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Abstract

The facile production of high-purity mesophase pitch has been a long-standing desire in various carbon industries. Recently,
polymer additives for mesophase production have attracted much attention because of their convenience and efficiency. We
propose polyvinylidene fluoride (PVDF) as a strong candidate as an effective additive for mesophase production. The meso-
phase content and structural, chemical, and thermal properties of pitches obtained with different amounts of added PVDF
are discussed. The influence of PVDF decomposition on mesophase formation is also discussed. We believe that this work

provides an effective option for mesophase pitch production.
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1 Introduction

Since mesophase pitch was identified by Brooks and Tay-
lor, it has attracted considerable attention as the precursor
of conductive carbon materials such as carbon fiber, artifi-
cial graphite, and anode materials used in lithium-ion bat-
teries due to its anisotropy and graphitizable nature [1-4].
Mesophase pitch is prepared from polyaromatic hydrocarbon
sources such as petroleum residue, coal tar, and single-com-
ponent aromatic compounds [2, 5, 6]. Petroleum residue-
based mesophase pitch has been studied intensively because
of its abundance and affordable price. However, high-purity
mesophase pitch is difficult to obtain by the simple pyrolysis
of petroleum residue sources. Researchers worldwide have
paid attention to additive-assisted reactions for the produc-
tion of highly anisotropic petroleum-based mesophase pitch.
There are many additives that can effectively produce meso-
phase pitch, such as inorganic additives, polymeric additives,
and hydrocarbon fractions [7—13]. Halogen-based additives
have shown remarkable performance by providing active
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ions for dehydrogenation [10—12]. However, in many cases,
they require tedious purification steps. Polymer-based addi-
tives have advantages in terms of convenience because they
basically decompose and gasify at mesophase-producing
temperatures [7-9]. In other words, polymeric additives
do not need any impurity removal steps. Many researchers
and members of the carbon industry are eager to find highly
effective and highly convenient additives for mesophase
pitch production.

In this work, we suggest PVDF as an effective and expe-
dient additive for mesophase production. The structural,
chemical, and thermal differences of pristine pitch and
PVDF-aided pitch were comprehensively discussed. The
effect of PVDF on mesophase formation and its mechanism
were suggested. We hope this research will inspire new tech-
niques for mesophase pitch production.

2 Experimental
2.1 Materials used
Fluid catalytic decant oil (FCC-DO) was provided by the
Hyundai Oilbank (South Korea). PVDF (average molecu-

lar weight of 530,000 g/mol) was purchased from Sigma-
Aldrich (USA).
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2.2 Preparation of pitch

The pitches were produced under the following pyrolysis
conditions. FCC-DO was pyrolyzed at 430 °C for 8 h in
a N, atmosphere. The heating rate was 2 °C/min, and the
nitrogen flow rate was 100 cc/min. The as-prepared pitch
was named 430-8. The PVDF-aided pitches were prepared
from a mixture of FCC-DO and PVDF. The PVDF mixtures
were pyrolyzed under the same conditions mentioned above.
The PVDF-assisted pitches were named 430-8-FPX, where
X is the weight percentage of PVDF in the mixture of PVDF
and FCC-DO.

2.3 Material characterization

The structural analysis of the prepared pitches was con-
ducted with X-ray diffraction (XRD) and Raman spectros-
copy. XRD was conducted with a D8 Advance spectrometer
(Bruker, USA) with Cu Ka radiation. Raman spectroscopy
was performed with a LabRAM HR-800 (Horiba, Japan)
with a 514 nm excitation laser. The chemical composi-
tion of the pitches was examined with X-ray photoelectron
spectroscopy (XPS, K-alpha+, Thermo Fisher Scientific,
USA) and elemental analysis (EA, Flash2000 and EA1112,
Thermo Fisher Scientific, USA). The thermal properties of
the pitches were analyzed with a TGA/DSCI1 instrument
(Metler Toledo, USA). The heating range was 30—-1000 °C
under a nitrogen atmosphere, and the heating rate was 5 °C/
min. The softening point of the pitches was estimated with
a DP90 (Metler Toledo, USA) according to the procedures
of ASTM3461. The content of toluene insoluble (TI) and
quinoline insoluble (QI) is evaluated according to ASTM
D4312-95 and ASTM D4746-14, respectively. The d-spac-
ing (dy,) and vertical stacking height of the carbon layer
(L) were calculated with XRD data using Bragg’s equation
and Scherrer—Warren’s equation below.

nA =2dsiné, (D
0.894
L = 24
¢ pcos@’ @

where 6 is the peak position of the (002) peak, 4 is the wave-
length of the incident beam, and f is the full width at half
maximum of the (002) peak.
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3 Results and discussion

Structural analysis was conducted with XRD and Raman
spectroscopy, as shown in Fig. 1a, b. The structural param-
eters, such as the dy,, L, and Ip/I; values, were calculated
and are presented in Table 1. Figure la and Table 1 show
that the interlayer spacing d, slightly decreases with the
proportion of PVDF in the raw material. The lateral crystal
sizes of the pitches, L., were significantly increased upon
addition of PVDF. The L value of the 430-8-FP2.1 sample
was approximately 2.6 times larger than that of the pris-
tine 430-8 sample. The PVDF-assisted reaction seems more
helpful for constructing larger crystallites than for narrowing
the interlayer space. Moreover, the Ip/I; values of the as-
prepared pitches decreased as PVDF was added. This means
that the addition of PVDF promotes the formation of carbon
planes with fewer defects [14, 15]. From the structural data
obtained from XRD analysis and Raman spectra, it is clear
that the addition of PVDF in the pitch synthetic reaction can
help form larger and more ordered carbon structures than
the pristine pitch producing method. In detail, the PVDF
decomposition reaction results in large and well-ordered
crystalline pitch.

The chemical and thermal properties of the pitches are
presented in Fig. 2. The corresponding analysis values
are arranged in Table 2. From the EA data in Fig. 2a and
Table 2, the carbon content increased with the amount of
added PVDF, while the amount of hydrogen decreased.
Accordingly, the molecular ratio C/H increased as more
PVDF was added, as shown in Fig. 2a. This seems to be
because PVDF assisted in forming a carbon structure by pro-
moting the dehydrogenation reaction. These results support
the structural improvement by the PVDF-assisted reaction
confirmed by XRD and Raman spectra.

The TGA curves of the pitches used in this study are
shown in Fig. 2b. The weight losses at temperatures of
approximately 200-300 °C are defined as the vaporization
of volatile compounds in the pitches, and the weight loss
at 400-600 °C is often considered as dehydrogenation and
dealkylation in the coking reaction [16]. The resulting car-
bonization yields of pitches in Table 2 imply that PVDF
addition can improve the thermal stability of the resulting
pitches. In addition, the softening point of the pitches signifi-
cantly increased with the addition of PVDF; the 430-8-FP0.7
sample had a 117.1 °C higher softening point than that of
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Fig.1 XRD data (a) and Raman spectra (b) of the prepared pitches

Table 1 Structural parameters of the prepared pitches

Sample dyp (nm) L. (nm) Iy/lg
430-8 3.459 9.09 0.67
430-8-FP0.7 3.458 2245 0.65
430-8-FP1.4 3.454 22.63 0.64
430-8-FP2.1 3.452 24.00 0.61

the pristine pitch. The softening points of the 430-8-FP1.4
and 430-8-FP2.1 samples were not detected, so consider-
ing the TGA results, those samples were considered to be
the intermediate of mesophase pitch and cokes. Considering
the structural analysis, the large and well-ordered structure
achieved by the PVDF-assisted reaction affected the thermal
stability and softening behavior with the large molecular size
and stronger bonding.

The XPS survey spectra of the as-prepared pitches are
presented in Fig. 2c to evaluate the presence of remaining
PVDF and fluorine functional groups. In the XPS spectra,
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no fluorine peaks were observed even for the 430-8-FP2.1
sample. According to prior research, PVDF with a similar
molecular weight used in this study starts to decompose at
approximately 410 °C under inert conditions, and heat treat-
ment at 430 °C for 8 h seems sufficient to degrade all of
the added PVDF [17, 18]. This is an advantageous result
because PVDF-aided pitches do not need any purification
steps. The chemical and thermal analyses from EA and TGA
agreed with the structural analysis, and the XPS spectra
demonstrated an additional advantage of the PVDF-assisted
reaction.

The polarized images of the as-prepared pitches are
shown in Fig. 3. As seen by comparing the pristine pitch
with the PVDF-assisted pitches, the PVDF-assisted pitches
contained overwhelmingly large mesophase domains. This
mesophase domain is comparable to those obtained via
halogenating catalyst-assisted reactions involving FeCls,
AlCl;, and HF/BF; [10-12]. The 430-8 sample had a large
proportion of isotropic regions, and only 0.7 weight percent
PVDF resulted in nearly fully grown mesophase domains.

@ Springer
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Fig.2 C/H ratio (a), TGA curves (b), and XPS survey spectra (c) of the prepared pitches

The 430-8-FP2.1 sample exhibited a full anisotropic tex-
ture, which can be found in needle cokes. The 430-8-FP0.7
sample with a softening point of 313 °C could be applied to
conductive mesophase pitch-based carbon fibers. Further-
more, the 430-8-FP1.4 and 430-8-FP2.1 samples could be
used as filler materials for high-quality graphite materials.
We expect that the anisotropic texture and structural and
thermal properties can be controlled by modifying variables
such as the reaction temperature, reaction time, amounts of
additives, and types of additives similar to PVDF to comply
with the specifications for their applications. The advantage
of this result is that the PVDF-assisted reaction produces
large domain mesophase pitch and needle cokes with the
addition of a small amount of PVDF and no need for any
post-treatments.
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The manufacturing yield and solvent solubilities of
pitches in Table 2 support the thermal stabilities and meso-
phase contents. As the amount of added PVDF increases,
the QI components increased. This is because of the
increasement of large molecular mesophase content. And
the increasement of thermally stable QI components can be
directly connected to increase in carbonization yield. While
mesophase content and carbonization yield were drastically
increased by addition of 0.7% of PVDF, the manufactur-
ing yield decreased only 3.7%. From this result, we expect
that the effect of decomposed PVDF is the acceleration of
polymerization rather than the volatilization of the light
components. And from the polymerizing effect, contents of
the heavy fraction referred as QI drastically increased along
the added amount of PVDF.
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Table 2 Chemical compositions, carbonization yields, and softening points of the prepared pitches

QI (wt%)

TI-QS (wt%)

TS (wt%)

SP(°C)  CY*(wt%) C(wt%) Hwt%)  OWwt%) N W%  Swt%)  C/H (mol/mol)

Yield (%)

Sample

34.8

442

21

1.83
1.90
2.01
2.06

0.50
0.50
0.47
0.45

0.60
0.60
0.57
0.55

0.47
0.38
0.40
0.42

23
07
98
77

4.

92.85

45.1

196.4
313.5
N.D.
N.D

57.4

430-8

63.2

274

9.4
3.7

2.3

4.

92.93

64.5

53.7
5

430-8-FP0.7
430-8-FP1.4
430-8-FP2.1

78.5

17.8
11

3.

92.95

74.8

2.5

86.7

3.

92.98

78.4

48.6

4Carbonization yield

"Not detected

The schemes for the overall process for the PVDF-
assisted production of mesophase pitch are demonstrated
in Fig. 4a. We suggest that fluorine radicals decomposed
from the heat treatment of PVDF-assisted polymerization
of FCC-DO to create mesogens, and then, these mesogens
acted as mesophase seeds to produce a large domain meso-
phase pitch. The specific reaction pathways are suggested,
as demonstrated in Fig. 4b. The reaction mechanisms were
referenced from the dehydrogenation reaction by halogena-
tion using chlorine- and boron-based catalysts [19, 20].
First, PVDF decomposes upon heat treatment, and fluorine
radicals are generated. Then, the fluorine radicals dehy-
drogenate polyaromatic hydrocarbons in FCC-DO. The
dehydrogenated sites of polyaromatic hydrocarbons act as
radical active sites. Polyaromatic hydrocarbons with more
radical active sites easily react with each other by radical
termination reactions. Through this radical polymerization,
polymerized large molecular polyaromatic hydrocarbons
can serve as mesophase seeds, and these mesophase seeds
promote spherical mesophase formation. This spherical
mesophase, called mesogen, grows as pyrolysis progresses.
Then, the as-grown mesogens coalesce with each other to
form bulky mesophase junk. The fully grown mesophase
gradually develops a flow domain texture [21-24]. The HF
synthesized from dehydrogenation may vaporize and degas
because it has a low boiling point of 19.5 °C, and/or it may
decompose and react to generate H, and F, gas. Then, H,
is degassed, and F, undergoes an additional radical chain
reaction because F, forms radicals even at room temperature
[25-29]. It is considered that the byproducts from this reac-
tion are all in the gas phase at the reaction temperature, so
the resulting pitches do not have impurities.

4 Conclusion

We proposed PVDF-assisted production of mesophase pitch
and its reaction mechanism based on dehydrogenation by
radical chain reaction. The resulting PVDF-aided samples
had larger and more ordered structures than the pristine
pitch. Accordingly, the PVDF-assisted samples presented
higher thermal stabilities than the pristine pitch. Consistent
with the structural and thermal properties, the PVDF-added
samples exhibited a much larger mesophase domain than the
pristine samples. Moreover, the PVDF-assisted reaction did
not produce impurities, so additional purification could be
avoided. With these results, we strongly recommend PVDF
as an additive for mesophase production because it is as
effective as halogen-based catalysts and does not leave any
traces as other polymer additives.

@ Springer
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Fig.4 Schematic of the overall reaction (a) and the reaction mechanism (b) of the PVDF-assisted mesophase formation reaction
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