; then, the process is kept at 250 ◦C for 5 h, and finally
cooled for 3 more hours until room temperature is reached.
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2.6. Carbonization

The final process consists in the sample’s carbonization. This step provides the evap-
oration of the noncarbon compounds and therefore finalizes the carbon fibers produc-
tion [35]. This thermal treatment occurred in a GeroTM 30–3000 ◦C furnace, controlled by a
EurothermTM 3508 unit. Cyclized fibers were cut into smaller pieces, placed into graphite
crucibles, and then put inside the furnace. Nitrogen was used as the process inert gas
with a flow rate of 50 Nl/h. The heating speed was set to 5 ◦C/minute. After reaching
1700 ◦C, the temperature was kept constant for 1 h to assure the complete carbonization of
the whole sample. Then, the process was stopped, leaving the chamber to naturally cool
down. Carbonized fibers were later characterized with scanning electron microscopy.

2.7. Samples’ Characterization Techniques

The PAN and PAN-biochar electrospun fibers were analyzed through a combination
of the following techniques.

- The Environmental Scanning Electron Microscope (ESEM, FEI Quanta-200) was used
for microstructural characterizations. Scanning electron microscope imaging uses a
focused electron beam to scan the sample surface. The signals that originate from
the electron-surface interactions provide the information regarding the sample mi-
cromorphology. ESEM was used in high-vacuum mode, applying the secondary
electron detector, Everhart–Thornley type (ETD), to obtain micro-morphological data
on sample surfaces.

- Energy-dispersive X-ray spectroscopy (X-EDS) was applied to carry out semi-
quantitative chemical analysis. This analytical technique is often provided by the
ESEM apparatus due to back-scattered electron imaging. X-EDS provides a chemi-
cal characterization of the sample, analyzing the specific electromagnetic emission
spectrum, which identifies each element. Data were acquired and elaborated through
X-EDS Oxford INCA-350 software. More spectra were acquired for each sample
to obtain a significant statistical analysis. Chemical information about elemental
composition was expressed as weight elemental percentage.

- Fourier-transform infrared spectroscopy (FT-IR): measuring the absorption and emis-
sion infrared spectrum of the samples, it is possible to identify compounds, gaining
fundamental information about the chemical bonds. The instrument used in this work
was FT-IR (Bruker Tensor 27 IR). IR analysis was conducted at ACI-LUH, Hannover.

3. Results and Discussion
3.1. Biochar Analyses

Biochar from gasification was analyzed and its ultimate analysis is reported in Table 1.
Carbon represented the most abundant element, followed by ashes [26], as previously
mentioned, and the oxygen content can be back-calculated as a complementary value to
reach 100%. The gasification temperatures adopted ranged from 600 ◦C up to 950 ◦C,
and the average temperature considered was 750 ◦C. Particle distribution analysis of the
“as-received” biochar is reported in Table 2.

Table 1. Ultimate analysis of dry vine pruning biochar.

% Ash % C % H % N % S

Vine prunings biochar 32.48 67.78 0.82 0.57 N.D.

Table 2. Particle size distribution of “as-received” biochar.

Size: >710 µm 500–710 µm 125–500 µm 63–125 µm 32–63 µm <32 µm

mass % 71.44 7.11 13.22 2.4 2.4 3.2
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Imaging of Prepared Biochar and Milled Biochar

Figure 3a shows the as-received char. It appeared covered with dust and soot. It is
possible to notice that the soot and dust material was also present inside the pores of the
structure. To select the finest powder, the material sifted under the 32-micron sieve was
collected and analyzed with ESEM. It is possible to notice (Figure 3b) that the powder
obtained from the “as-received” biochar still presented an extended number of impurities
on its surface. The final goal of this work was to provide, through the char, a carbon source
for the PAN electrospinning process. For this reason, impurities need to be completely
avoided. Soot and dust materials have different compositions when compared to char: the
ash content does not provide any carbon source, while the organic part (mostly polycyclic
hydrocarbon) will behave differently from char in the process [1]. For these reasons, the
simple direct use of the “as-received” sifted powder cannot be followed and the milling
procedure does not solve the problem. In order to produce a cleaner powder, two possible
approaches were followed: an attempt was made to mill the char particles, and then a
second attempt preceded the milling process with a solvent cleaning stage.
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It was decided to clean the biochar pellets in isopropyl alcohol before the milling
process. After 20 h in isopropyl alcohol, the cleaned biochar morphology is depicted in
Figure 3c. Biochar particles resulted cleaner from impurities in comparison with the ones
that were not solvent-washed, and therefore, they were chosen to be further processed
through milling and sifting. Once dried, clean biochar pellets were milled with the de-
scribed process and then wet-sieved with isopropanol in a 32 µm sieve. The results are
shown in Figure 3d. While, in Figure 3b, the powder was agglomerated, in Figure 3d, the
powder was generally deagglomerated and single grains can be seen.
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The powder composition was analyzed using EDS analysis. Figure 4 shows the results
of the composition analysis, outlining the maximum and the minimum of amounts recorded
for each element.
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Figure 4. EDS analyses of cleaned and milled biochar pellets, and mass percentages of the detected
elements. Maximum and minimum values obtained on three repeated spectra on the same sample
are shown.

3.2. Imaging of PAN/Biochar Fibers though the Preparation Process

Biochar clean powder obtained from milling was mixed with PAN and dissolved in
DMF, as described in Section 2.3, to produce four dope solutions, with different percentages
of biochar. Fibers were later characterized.

3.2.1. ESEM Imaging of “as-Spun” Fibers

Dope solutions were electrospun and analyzed with ESEM. Figure 5 shows that
the fibers without biochar grains were smoother and more homogeneous in diameter
compared to the biochar-additivated ones. Before this work, it was unclear the outcome
of char additivation of dope solutions. The chance of not being capable of producing any
fiber mat was confuted by the results shown here: biochar was successfully added to PAN
fibers, producing large beads-like inclusions, compared to the PAN-only fibers that were
under 1 micrometer in diameter. It can be qualitatively seen how the amount of biochar
inclusions increased accordingly with the amount of biochar used in the solution that
seemed to not affect the average diameter of the inclusions. Therefore, the dope solution
preparation, as well as the spinning process, did not produce further agglomeration of the
biochar particles. As a final general remark, during the investigation process, no breaking
of the fibers in points close to the char inclusions was recorded, leading to the conclusion
that the char particles were well combined in the fiber structure. Similar results were
found by Nan et al. [13] that defined the obtained biochar-PAN fibers as “morphologically
non-uniform”.

In Figure 5, it can be observed how the biochar beads dispersed between the fibers.
The mean dimension of biochar beads was 6–7 µm even if the sieve mesh dimension was
32 µm. This proves that the milling process was effective in reducing the biochar particle
size significantly below the sieving limit. Generally, fibers were mostly aligned, as expected
from the process with the rotating collector. ESEM imaging of cyclized fibers was not
relevant for the analysis, as cyclization was a middle-step process.
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3.2.2. ESEM Imaging of Carbonized Fibers

In Figure 6, it can be seen that the grains were well dispersed inside the fiber mat, and
in this composition, they occupied a large portion of the material mass. Fiber diameters
remained around 1 µm for all the investigated cases. The dimension of biochar beads
was calculated with ImageJ software, and it resulted in below 10 microns in all observed
cases. The 50–50% sample, that represented a bold substitution rate, still showed the fiber
completely formed, and the biochar particles seemed blended to the carbon structure of
the fibers.

As a primary result, it can be seen from the pictures that biochar beads were suc-
cessfully jointed to the fibers and that they overcame the thermal treatments. After the
carbonization process, the particles did not further dissolve in the carbon fibers structure.
The fibers observed with the ESEM resembled a lattice structure with biochar grains dis-
persed and fixed in position. The same results were found by Nan et al. [13] incorporating
the char particles in PAN fibers: “after the thermal treatments of stabilization and car-
bonization, the resulting carbon nanofibers well-retained overall morphological structures
of their precursor nanofibers”.

3.2.3. EDS Analyses of “as-Spun” Fibers

As expected, PAN fibers were formed mainly by carbon, nitrogen, and oxygen. EDS
analysis is incapable of detecting hydrogen, but it is known that it was also present due to
the polymer composition.

Figure 7 presents the results of the analysis. While the biochar percentage grew,
the percentage of detected inorganics grows as well. It can be noticed that potassium in
90/10, 75/25, and 50/50 solutions grew continuously, and the calcium content increased as
well in the 75/25 and then in the 50/50 samples. Aluminum and gold derived from the
metallization process for the ESEM analysis [36]. Nitrogen and oxygen probably derived
from PAN. The 50/50 sample showed various other elements that probably belonged to the
biochar ashes. It can be seen how potassium and calcium were the most prevalent; these



Appl. Sci. 2022, 12, 4441 10 of 15

elements came from the initial biomass composition. In this work, the biomass used to
produce the char consisted in vineyard pruning wood pellets. This fuel is known to have a
significant K and Ca content [37].
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3.2.4. EDS Analyses of Carbonized Fibers

The carbonized fibers composition was simpler than that of the “as-spun” samples.
Oxides, metals, and other inorganic compounds belonging to the biochar ashes, which
were detected in the “as spun” fibers, drastically dropped in the carbonized samples.

The EDS analyses suggest that these compounds probably evaporated in the furnace
due to the severe thermal treatment, performed at 1700 ◦C, as expected and confirmed also
by the literature for various inorganics [38,39]. The fiber carbon content peaked after the
process, reaching values from 97.2% to 100%, and the remaining percentage was covered
by metals used to perform the ESEM analysis (gold and aluminum). Silicium was present
only in traces. Figure 8 presents the results of the analysis.

Appl. Sci. 2022, 12, 4441 11 of 15 
 

 
Figure 7. EDS analyses of “as-spun” fibers, and mass percentages of the detected elements: (a) 100% 
PAN; (b) 90% PAN-10% biochar; (c) 75% PAN-25% biochar; (d) 50% PAN-50% biochar. 

3.2.4. EDS Analyses of Carbonized Fibers 
The carbonized fibers composition was simpler than that of the “as-spun” samples. 

Oxides, metals, and other inorganic compounds belonging to the biochar ashes, which 
were detected in the “as spun” fibers, drastically dropped in the carbonized samples. 

The EDS analyses suggest that these compounds probably evaporated in the furnace 
due to the severe thermal treatment, performed at 1700 °C, as expected and confirmed 
also by the literature for various inorganics [38,39]. The fiber carbon content peaked after 
the process, reaching values from 97.2% to 100%, and the remaining percentage was cov-
ered by metals used to perform the ESEM analysis (gold and aluminum). Silicium was 
present only in traces. Figure 8 presents the results of the analysis. 

Therefore, it can be assessed that the carbonization process was effective either with 
only PAN fibers or with composite PAN-biochar fibers. Ashes were an unavoidable part 
of the biomass-derived char. This study started with the concern that these inorganic com-
pounds would have negatively affected the final composition of the fibers, reducing their 
purity. The results proved the opposite, showing almost carbon-pure thermal-treated 
spun material. 

 
Figure 8. EDS analyses of carbonized fibers, and mass percentages of the detected elements. Figure 8. EDS analyses of carbonized fibers, and mass percentages of the detected elements.

Therefore, it can be assessed that the carbonization process was effective either with
only PAN fibers or with composite PAN-biochar fibers. Ashes were an unavoidable part
of the biomass-derived char. This study started with the concern that these inorganic
compounds would have negatively affected the final composition of the fibers, reducing
their purity. The results proved the opposite, showing almost carbon-pure thermal-treated
spun material.

3.2.5. FT-IR Spectroscopy of “as-Spun” and Cyclized Fibers

Stabilized/cyclized samples were analyzed with an IR spectrometer. Figure 9 reports
the as-spun spectra. The spectra for the 100% PAN fiber can be compared to the litera-
ture [40] to properly assess if the polymerization occurred correctly. The peak at approxi-
mately 2241 cm−1 represents the triple bond (C≡N), as described in [41]. Kim et al. [41]
also referred to the peak at 1668 cm−1 (1661 in the figure) to the precursor. As expected,
the choice to use high-temperature gasification biochar impacted the results reported in
Figure 9. Gasification biochar was produced in high-temperature environments (starting
from 900–1100 ◦C in the combustion zone, then decreasing to 600 ◦C at the end of the
reduction zone), and these conditions led to a structure where all of the functional groups
left the surface. This can be observed by the general and diffuse decrease in the spectra
transmittance (therefore, an increase in the material absorbance) as the amount of biochar
in the preparation increased. Similar results were reported by Taheran et al. where active
char was used as an additive in PAN fibers [20].
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The spectra of the cyclized PAN (Figure 10) showed a reduction in the above-mentioned
peak corresponding to the C≡N bond, and an evolution of the peak at ~1591 cm−1 was
observed. This peak corresponds to the C=N band. This indicates that the cyclization took
place and a ladder-like structure was formed [42]. This structure enables the PAN fibers to
withstand the high-temperature carbonization temperature [43]. This phenomenon was
less and less pronounced as the biochar share in the solution increased due to the absorptive
behavior previously described. Biochar had two major effects on the spectra: on the one
hand, biochar “diluted” the amount of PAN, thus reducing the signal of the peaks that can
be easily recognized in the 100% spectrum. Secondly, the char structure introduced a series
of noises above 3000 cm−1 and between 1300 and 1800 cm−1. The literature review de-
scribed the biochar-induced noises as associated with different groups [44,45]. As reported
by [46], the presence of several peaks in the range of 3400–4000 cm−1 may be assigned to
the water absorbed. The spectra recorded in this work did not show sharp peaks in that
area, but a general noise of the signal. Biochar had strong hygroscopic behavior, and the
shares of biochar in the material may have adsorbed large amounts of water, leading to
high noises in the test.
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4. Conclusions

This work laid the basis for investigating possible roles of biomass-derived gasification
char as a carbon source in electrospun carbon fibers. A correct preparation of the material
consists in a combination of solvent cleaning, milling, and sifting. The milling process was
proven to effectively reduce the average char particle diameter below the 32 µm mesh used
for sieving. Four different solutions were prepared for electrospinning: 100% PAN; 90%
PAN-10% biochar; 75% PAN-25% biochar; 50% PAN-50% biochar. All the solutions tested
successfully produced a fiber mat. The materials produced were then processed through
cyclization (5 h at 250 ◦C) and carbonization (1 h at 1700 ◦C). Biochar particles embedded
in the material resulted in an average size that differed extremely from the fiber diameter.
An increase in the biochar share in the electrospinning solution resulted in a final material
where the filament part was less and less present due to the inclusions. Regardless of the
bulk presence of the char inclusions, all the materials prepared stood the thermal treatments
with no physical consequences. IR spectra showed a correct cyclization of the samples even
if the biochar shares introduced new noises in the analyses. The original biochar showed
significant Ca and K contents typical of vine pruning biomass. These elements drastically
reduced their content during the high-temperature carbonization process. As concluding
remarks, it is possible to observe that the biochar pores show walls as thin as the desirable
final fiber is. There is then a chance for future works to further reduce the particle size. A
possible solution takes advantage of cryogenic milling processes that should better perform
in terms of final powder dimension.
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