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ABSTRACT

Carbon fibers are well known for their extraordinary mechanical properties which are beneficial in the production
of reinforced composites for high performance applications in aerospace, automotive, civil and sports industries.
Carbon fibers are usually expensive and majority of the cost is related to their source. Most of the carbon fibers
currently used in industry are derived from polyacrylonitrile (PAN) which is an expensive precursor. Therefore, there
is a need to develop low-cost carbon fibers and investigate alternative precursors to meet the future needs of the
carbon fiber market. In this study, carbon fibers were synthesized from asphaltene obtained from Alberta Qil Sands.
Asphaltenes are a by-product in bitumen processing and can be used as an inexpensive source for carbon fiber
production. The fibers were extracted using multiple solvent chemistries and spinning. The fibers then underwent
thermal stabilization in air leading to oxidation, cyclization, dehydrogenation, intramolecular crosslinking and
aromatization. The fibers were carbonized at high temperatures under nitrogen eliminating impurities and
noncarbon atoms. The fiber morphology and diameter were studied using SEM and it was observed that stabilization
conditions such as temperature, holding time and heating rate played an important role in defining the fiber
structure. The chemical composition of spun fibers, stabilized fibers and carbonized fibers was studied using Fourier
Transform Infrared Spectroscopy. The asphaltene based carbon fibers can serve as a low cost alternative route for
development of unidirectional carbon fiber reinforced composites using vacuum assisted resin transfer molding
process. The asphaltene based carbon fibers show a great potential towards expansion of the carbon fiber
commercial market the development of economical low-density high-strength composites for structural and
automotive applications.
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1 INTRODUCTION

Carbon fibers have been a topic of interest in the field of composites research due to their unique properties
including high tensile strength and stiffness, low density, high electrical conductivity, and good flexibility (1,2). These
properties of carbon fibers make them an excellent choice of reinforcement material to prepare high performance
composites for aeronautics, automobiles, wind and sports industries (3,4).

The global carbon fiber market was estimated at USS 3.7 billion in 2020, and is expected to reach USS 6.36 billion
by 2025 and USS 8.9 billion by 2031 (5,6). This anticipated growth is largely due to the automotive sector with an
increasing demand in lightweight and fuel-efficient vehicles (7). Currently, the main route of commercial carbon
fiber production is via the thermal treatment of fibrous polymer precursors. Their most common precursor is
polyacrylonitrile (PAN), while pitch is secondarily used (8). However, the high cost of PAN hampers the widespread
use of carbon fibers, since the precursor cost accounts for majority of their production (9). In the recent years, there
has been a lot of ongoing research on reducing the overall manufacturing costs of carbon fibers and one of the
routes have been utilization of alternative raw materials for precursor development.

Asphaltenes have been rarely researched as a low cost carbon fiber precursor and have been gaining interest in this
field. The major applications of asphaltenes are currently in road construction and the building industry. The
asphaltene content is usually a measure of the fractions from crude oil based on their solubility in solvents.
Asphaltenes are soluble in light aromatics, such as toluene and benzene and insoluble in light alkane/paraffins, such
as pentane, hexane or heptane (10).

The structure of asphaltene consists of a polynuclear aromatic core having 4-10 aromatic rings and peripheral
aliphatic chains containing 3-7 carbons (11). Stacking of aromatic cores in to aromatic sheets has also been reported
(12). Asphaltenes have a high aromatic carbon content (40-50%). Due the chemical composition and structure of
asphaltenes as well as their low cost and availability, asphaltenes have a great potential as an alternative precursor
for the development of carbon fibers.

The aim is to utilize low cost carbon fibers produced from economical sources, such as asphaltenes for the
production of high performance reinforced composites targeting a variety of industries. Research has been
conducted on the development of asphaltene based carbon materials, such as carbon nanosheets, foams, fibers,
porous carbon and composites that have application in gas adsorption, water purification and electrodes (13,14).
The potential of these economical carbon fibers can be further explored to create high value and high performance
materials especially for the automotive sector. An example would be to build lighter body frames for electric cars
as their batteries are quite heavy contributing to almost 50% of the weight of the vehicle. The reduction in weight
would in turn be beneficial for improving the energy efficiency and vehicle performance. Furthermore, the low-cost
fibers can be explored for use as functional materials in electromagnetic shields, energy storage devices,
supercapacitors and adsorbents (15,16).

Preparation of carbon fibers typically involves steps, such as spinning, thermostabilization, carbonization and
graphitization. The main challenge in carbon fiber production using asphaltene precursor is the poor spinnability of
asphaltenes. Some studies have reported carbon fiber production using melt spinning process (17). Polymer
blending is widely used in the industry to produce suitable precursors for fiber formation and modification of fiber
properties (18).
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The electrospinning technique is well known for its simplicity and the ability to form fibers in the nano-range. Briefly,
the technique 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.

This study reports the formation of low cost precursor carbon fibers of asphaltene/PAN fabricated using
electrospinning. The thermostabilization and carbonization conditions of the fibers were well investigated and
optimized to ensure proper oxidation and maximum vyield is achieved. The effect of oxidation temperature on fiber
morphology and chemical composition was studied and reported in this paper.

2 MATERIALS AND METHODS

2.1. Materials
Alberta Qil-sands Asphaltene (AOA) was supplied by Alberta Innovates. N, N- Dimethylformamide (DMF, 99.9%),
Toluene (98%), Polyacrylonitrile (PAN, M,, = 150 kDalton) were purchased from Aldrich.

2.2. Electrospinning of AOA based carbon fiber

AOA sample was used as obtained without any further purification. AOA and PAN were dissolved in the solvents,
toluene and DMF, at different weight ratios. The solution was heated at 60-80 °C for 2 hours, undergoing vortexing
for few seconds at 30 min intervals. The temperature was controlled and kept at approximately 15°C during this
process using ice in the water bath. Later, the ice was removed to keep the temperature in the desired range.

Electrospinning of fiber mats (Figure 1) was carried out in a horizontal orientation using a 10mL syringe fitted in a
25 G needle with a nanofibre electrospinning unit (Kato Tech Co. Ltd., Kyoto, Japan). The operating voltage was kept
constant at 15-20 kV, syringe pump flow rate was at 0.1 mm/min, and spinning distance was at 15-18 cm.
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Figure 1. Electrospinning set-up: schematic diagram (left), and the actual unit (right) (19).
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2.3. Fiber thermostabilization and carbonization: process and parameters

A tube furnace (MTI Corp, Richmond, CA, USA) was used for thermal treatment of the electrospun AOA-based
nanofibers from 25 °C to 200-300 °C at a rate of 0.5 °C/min and held constant for 60 min in air. Subsequently, the
thermostabilized fibers were heated in nitrogen atmosphere at 5 °C/min up to 1000 °C and held constant for 60 min.

2.4. Characterization of the AOA based carbon fibers

The morphology of the electrospun nanofibrous mats was observed by a scanning electron microscope (SEM) model
S-2300 (Hitachi Ltd., Tokyo, Japan) with an acceleration voltage of 5-20 kV. All of the samples were gold coated prior
to SEM observation. The average diameter of nanofibers was determined by analyzing the SEM images via Image J
software.

Thermogravimetric analysis (TGA) was carried out on a thermogravimetric analyzer Model Q500 (TA Instruments,
Newcastle, DE, USA). Samples were heated using the fiber thermostabilization and carbonization conditions
(mentioned in Section 2.3) and the yield was determined from the mass loss curves.

Differential scanning Calorimetry was performed on the samples using a DSC Model 2500 Discovery (TA Instruments,
Newcastle, DE, USA). The samples were heated at 4 °C/min from 25 °C - 400 °C in an inert atmosphere.

The presence of characteristic absorption bands was studied by ATR-FTIR spectroscopy Model FT-660 (Agilent
Technologies, CA, USA) using a crystal diamond accessory. Transmittance spectra were recorded for a wavelength
range from 4000 to 600 cm™. A total of 64 scans were taken, and the resolution was set to 4 cm™.

3 RESULTS AND DISCUSSION

3.1. Thermal treatment process for stabilization and carbonization

A differential scanning calorimeter was used to determine the crosslinking temperature of the AOA-PAN fibers was
determined. As seen in Figure 2, a strong exothermic peak, associated with crosslinking reactions, aromatization
and inter-molecular and intra-molecular cyclization, was observed at 287 °C for the electrospun AOA-PAN fibers.
The thermal process that converts the usual PAN based fibers into carbon fibers is characterized by three main steps:
thermostabilization/oxidation, high temperature carbonization and graphitization.
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Figure 3. Thermal stabilization of electrospun fibers using TGA.
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Figure 4. Thermostabilization and carbonization of electrospun precursor fibers

The thermal treatment process involves two steps in general: Thermostabilization of precursor fibers at
temperatures of 200 — 300 °C performed in air followed by carbonization under an inert atmosphere at
temperatures higher than 600 °C.

The thermostabilization step plays an important role in the formation of a ladder structure which further allows
processing of the stabilized fibers at higher temperatures without fusing or melting. In our study, the
thermostabilization was performed at different temperatures: 200, 250 and 300 °C. From the TGA results (Figures 3
and 4), it was observed the the fibers do not undergo significant mass loss when the thermostabilization step is
performed at 200 and 250 °C. However, as the temperature was increased to 300 °C for the thermostabilization
step, almost 20% mass loss was observed.

During the thermostabilization step, it has been reported that oxygen promotes inter and intramolecular reaction,
supporting intramolecular crosslink and aromatization. Oxygen is not directly involved in cyclization, but it supports
the dehydrogenation of the main carbon chain. Various structures containing oxygen have been proposed, in which
oxygen was involved in ether bridges, carbonyl groups or interacting with the nitrogen, through donation of the
lone pair from nitrogen to oxygen atom. Also, intermolecular reactions such as the formation of azomethine and
nitrile crosslinks have been suggested (20).

Following the thermostabilization step, the oxidized fibers were then exposed to higher temperatures up to 1000
°Cin a nitrogen atmosphere. It was seen that the stabilized fibers underwent 40% mass loss during the carbonization
step as observed in the TGA results (Figure 4). The carbonization steps involves removal of noncarbon atoms such
as oxygen, nitrogen and hydrogen and formation of carbon char. The formation of a condensed aromatic ring has
been reported during the carbonization step, which takes place through the condensation of ladder structures.
Furthermore, the elimination of almost all oxygen atoms in the form of CO and CO,, most of the nitrogen as HCN
and NHs, and some removal of carbon as oligomers is expected to take place during the carbonization step (21).
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3.4. Chemical Characterization
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Figure 5. FTIR spectra of electrospun carbon fibers before and after undergoing thermal treatment.

Table 1. FTIR peak analysis of the electrospun fibers.

Wavenumber (cm?) Assignments Samples
2850-2930 Aliphatic CH stretching As spun

2241 CN symmetric stretching As spun

1641, 1653 C=0 stretching As spun

1565 C=C and C=N stretching Stabilized

1440 Aliphatic CH bending As spun

1253 CH wagging As spun, stabilized
~1100 C-0-C Stabilized

1026, 1067, 1085 C-C stretching, C-CN combination mode As spun, stabilized
780 triazine ring As spun, stabilized

The as-spun, thermostabilized and carbonized samples were characterized for their chemical bonds using FTIR
analysis. The peaks corresponding to the respective bonds are presented in Table 1.




CANCOM2022 — CANADIAN INTERNATIONAL CONFERENCE ON COMPOSITE MATERIALS

As seen in Figure 5, stabilized fibers have a new peak around 1560 cm-1 corresponding to C=0 bonds showing that
oxidation has taken place in these fibers. The peak corresponding to this region indicates presence of carboxyl,
carbonyl, ether and ester and ketone bonds that have been formed due to the oxidation of fibers during the after
thermostabilization step. On the other hand, peaks corresponding the aliphatic CH stretching at 2923 and 2852 cm”
1 as well as the peak at 1452 cm™ corresponding to the aliphatic C-H bending have disappeared in the stabilized
samples which are also an indication of good oxidation conditions (21,22).

As seen in the Table 1, the peaks corresponding to presence of ketones and polyaromatics groups indicate that
dehydration and cyclization reactions have occurred during the thermostabilization step. For the carbonized sample,
majority of the peaks disappeared indicating elimination of all the functional groups. During the carbonization step,
there is the formation of condensed aromatic ring, through the condensation of a series of ladder structures. This
step is accompanied by the elimination of almost all nitrogen as HCN and NHjs, of oxygen atoms as CO and CO,, and
a minor elimination of carbon as oligomers (23).

3.3. Morphological results from SEM data
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Figure 6. (A) Photographs of the produced carbon fiber mats; (B) SEM micrographs of the carbon fiber mats.
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In order to retain fiber shape during carbonization, electrospun fibers usually undergo thermal or thermal-oxidative
stabilization by heating samples at controlled rates to specific temperatures as described in the previous sections.
This process when well optimize, was also expected to be the one of the methods to enhance higher yield of carbon.

The samples here in were thermally oxidatively stabilized and the resulting samples were analyzed for fiber size.
The morphology of the samples, as well as fiber diameter appear to be dependent upon stabilization parameters,
especially on final temperature. As shown in Fig.6, good uniform fibers were obtained from electrospinning of
asphaltene under optimal conditions. The thermostabilization temperature played a major role in obtaining good
yield of carbonized fibers without fusing or melting at higher temperatures. As observed under the SEM, the average
fiber diameter was around 700-800 nm.

4 Conclusions

In this study, successful production of carbon fibers from asphaltene, obtained from Alberta Oil Sands, has been
demonstrated using the electrospinning method. The thermal treatment of fibers was investigated and the
thermostabilization and carbonization parameters were optimized using TGA. Morphological examination of the
stabilized and carbonized fibers showed individual uniform fibers having a relatively good length without any
obvious defects. The average diameter of the fibers was found to be in the nano-range, which is possible due to the
electrospinning fiber manufacturing process. The chemical characterization of stabilized fibers clearly showed the
presence of oxygen containing functional groups which are absent in the as-spun fibers indication successful
oxidation during the thermostabilization step. The fibers were seen to have a good yield after carbonization at 1000
°C and the quality of the carbonized mats are acceptable to be further used in the resin infusion process for
development of composites.
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