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ABSTRACT

The development of inexpensive carbon fiber precursors is necessary to meet the future demands of
carbon fibers. This work shows how asphaltenes, which are obtained as a by-product in bitumen produc-
tion, can play an important role as such inexpensive carbon fiber precursors. To synthesize carbon fibers
from asphaltene, stabilization by means of oxidizing acids (HNO; and H,SO,) was developed. Stabiliza-
tion could not be achieved by a non-oxidizing acid (HCl). The reactions leading to fiber stabilization was
investigated for nitric acid treatment, which led to oxidation and the incorporation of nitro-groups. Fur-
ther thermal treatment caused an increase in C/H ratio that was related to decomposition of nitro-groups,
which facilitated air oxidation and other reactions leading to the loss of volatile hydrogen-rich products,
such as light hydrocarbons. Additionally, the influence of the acid concentration during treatment on fiber
properties, such as fiber diameter, composition, tensile strength and elastic modulus, has been examined.
The application of the acid treatment leads to carbon fibers with good tensile properties, with a tensile
strength and elastic modulus of 811 MPa and 32.7 GPa, respectively. The overall yield of carbon fibers is

37 - 38 wt%.

© 2021 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Carbon fibers are characterized by their high specific strength,
high electronic conductivity, mechanical stability and thermal in-
sulating property. As a consequence, they are applied in several
applications such as structural materials [1], energy storage de-
vices [2] and thermal insulation [3]. The demand for carbon fibers
has been increasing by ~12% every year over the past 20 years,
especially in the development of light weight automotive compo-
nents [4]. Typical precursors for carbon fibers are coal, petroleum
or plant-based pitches, as well as polyacrylonitrile (PAN). The latter
shows excellent mechanical properties with high tensile strengths
of 3 to 7 GPa and tensile elastic moduli of 200 to 350 GPa [4,5].
However, the low carbon fiber yield and the expensive monomers
for PAN represent a major drawback for a widespread application
|6]. The use of pitches, especially isotropic pitches; however, re-
sults in lower production costs at the expense of tensile strength
and elastic modulus [7]. Because almost 50% of the total carbon
fiber cost originates from the fiber precursor, one of the key fabri-
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cation steps is to use inexpensive precursors and to develop meth-
ods to improve the mechanical properties of such fibers [8,9].

Carbon fiber production includes several process steps. Precur-
sors are initially extruded into fibers via spinning of the precursor.
The resulting fibers from this step are called ‘green fibers'. Melt
spinning is the preferred procedure for precursors that soften be-
low 400°C, due to its low production costs and the absence of
solvents [10,11]. To transform the green fibers into carbon fibers,
the green fibers are processed at high temperatures up to 2000°C
in nitrogen, through ‘carbonization’. However, the green fibers are
prone to melting during this high temperature step. To prevent
melting of the material and, therefore, the loss of the fiber struc-
ture, the green fibers are usually oxidized in air during a so-called
‘oxidative stabilization’ step prior to carbonization.

During oxidative stabilization, also known as the stabilization
step, the green fibers are oxidized in air, typically at tempera-
tures 30-50°C below the softening point of the precursor and up
to 300°C. During this step, oxidative cross-linking reactions be-
tween heteroatom-containing groups are initiated which stabilize
the fiber structure [12-15]. These findings are based on isotropic
pitch-based, PAN-based and mesophase pitch-based carbon fibers.
Depending on the starting material, and its composition and soft-
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ening point, a suitable stabilization process has to be found. Since
the oxidative process step is the most time and cost intensive, ef-
forts have been made to shorten the oxidation step. For example,
Yonemoto et al. found that the addition of NO, to the air atmo-
sphere increases the oxidation degree of the fibers [16]. Based on
these findings, Vilaplana-Ortego et al. showed that the treatment
of petroleum pitch-based green fibers with dilute HNO3 can signif-
icantly reduce the oxidation time from 60 h to only 6 h [17]. Es-
pecially for promising inexpensive precursors, which exhibit a low
softening point, finding a suitable oxidation process can be criti-
cal to the development of cost effective high-performance carbon
fibers.

One material which is a promising carbon fiber precursor, with
a low softening point, is asphaltenes. Asphaltenes is a solubility
class of petroleum, which can be separated from heavy petroleum
by a solvent deasphalting process to produce a lower viscosity dea-
sphalted oil product and an asphaltenes product [18]. In solvent
deasphalting the petroleum is mixed with a light n-alkane (paraf-
fin) causing some of the material to remain in the n-alkane rich
liquid phase and some of the material, the asphaltenes, to form
a separate phase. Based on current understanding, drawing from
characterization by many analytical techniques, the asphaltenes
has a broad molecular mass distribution with an average molec-
ular mass of 700-750 g/mol and appear to consist mainly of poly-
cyclic aromatic structures [19]. The high polycyclic aromatic con-
tent of the asphaltenes makes it a potentially good precursor ma-
terial for carbon fiber production. Asphaltenes are mainly respon-
sible for the high viscosity of bitumen, which complicates bitumen
transport via pipelines and further processing [20]. Therefore, as-
phaltenes are removed prior to the bitumen transport and have
no further value for bitumen processing. Turning those asphaltenes
into carbon fiber would convert a low price by-product into a high-
end product with an ever increasing demand. Since asphaltenes
have a low softening point (<200°C), the successful stabilization
of asphaltene-based green fibers is crucial to avoid melting of the
fibers during carbonization.

This work investigates the underlying oxidative stabilization
mechanism using various acids, such as HNO3, H,SO4 and HCl, and
salt solutions. The oxidative stabilization process of asphaltene-
based carbon fibers using an acid treatment has not been inves-
tigated in detail yet. The work explores whether previous litera-
ture findings from reference [12-15], which are based on isotropic
pitch-based carbon fibers are valid for asphaltene-based fibers as
well. Furthermore, through acid-assisted stabilization, the indus-
trially separated asphaltenes used in this study are shown to be
suitable precursors for carbon fibers even though they exhibit a
very low softening point below 200 °C. Additionally, the influence
of acid concentration and the final carbon fiber diameter on the
tensile properties were examined.

2. Experimental
2.1. Materials and methods

Raw asphaltene was obtained from CNOOC Ltd. (formerly Nexen
Energy) from an industrial C5 solvent de-asphalting process at the
Long Lake Upgrader, AB, Canada, in 2014. The material was used
without further purification. Concentrated HNO3 (15.8 M, certified
ACS plus), HySO4 (17.8 M, certified ACS Plus), and HCl (6 M) were
purchased from Thermo Fisher Scientific. Acids were diluted with
deionized water (Milli-Q). KNO3 was purchased as a powder (ACS
reagent, >99.0%) was purchased from Sigma Aldrich.

Elemental composition was determined using a CHNS-O
Flash2000 from Thermo Fisher Scientific with a 2,2/-(2,5-
Thienediyl)bis[5-(2-methyl-2-propanyl)-1,3-benzoxazole (BBOT)
standard. Samples were finely ground prior to the measurement
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and weight into tin crucibles. Fourier-transform infrared spec-
troscopy (FT-IR) spectra were recorded using a FT-IR spectrometer
iS50 from Nicolet with an attenuated total reflection (ATR) mod-
ule. Prior to the measurement the samples were finely ground
in an agate mortar. Powder X-ray diffractograms were measured
with a Ultima IV system from Rigaku. The X-ray source was
CoKe, and samples were scanned from 5-90° 26 with a scan
speed of 2-20 min~! and a step size of 0.02° 26. Field emission
scanning electron microscopy (ZEISS Sigma 300 VP-FESEM, SEM)
was used for imaging fiber samples. All samples, except the carbon
fibers, were coated with carbon to improve sample conductivity.
Thermogravimetric analysis was conducted with a Mettler Toledo
TGA/DSC1 (TGA) system equipped with an LF 1100 furnace, sample
robot and MX5 internal microbalance.

To investigate the tensile properties of the single fibers,
20 specimens per batch were prepared. The specimens (gauge
length = 1.27 cm) were measured with an Instron 5565 tension
tester (speed: 5.72 mm min~1).

2.2. Fiber fabrication

Green fibers were produced in a melt spinning process us-
ing an AT225 melt spinner purchased from Anytester, China. The
raw asphaltene was melted at a temperature of 197°C and pro-
cessed into asphaltene filaments by pressing the melted material
through a spinneret hole with a diameter of 0.15 mm under a ni-
trogen pressure of 400 kPa. The green fibers were collected on a
drum with a winding speed of 200 rpm and were immediately
cooled to room temperature after passing through the spinneret
hole. Afterwards, the fibers were dipped into diluted HNO3 with
concentrations ranging from 10 vol.% to 40 vol.% HNOs. To inves-
tigate the type of reactions involved in stabilization, H,SO4, HCI
and KNOs solutions with a concentration of 3.16 M, which corre-
sponds to the molar concentration of a 20 vol.% HNO3 solution
were used as well. The fibers were kept in solution for 10 min
without stirring. Then, without applying any washing or drying
step, the fibers were heated from room temperature to 300°C in
a tube furnace equipped with a quartz tube with a heating rate of
0.5°C min~! under synthetic air atmosphere (flow: 400 ml min~1).
When only heating to 300°C under air is performed without prior
acid-treatment, it is called 'one-step stabilization’. The fiber sample
was naturally cooled after this oxidation process. Hence, oxidized
fiber samples are designated as follows: OF,q-X, where OF stands
for oxidized fiber, acid describes the acid used (HNO3, H,SO4, HCI,
or none) and X denotes the final temperature the fibers are sub-
jected to for stabilization, i.e. room temperature (RT), 140°C or
230°C in Section 3.3, whereas in Section 3.4 is describes the acid
concentration used prior to the oxidative stabilization step. Oxi-
dized fibers that are subjected to the complete one-step stabiliza-
tion process until a temperature of 300°C will be denoted as OF 4
to circumvent a too long sample name. As the last step, the ox-
idative stabilized fibers were carbonized at 1500°C for 2 h with a
heating rate of 3°C min~! starting from room temperature under
N, (purity 5.0, flow: 400 ml min~') in a tube furnace equipped
with an alumina tube. Carbon fibers are designated as CF-X, where
CF stands for carbon fiber and X describes the acid concentration,
which was used prior to the oxidative stabilization.

3. Results and discussion
3.1. Acid treatment
As mentioned above, the prevention of the fiber melting during

carbonization at high temperature is necessary. A comparison of
the one-step stabilization process, which took 9 h to complete, was
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Fig. 1. Process overview including SEM secondary electron (SE) micrographs of asphaltene fibers (AF), acid treated oxidized fibers (OFyno3) and oxidized fibers without

pre-acid treatment (OFyope).

Table 1

Elemental composition of AF and different OFs determined via elemental analysis.

Element content® | wt.%

Molar ratios

Sample C H N S o CH CN ¢S o
AF 8225 810 105 772 088 085 914 285 125
OFnone 8072 738 112 747 331 091 841 293 325
OFunos 6675 281 193 638 2213 198 404 348 40
OFy2504 69.26 352 156 7.05 1825 164 518 321 5.1
OFyua 81.04 744 112 760 280 091 844 346 386
OFino3 5972 508 422 405 2693 098 165 383 48
OFycikno3 - ¢ - ¢ - - - ¢ - ¢ - - - ¢
OFynos-RT 7802 760 199 730 510 086 457 321 204
OFyno3-140 7477 7.00 280 699 876 089 312 321 114
OFuno3-230 7299 616 290 7.00 1095 099 294 313 89

2 Values are obtained as an average from 3 measurements (with a standard deviation
smaller than 5%), or 2 measurements if the composition difference was smaller than 5%.

b O content is calculated from the residual mass. Other components in the precursor ma-
terial such as V and Ni are below 1500 ppm (determined via XRF, Supporting information
Table S1). It is assumed that these element contents are constant for all fibers and therefore,
changes in residual mass content are only due to changes in O content.

¢ Not available, only analyzed by EDX.

made with nitric acid pretreatment followed by the same oxida-
tive stabilization. It was found that when conducting the oxidative
stabilization of asphaltene fibers (AF) without acid pretreatment,
the fibers did not retain their fibrous shape (Fig. 1). When start-
ing with industrially precipitated asphaltenes it was not viable to
consider the one-step stabilization process.

The oxidized fibers with and without acid treatment have con-
siderable composition differences, with a lower molar C/H ratio
for OFygne (0.91) than for OFyno3 (1.98) (Table 1). In addition,
OFyno3 shows a higher oxygen content. Both a higher C/H ratio
and a higher oxygen content point to stronger oxidation of the
acid treated sample OFynp3. Using the one-step oxidation (OFygpe)
leads to the reduction of C/N and C/O to 84.03 and 32.52, respec-
tively. These compositional changes are not as pronounced as for
OFyno3, Which shows a C/N and C/O ratio of 40.35 and 4.02, re-
spectively. The reason for this could be either a stronger reaction
such as oxidation, incorporation of N and O, leading to carbon with
a higher extent of oxidation, or evaporation of smaller carbon con-
taining molecules. Details on these reactions will be discussed in a
later section.

3.2. Reactions leading to fiber stabilization

This section investigates the role of HNO3 during the oxidation
process. Chemically, HNO3 can act in four different ways: (i) as an
acid, (ii) as an oxidizing agent, (iii) as a nitrating agent, and (iv)
as a source of nitrate (NO3 ™). As an acid, it was anticipated that it
would promote cross-linking by acid catalysis and potentially some
ion exchange with cations already present in the material. As an
oxidizing agent, oxidation results from decomposition reactions to
release NOy, which simultaneously could lead to oxidation of the
material, or water elimination from the material [21]. As a nitrat-
ing agent, nitro-groups (-NO,) can be introduced by nitric acid and
several such reactions were described [22,23]. Vilaplana-Ortego et
al. found that HNO; introduces NO,-and oxygen-containing func-
tional groups, which remain on the fibers even after the oxidative
heat-treatment [17]. As a source of nitrate, it could ion exchange
with anions already present in the material, be adsorbed, or re-
tained in an emulsified form.

To study the manner in which HNO5 prevents fusing of fibers,
green fibers were subjected to three different chemical treatments
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of the same molar concentration: H,SO,4 as an oxidizing acid com-
parable to HNO3, HCl as a non-oxidizing acid and KNO3 as a neu-
tral, oxidizing, NO3~ providing salt.

Only HNO; and H,SO,4 led to a fiber structure retention,
whereas the use of KNO3 and HCI resulted in the melting of fibers
during heat treatment. Acid catalyzed conversion, if it took place,
in the absence of oxidation was ineffectual. The nitrate ion in the
absence of acidity also did not have an observable impact. Since
both HNO3 and H,SO,4 led to a fiber structure retention, it was
possible that HNO5 played a dual role during the treatment pro-
cess, as an acidic catalyst and as an oxidizing agent. Although ni-
tration by HNOs likely took place [17], it was not a reaction that
was a prerequisite for fiber structure retention.

In addition, significant differences in the elemental composi-
tion are seen in successfully stabilized fibers and melted fibers
(Table 1). The fibers that maintain their structure, OFyno3 and
OFh2s04, have a C/H ratio of 1.98 and 1.64, respectively. On the
other hand, the C/H ratio for the melted fibers, OFy¢ and OFyyos,
remains low (0.91 and 0.97, respectively) and is comparable to the
C/H ratio for the non-treated fiber, OFyone. Thus, a significant in-
crease in C/H is crucial for fiber stabilization.

There is more than one reaction that can result in an increase
in the C/H ratio. The two reactions that are the most likely to
lead to an increase in C/H in asphaltene-based fibers are: (i) Hy-
drogen disproportionation leading to cross-linking and elimina-
tion of hydrogen-enriched volatile products, and (ii) the elimina-
tion of hydrogen by oxidation, with or without the introduction
of oxygen-containing surface groups. The oxygen groups are able
to undergo condensation reactions forming C-O-C groups which
could further stabilize the fiber structure in a manner equal to
the cross-linking forming C-C bonds [24]. Oxygen-containing func-
tional groups can also participate in reactions to form C-C bonds,
for example, aldol condensation. The study by Vilaplana-Ortego
et al. shows the formation of oxygen-containing groups on the
surface of isotropic pitch-based carbon fibers and the elimina-
tion of hydrogen concomitant with C-C formation. In contrast to
the raw asphaltene precursor in this work, Vilaplana-Ortego et al.
used a petroleum pitch as the precursor. Their precursor pitch
had a higher carbon and lower sulfur content than the asphal-
tene in this work, which could lead to a different oxidative sta-
bilization mechanism. Unfortunately, the elemental composition
for the treated fibers was not discussed. Therefore, a compari-
son of the two materials in terms of composition changes is not
possible.

The OFgno3 samples showed a comparable increase in the oxy-
gen content relative to fibers stabilized with H,SO4 or HNO3; how-
ever, the C/H ratio remains low. Please note that the very large
residual mass of sample OFgno3 obtained after the CHNS measure-
ment can also stem from residual K and not only oxygen on the
fiber. This is indicated by white residue on the fiber surface (sup-
porting information Fig. S1). It was further noted that the nitro-
gen content of the OFgyo3 samples were higher compared to fibers
stabilized with H,SO4 or HNOs. In fact, the nitrogen content of
OFkno3 (4.2 wt%) was more than double that of OFyno3 (1.9 wt%).
These observations indicated that there was meaningful retention
of nitrates by the carbon fibers when treated with the potassium
nitrate solution.

This reinforces the assertion that the presence of oxygen and
nitrogen in the fiber does not on its own lead to successful struc-
ture stabilization. The way in which these elements are introduced
determined whether the fiber was stabilized or not. For example,
cross-linking reactions, either C-C formation or polycondensation
reactions of oxygen functions, which can be promoted by acids,
need to occur. This is further strengthened by other studies dealing
with the formation of C-O-C groups during the oxidative stabiliza-
tion of mesophase pitch-based fibers [13-15].

Carbon Trends 5 (2021) 100090

Another process that may occur is the elimination of volatile
hydrogen-rich hydrocarbons, such as CH,. Thermally induced hy-
drogen transfer reactions are pronounced in asphaltenes over the
temperature range studied [25], but not the elimination of volatile
hydrocarbons. The elimination of lighter material required treat-
ment with oxidizing acids and not temperature alone. There are
several examples of reactions between alkyl aromatics and HNO3
that lead to elimination of water and alkyl fragments (as volatile
hydrocarbons) [21], which could explain the observed increase in
C/H ratio.

There was an increase in nitrogen content of OFyno3 and
OFy2s04, Which is reflected by the decrease in the C/N ratio. While
HNOj3 treatment could lead to incorporation of N, thereby lowering
the C/N ratio, H,SO,4 cannot induce any N incorporation. Therefore,
the decrease in the C/N ratio must be connected to the removal
of volatile hydrocarbons to cause both a decrease in C/N and an
increase in C/H.

To investigate the hypothesis that HNO3 acts in two ways, as an
acid catalyst and as an oxidizing agent, green fibers were treated
with a saturated solution of KNO3 in HCl. Due to the lower sol-
ubility of KNO3 in HCI, the same molar concentration as attained
for HNO3 could not be reached. With the acidification of KNOs3, the
reacting system became a mixture of HCI-KCI-HNO3-KNOs. Indeed,
the fibers maintain their fibrous structure after oxidation. This pro-
vided empirical support that it was not the nitrate that reacted,
but the nitric acid formed by acidification.

However, as observed with potassium nitrate on its own, a sig-
nificant amount of the salt remained on the fibers. This can be
easily seen from the coverage of K that remains on the fibers (Sup-
porting information, Figure S2). Residual K leads to defects in the
carbon fiber structure after carbonization at temperatures above
800 °C.

3.3. Reaction progression with temperature

To monitor the reaction progression of the oxidation process
with increasing temperature, the mass change during the stabi-
lization process was recorded via TGA measurements under air
for fibers that were treated in nitric acid at room temperature
(Fig. 2a). A mass loss of 18 wt.% takes place from 230°C to 300°C.

Using the TGA results, the composition change of the fibers is
examined at three different stages of the process - before any heat
treatment (OFyno3-RT), at 140°C (OFyyno3-140) as an intermediate
temperature and at 230°C which is the beginning of the mass loss
(OFyno3-230) (Table 1). Infrared spectra (IR) were also recorded
during the heat treatment to display the changes in functional
groups (Fig. 2b).

Up to 230°C the C/H ratio stays relatively constant, changing
from 0.86 to 0.99, while the C/N and C/O ratios decrease notice-
ably, from 45.7 to 29.4 and from 20.4 to 8.9, respectively. This
points to the incorporation of N and O into the fiber structure, po-
tentially with some associated loss of hydrogen, likely as water.

This explanation is further supported by the IR spectra. The
spectrum for raw asphaltene shows the symmetrical valence vibra-
tion vg (2955 cm~1), and the asymmetrical valence vibration v
(2867 cm™!), and the deformation vibration of both CH, and CHj3
in the region of 1450 cm~! and 1370 cm™!, respectively, as well
as the C=C vibration at 1590 cm~!. Peaks between 900 cm~! and
700 cm~! can be attributed to aromatic C-H bending. The IR spec-
trum of sample OFyno3-RT, which is the fiber immediately after
acid treatment without applying any drying, washing or heating,
can be found in Figure S5 in the supporting information. The spec-
trum shows the typical vibrations of nitric acid, which is attached
to the fiber. Below 230°C, two vibrations at 1525 cm~! and 1553
cm~! occur, which are assigned to the v, vibration of NO, groups
bonded to an aromatic or an aliphatic system. The signal at 1030
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Fig. 2. a) Thermogravimetric analysis (TGA) conducted in synthetic air of sample OFyno3-RT. b) Infrared spectra of raw asphaltene (grey), OFyno3-140 (blue), OFyno3-230 (red)
and OFynos (black). Vertical lines correspond to some vibrations discussed in the text. Their changes are relevant to follow the mechanism explanation. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.).

cm~! was tentatively assigned to S=0, but could also be due to C-
O in several chemical environments. Additionally, the asymmetric,
as well as the symmetric valence vibrations of aliphatic CH, and
CH3 groups and their deformation vibrations are still present. The
relative reduction of these vibrations, as well as the disappearance
of NO,-related vibrations, occurs from 230°C to 300°C. Simultane-
ously, the deformation vibration of C=0 in aryl-alkyl ketones (1704
cm~1) and the broad vg vibration of C-O-C (1120 cm~!) emerge.
Furthermore, the C=C vibration (1590 cm~1), which is attenuated
between 140°C and 230°C, becomes stronger again, pointing to the
formation of new C=C groups. These observations are supported
by the CHNS analysis showing a decrease in the C/O ratio from 8.9
to 4.8, but an increase in the C/N ratio from 29.4 to 40.4 as the
temperature was increased from 230°C to 300°C.

Based on these findings, the following sequence of reactions is
proposed. First, NO,-groups from nitric acid is incorporated into
the fiber structure. This incorporation was viewed positively, fol-
lowing on a report that the char yield increased in relation to the
extent of nitro-group incorporation for some polymers [26].

Mass loss below 230°C is gradual and limited. Above 230°C
the rate of mass loss increases due to the decomposition of NO,-
groups, which disappeared from the infrared spectrum (Fig. 2b).
This is consistent with the low bond dissociation energy of C-
NO, bonds that are of the order 250 k]/mol for nitromethane [27],
and likely lower if decomposition produces a more stable carbon
radical. This was also reflected in the reported Arrhenius activa-
tion energies for decomposition that were summarized by Zeman
[28] having values mostly in the range 150-205 k] mol~! for var-
ious nitroalkanes and 115-195 k] mol~! for various nitroaromat-
ics. In both instances values outside of these ranges were reported
for some compounds. Indirect evidence of the reactions taking
place is provided by the decreased in absorption by CH; and CH,
groups and the increase in the absorption of C-O-C, C=C and C=0
groups (Fig. 2b). Since the thermal decomposition is performed in
an air atmosphere, the reactions following on thermal decomposi-
tion likely involves oxidation and other free radical reactions, such
as hydrogen transfer and free radical addition.

The IR spectra of OFygne-300 supports the hypothesis that both
the formation of C-O-C and the partial consumption of CH3 and
CH, groups are crucial for fiber structure retention for asphaltene-
based carbon fibers. This stabilization process is not a pure surface
phenomenon. SEM images and EDX analysis regarding the oxygen
distribution inside the fibers indicate that this process is occurring
over the whole fiber cross-section (Supporting Information, Figure
S3).

3.4. Influence of acid concentration

To investigate the influence of acid concentration, green fibers
were treated with four different HNO5 acid concentrations varying
from 10 vol.% to 40 vol.% (OFyno3-10%, OFyno3—-20%, OFyno3—30%
and OFyno3—40%). As reported by Vilaplana-Ortego et al, a high
acid concentration of more than 40 vol% can result in the de-
composition of the fibers and partial dissolution during the dip-
ping process. This observation is consistent with the behavior of
asphaltene-based fibers in this study. A concentration lower than
10 vol.% can lead to inhomogeneous fiber oxidation and partial
melting of the fibers during the oxidative heat treatment. There-
fore, the minimum HNO3 concentration was chosen to be 10 vol.%
and the maximum as 40 vol.% (based on a 15.8 N HNO;3 solution).

Oxidized fibers resulting from treatments using various acid
concentrations were examined via SEM. Oxidized fibers obtained
from the treatment with the lowest acid concentration (OFyno3—
10%) had structural defects on the surface, as seen in Fig. 3a.
In contrast, oxidized fibers obtained from the highest HNO3; con-
centration treatment of 40 vol.% show homogenous and smooth
surface with less defects (Fig. 3c). The difference in the sur-
face smoothness becomes more pronounced after carbonization at
1500°C (Fig. 3b and d). SEM images of OFyno3-20% and OFynos3-—
30% follow the same trend and are shown in the Supporting Infor-
mation (Figure S4).

The elemental compositions for the various acid treated sam-
ples differ somewhat (Table 2), but the C/H values are all in the
range of 1.79 to 1.96. The nitrogen content of OFyng3-20% was
lower than the other samples and the reason for this is not clear.
The ratio of carbon to all heteroatoms was nevertheless an almost
constant C/(NOS) ratio for the 4 different acid concentrations. The
highest molar C/H ratio and lowest C/(NOS) ratio was found at the
highest acid concentration (Fig. 4a).

After the carbonization process at 1500°C, the average diame-
ters of the carbonized fibers had slight variations (Fig. 4b). The
smallest fibers (8.8 pm) were obtained with the highest concen-
tration of HNO3 (40 vol.%), whereas the largest mean diameter
(11.3 pm) was obtained with 10 vol.% of HNOs. The difference be-
tween the 20 vol% and 30 vol.% concentrations were less pro-
nounced; however, with average diameters of 9.9 and 9.8 pum, re-
spectively. Since the diameter differences were not very significant,
the experiment was repeated with a second asphaltene fiber batch
with a larger green fiber diameter. The same trend was observed
(see Supporting Information, Figure S6). A third fiber batch with
another asphaltene fiber diameter was processed as well. These
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Fig. 3. SE micrographs of a) oxidized fibers and b) carbon fibers obtained with concentration of 10 vol.% HNO; treatment, and c) oxidized fibers and d) carbon fibers obtained
with concentration 40 vol.% HNO3 treatment.

Table 2
Elemental composition of different oxidized fibers synthesized using different HNO3 concentration and fiber characteristics of the resulting carbon fibers. Compo-

sition is determined via elemental analysis.

CHNS analysis of oxidized fibers Carbon fiber characteristics?

Tensile
Modulus’ | GPa

Tensile
strength!/ MPa

Element content®"¢ | wt.% Molar ratio

Dia-meter®/ pm

Sample C H N S 0 C/H C/NOS
OFyn03—-10% 64.94 3.03 3.36 5.80 22.87 1.79 2.97 113 418 (141) 18.2 (3.6)
OFyn03-20% 65.38 2.84 3.08 5.80 22.90 1.92 2.98 9.9 440 (199) 18.0 (4.5)
OFyn03-30% 65.10 2.90 3.39 5.93 22.68 1.87 2.94 9.8 630 (269) 27.9 (7.8)
OFyn03—40% 64.46 2.74 342 5.91 23.47 1.96 2.83 8.8 811 (371) 32.7 (14.1)

2 Values are obtained as an average from 3 measurements (with a standard deviation smaller than 5%), or 2 measurements if the composition difference was
smaller than 5%

b O content is calculated from the residual mass. Other components in the precursor material such as V and Ni are below 1500 ppm (determined via XRF,
Supporting information Table S1). It is assumed that these element contents are constant for all fibers and therefore, changes in residual mass content are only

due to changes in O content.
¢ From oxidized fibers.
d From corresponding carbonized fibers.
¢ Diameter determined as the average diameter from 60 or more single fibers.
f Average value from 20 single fiber measurements; standard deviation given in the brackets.
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Fig. 4. a) Plots of C/H (black square) and C/NOS (red circle) molar ratios as a function of HNO3; concentration. b) Fiber diameter versus HNO5; concentration for asphaltene
fibers (grey square), oxidized fiber (blue circle) and carbon fiber (red triangle). c) Carbon fiber diameter versus C/H ratio for OFyno3-10%, OFyno3-20%, OFuno3-30% and
OFyno3—40%. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).
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results will be discussed in a later section; however, there was a
comparable diameter-concentration trend.

The yield after carbonization for all four acid concentrations
samples were similar with values ranging from 37 wt.% - 38 wt.%.
Hence, it is unlikely that the smaller fiber diameter with increas-
ing acid concentration is caused by more pronounced CO, forma-
tion, which would cause higher carbon consumption. A possible
explanation for the surface inhomogeneity and larger fiber diam-
eter for fibers treated with lower acid concentration could be at-
tributed to a lower fiber density. A higher C/H ratio indicates more
oxidation reaction. This could result in a higher aromatic carbon
content in the oxidized fibers. Thus, aromatic intramolecular inter-
actions could be preferred, leading to a higher carbon fiber den-
sity and a slightly smaller average diameter. To test this hypothe-
sis, the densities of CF-20% and CF-40% were determined as 1.56
and 1.57 g cm?, respectively, via pycnometer methods using CCly
as a solvent. Because of possible solvent evaporation, low wetta-
bility and possible weighing errors, the obtained density difference
cannot be regarded as significant. Assuming that a lower density
is also related to a higher porosity in the carbon fiber, the microp-
ore and mesopore volumes of CF-20% and CF-40% were determined
via nitrogen physisorption. CF-40% has a pore volume of 0.03 cm3
g1, whereas CF-20% exhibits a pore volume of 0.08 cm3 g-!. It
should be noted that such a difference in pore volume (0.05 cm3
g~1) is not very significant either; however, considering the relative
change in the C/H ratio and the carbon fiber diameter, the relative
pore volume difference is not expected to be pronounced. Powder
X-ray diffraction (P-XRD) did not indicate any difference in the d-
spacings for the two carbon fibers (Supporting Information, Figure
S7). Further testing with other asphaltene precursors and different
diameter ranges should be done for confirmation.

The influence of acid concentration on the tensile performance
of carbon fibers obtained from OFyno3-10%, OFyno3—-20%, OFuno3—

30%, and OFyNo3—40% (Fig. 5a and b) was also investigated. In the
current section, the samples are denoted as CF-10%, CF-20%, CF-
30% and CF-40% according to the used acid concentration. With in-
creasing acid concentration higher tensile strengths were achieved.
Note that the large error bars stem from the broad diameter dis-
tribution of the carbon fibers (see Supporting Information, Figure
S8). This was also the case for the Young’s modulus. CF-40% has
the highest average tensile strength and modulus with values of
811 MPa and 32.7 GPa, respectively. Individual fibers were able to
reach even higher tensile strengths and moduli with values up to
1230 MPa and 47.2 GPa, respectively. This fiber performance can
compete with other reported low-cost isotropic pitch-based carbon
fibers [29,30]. However, the performance cannot match the high
values for mesophase pitch-based carbon fibers or PAN-based car-
bon fibers [31-34]. The significantly lower cost of the unmodified
asphaltene precursor still makes it a promising material for fur-
ther research. It is noteworthy that the asphaltene precursor has
been used without any further material improvement and it is a
by-product from an industrial process. Furthermore, the carboniza-
tion temperature is only 1500°C. It has been reported that higher
carbonization temperatures of 2500°C or even higher can signif-
icantly improve the tensile properties of carbon fibers, especially
the Young’s modulus, due to graphitization [35, 36].

To see whether the better tensile performance is due to the
higher acid concentration or the smaller average carbon fiber di-
ameter, two other fiber batches derived from the same raw asphal-
tene precursor were tested. The green fiber diameters of those two
batches, designated as batch 2 and batch 3, were both larger than
the green fibers for CF-40% (batch 1), with average green fiber di-
ameters of 16.8 um for batch 2 and 16.5 um for batch 3. Both
batches were treated in the same manner as CF-40%. The resulting
average carbon fiber diameters were 9.6 um and 9.3 pum, which
are larger than the average diameter for sample CF-40% and com-
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parable to CF-30% from batch 1. The effect on tensile properties is
shown in Fig. 5c¢) and 5d). Better tensile performance can be at-
tributed to smaller carbon fiber diameters and not to acid concen-
tration. This behavior has also been reported by Tagawa et al. for
PAN-, and mesophase pitch-based carbon fibers and is related to
the non-isotropic statistical defect distribution in the fibers [37].

4. Conclusions

Carbon fibers have been prepared using a raw asphaltene pre-
cursor and a melt spinning process. Since the precursor materials
displays a low softening point material, an acid treatment was ap-
plied to enable further heat treatment for the generation of car-
bon fibers. This work examined the mechanism for fiber struc-
ture stabilization. It was found that treatment with an oxidizing
acid (HNO3 or H,S0O4) was required for retaining the fibrous struc-
ture during further processing and that the same could not be ac-
complished by non-oxidizing acid treatment (HCI). The increase in
C/H ratio during thermal treatment after stabilization using HNO3
was related to the thermal decomposition of nitro-groups that fa-
cilitated air oxidation and other thermal decomposition reactions
leading to the loss of volatile hydrogen-rich products, such as light
hydrocarbons.

Carbon fiber diameter was dependent on acid concentration,
with a higher acid concentration leading to more pronounced fiber
shrinkage and, therefore, smaller carbon fiber diameters. Smaller
diameter fibers, which were obtained with higher acid concen-
trations, show better performance than larger diameter fibers
with tensile strength and Young’s modulus reaching 811 MPa and
32.7 GPa, respectively. The combination of a low cost precursor and
a relatively low carbonization temperature (1500°C) makes asphal-
tene a promising candidate for the fabrication of carbon fibers for
structural applications.
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