JOURNAL OF MATERIALS SCIENCE 28 (1993) 3741-3748

Enhanced mesophase formation of petroleum
pitch by polyaromatic hydrocarbon addition

YUN-SOO LIM, BURT I. LEE*

Department of Ceramic Engineering, Clemson University, Clemson, SC 29634, USA

Enhanced mesophase yield was achieved for A-240 pitch by addition of aromatic hydrocarbon
compounds (anthracene and acenaphthylene) as nucleating agents. A-240 pitch was
acid/solvent extracted prior to adding the aromatic hydrocarbons. The mesophase yields
increased by significant amounts at 1 wt % addition of the nucleating agents, but decreased at
3 wt% addition. A source of Bronsted acids was required to initiate the catalytic reaction

enhancing the mesophase formation.

1. Introduction

The principal constituent molecules of the precursor
pitch for carbon fibres are a disc-like aromatic pitch
compound. The compound phase is composed of
isochromatic areas that increase in size and magnitude
at the expense of the original isotropic liquid phase, as
carbonization proceeds. Such a structural character-
istic causes several problems in the production of
pitch-based carbon fibres. One problem causing con-
cern is the strength of the as-spun pitch fibres as well
as the carbonized fibres. The low reactivity of pitch
fibres for oxidative stabilization is another problem.
Such problems may be solved by the polymerization
of the constituent molecules of precursor pitch and/or
the addition of reactive functional compounds having,
for example, naphthenic and alkyl groups [1, 2].

A number of researchers have recognized the im-
portance of reactivity and coking rates while studying
the carbonization for mesophase development by
reactive aromatic hydrocarbon compounds [3-8].
Mochida et al. [9] noted that the carbonization reac-
tion proceeds through radical initiation, propagation,
recombination (condensation), and termination. Syn-
thesis of pitch from pure aromatic hydrocarbons with
the aid of catalysts which can provide more suitable
structure has been examined using acids. Strong Lewis
acids, e.g. AlCl,, FeCl,;, ZnCl, and BF;, have been
used as the catalysts [10]. The acids were expected to
perform selectively Friedel-Crafts reactions of aro-
matic rings. Bronsted acids, e.g. HNO,, HCl, H,SO,
and HF, have also been used as catalysts in the
Friedel-Crafts reaction for alcohols.

In this study, solvent-extracted/purified petroleum
pitches were mixed with anthracene (C, ,H, ) or acen-
aphthylene (C, ,Hg) ranging from 1-3 wt % as a nucle-
ation catalyst to enhance the mesophase formation. In
other words, the purpose of adding a pure aromatic
hydrocarbon is to promote the degree and kinetics of
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liquid crystallinity at lower temperatures. The charac-
teristics of the nucleating agents used for mesophase
formation in this study are given in Table I.

2. Experimental procedure

A quantity (20 g) of A-240 pitch (a petroleum pitch
having a softening point of 240F (~115°C), Ashland
Co.) was magnetically stirred with organic solvents or
acidified organic solvents for 5 h at room temperature,
and the residue was filtered using a vacuum pump,
and dried in a vacuum oven for 3h at 60°C. The
solvent and acid composition and amounts of residue
are shown in Table I1. The acidified solvents were used
to extract any inorganic impurities in the pitch; the
results have been reported previously [11]. The results
are potentially significant because the metallic impu-
rities adversely affect the properties of the carbona-
ceous products. The dried pitch residue was mixed
with 1 wt % anthracene or acenaphthylene as a nu-
cleating agent for mesophase formation. The blended
pitches were initially dissolved in benzene and dried in
a nitrogen atmosphere at room temperature, then
dispersed again in ethanol. The pitch slurry was
heated to 350 °C for 1 or 2 h in a nitrogen atmosphere.
Diffuse reflectance-Fourier transform-infrared spec-
troscopy (FT-IR) was used to analyse the nature and
type of functional groups formed in the mesophase
during the heat treatment.

Mesophase pitch specimens for microscopic exam-
ination were prepared by encapsulating the heat-
treated pieces of pitch in a ring mould with a liquid
epoxide resin and a hardener, which were cured at
room temperature. The optical textures of the meso-
phase pitches after polishing were observed under a
reflection polarized microscope to distinguish between
isotropic and anisotropic regions and to compare
the differences between the mesophase pitches.
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Microscopic observations and photography were car-
ried out with a Zeiss model ICM-405. All photomicro-
graphs were taken at x 160. In general, several areas
of the polished section were photographed with Polar-
oid Type 53 ISO 800 film.

The softening point was measured in air using
Fisher-Jones melting point apparatus by the polymer
melt or stick-temperature test using fine-powder
mesophase pitches. The flow diagram for the experi-
ment is shown in Fig. 1.

3. Results and discussion

3.1. Infrared spectroscopy

Fig. 2 shows the 1 wt% anthracene-added pitches
after heat treatment at 350°C. No qualitative differ-
ences between the different pitches are seen in Fig. 2.
On comparing this figure with the FT-IR spectra of
mesophase THE10 (350°C/2h) pitch in Fig. 3b, no
effect of anthracene in the mesophase pitches could be
qualitatively distinguished except for the peak for
atmospheric CO, at 2350 cm™!. This indicates that
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Figure | Flow diagram for the formation of nucleated mesophase.
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TABLE I Characteristic properties of nucleating agents used

Anthracene Acenaphthylene
Mol. weight 178.24 15221
Melting point (°C) 216 92
Boiling point (°C) 340 265
Density (g cm™3) 1.283 0.8988
Formula Ci.Hyo C,,Hg
Structure

edol<o

TABLE II Weight per cent of insoluble residue of A-240 pitch in
various extraction systems (ml/20 g A-240 pitch)

Sample Extraction system Insoluble (%)
THE10 20 ml hexane + 180 ml toluene 21.8
THE30 60 ml hexane + 140 mi toluene 29.8
THEI0A 20 ml hexane + 180 ml toluene + A* 289
THE30A 60 ml hexane + 140 ml toluene + A 31.2
THE10F 20 ml hexane + 180 ml toluene + F®  23.8
THE30F 60 ml hexane + 140 ml toluene + F 29.9

*A = Iv HCI (15 ml) + 1M HNO, (5 ml) + EtOH (20 ml).
F = 6% HF (20 ml) + EtOH (20 ml).

TABLE III Aromaticity of pitches with various nucleating
agents added after heat treating at 350°C for 2 h

Mesophase INU 1ACNU 3NU 3ACNU

A240 1.00 1.10 1.00 1.04
THE10 1.04 1.11 1.08 1.09

THE30 1.03 1.04 1.07 1.07 1.06
THEI0A 105 1.06 1.07 1.05 1.08
THE30A 105 1.06 1.07 1.09
THEIOF  1.06 1.10 1.06 1.0S
THE30F 1.03 1.09 1.06 1.06 1.08

Note: INU, 1 wt% anthracene-added pitch; TACNU, 1 wt%
acenaphthylene-added pitch; 3NU, 3 wt % anthracene-added pitch;
3ACNU, 3 wt % acenaphthylene added pitch.

anthracene has been consumed during the heat treat-
ments. In Fig. 4, some quantitative differences are
shown between anthracene- and acenaphthylene-
added mesophase pitch which were heat treated at
350°C for 2 h. Changes in the aromaticity represented
by the peak height ratio at 3050-2920 cm ™ * are listed
in Table III. No correlation could be found in the
aromaticity, with the exception of increasing aroma-
ticity after blending of the nucleating agents.

3.2. Microstructure analysis

The mounted and polished mesophase samples were
examined under a polarized reflected light micro-
scope. The THE30F samples with 1% anthracene and
1% acenaphthylene (Fig. 5b and c) show an enhanced
mesophase compared to THE30F, without the addi-
tives (Fig. 5a). Small size of anisotropic spheres are
observed in a predominantly isotropic matrix of the
mesophase pitch prepared from the original THE30F.
In contrast, enhanced anisotropic mesophase from the
THE30F modified with the nucleating agents, i.e.
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Figure 2 FT-IR spectra of 1 wt% anthracene-added mesophase
pitches after heat treatment at 350 °C for 2 h: (a) A-240; (b) THE10;
(c) THE10A; (d) THE10F.
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Figure 3 FT-1IR spectra of THE10 pitches, (a) before heat treat-
ment, (b) after heat treatment at 350°C for 2 h.

anthracene and acenaphthylene, is exhibited. It is well
known that addition of fine particles as seeds enhances
crystallization in ceramic materials with respect to the
kinetics.

Thus blending of a catalytic amount of pure aro-
matic hydrocarbons of naphthenic structure as seeds,
with pitch may enhance mesophase formation. This is
because the naphthenic hydrogens in the pitch play an
important role in the development of a liquid crystal
state [12].

The enhanced mesophase formation phenomenon
observed in this study must be attributed to HF acting
as a catalyst for ring condensation of the pitch and
aromatic hydrocarbon, analogous to acidic inorganic
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Figure 4 FT-IR spectra of 1 wt % nucleating agent-added THE10
mesophase pitches after heat treatment at 350°C for 2 h: (a) 1 wt %
anthracene added; (b) 1 wt % acenaphthylene added..

halides (e.g. AICl;), favouring condensation of aro-
matic hydrocarbon [6, 7]. The HF with ethanol is
expected to perform selectively a Friedel-Crafts reac-
tion with aromatic rings in the pitch and aromatic
hydrocarbons, preserving methyl groups on the aro-
matic rings of mesophase pitch. New carbon—carbon
bonds are formed by the Friedel-Crafts reaction.
However, THE30 (30% hexane, 70% toluenc-ex-
tracted pitch) with 1 wt % anthracene or acenaphthyl-
ene, did not show enhanced mesophase formation
after heat treatment at 350°C for 2 h, as shown in
Fig. 6. Only 1 wt % nucleating agent was fully mixed
with THE30 pitch without any effects, because this
amount nucleating agent is too small to cause any
change in the absence of proton from the acids. This is
because a Friedel-Crafts reaction requires a source of
protons, and hence the enhancement of mesophase
formation by blending of pure aromatic hydrocarbons
requires a strong Bronsted acid catalyst with alcohol.
Fig. 7 shows the THE10A and 1 wt % acenaphthy-
lene-added THE10A mesophase after heat treatment
at 350°C for 2 h. The THE10A with 1 wt % added
acenaphthylene shows the well-developed spherical
mesophase in the presence of Bronsted acids, i.e. HC]
and HNOj;, which caused the condensation reaction
during the heat treatment via the free radical mech-
anism, with the polycondensation of acenaphthylene
[10]. HCI and HNO5, which provided protons, affec-
ted the aromatic condensation reaction via the
Friedel-Crafts reaction during the heat treatment.
Fig. 8 shows the change in anisotropic content in
THE30 by the blending of pure aromatic hydrocar-
bons. An addition of 1 wt % anthracene and acen-
aphthylene to THE30 (Fig. 8b and c) shows no effect,
compared with THE30 (Fig. 8a). On the other hand,
the 3 wt % added THE30 (Fig. 8¢ and f) shows a large
number of small nucleus spheres in the matrix. This
indicates that the addition of 3 wt % anthracene
hinders the mesophase formation in the pitch without
a proton source, as previously observed. The sample
with 3 wt % acenaphthylene added (Fig. 8d) shows no
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Figure 5 Mesophase microstructures of THE30F pitches after heat
treatment in a nitrogen atmosphere at 350 °C for 2 h in the presence
of 1 wt % nucleating agents ( x 160): (a) THE30F; (b) THE30F with
anthracene; (c) THE30F with acenaphthylene

mesophase formation at 350°C for 1 h. It is clearly
shown that the aromatic hydrocarbon hinders meso-
phase formation when no proton source is present in
the pitch. These results agree well with those of
Stevens and Diefendorf [3]. They showed that the
amount of mesophase formed deerecased with the in-
crease in the addition of aromatic hydrocarbons. As-
suming the mesophase pitch is made up of molecules
which show varying degrees of mesophase-forming
potential, the addition of a new species in significant
quantities will cause a repartitioning of components



Figure 6 Mesophase microstructures of 1 wt % nucleating agents-
added THE30 pitch after heat treatment at 350°C for 2h in a
nitrogen atmosphere ( x 160): (2) no additive; (b) anthracene added;
(c) acenaphthylene added.

between the mesophase and the isotropic phase. The
addition of aromatic hydrocarbons to pitch is found
to be very effective in controlling the amount of
mesophase in the resultant carbons. This is explained
by the fact that any molecules present which are not
mesophase formers, adversely affect the formation of
mesophase. However, in the presence of protons, the
aromatic hydrocarbons can be polymerized to become
mesophase formers. The addition of aromatic hydro-
carbons in quantities larger than the catalytic amount
decreases the mesophase formation, because these

Figure 7 Microstructures of THE10A mesophase pitch after heat
treatment at 350°C for 2h in a nitrogen atmosphere (x 160):
(a) with no additive; (b) with 1 wt % acenaphthylene.

molecules by themselves are unable to function as a
nucleating agent [3, 13, 14].

Fig. 9 shows the mesophase microstructure of the
THE10F with 3 wt % anthracene and acenaphthylene
at 350°C for 2h. As discussed previously, 1 wt %
aromatic hydrocarbons gives enhanced mesophase
formation in the presence of acid. However, pitches
with 3 wt % aromatic hydrocarbons added, show no
significant increase in mesophase formation, although
the size of the spheres is a little larger than the pitch
without the nucleating agents. Therefore, acids are
needed as a catalyst for enhanced mesophase forma-
tion when a pitch is blended with a catalytic amount of
aromatic hydrocarbons. The nature of the interaction
between the aromatic hydrocarbons and the pitch, and
its effects on mesophase development, appears to be
closely related to the reactivity of the aromatic hydro-
carbons and the catalytic conditions.

3.3. Softening temperatures and solubilities
of mesophase with added
nucleating agents
The softening temperature was measured by the poly-
mer melt or stick-temperature test using fine-powder
mesophase pitches. The results are given in Table TV.
The softening temperatures of 1 wt % anthracene- and
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Figure 8 Mesophase microstructures of THE30 pitches after heat treatment under various conditions with anthracene (NU) and ace-
naphthylene (ACNU) at 350 °C ( x 160): (2) THE30 (2 h); (b} 1 wt % Nu (2 h); (c) 1 wt % ACNU (2 h); (d) 3 wt % NU (1 h); (¢) 3 wt % NU (2 h);
{f) 3 wt% (2 h).

acenaphthylene-blended mesophase pitches were in-
creased on addition of nucleating agents (NU and
ACNU). This is because of the enhanced mesophase
formation, as shown in Figs 5and 7. As the amount of
additives increased, the mesophase formation was
hindered, as shown in Fig. 8d-f. This is reflected in the
softening temperature of 3 wt % blended pitches in
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Table TV. It shows that the softening points are de-
creased by a 3 wt % addition. This trend is consistent
with the observation of optical texture under the
microscope. The solubilities of the mesophases in
THF were obtained by Soxhlet extraction of finely
crushed mesophase pitch powders at the boiling point
of the THF. The results are given in Table V. Although
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Figure 9 Mesophase microstructures of 3 wt % nucleating agents-
added THEIOF pitch after heat treatment at 350°C for 2h in a
nitrogen atmosphere: (a) THE!OF; (b) THEIOF + anthracene;
(c) THE1OF + acenaphthylene.

well-developed spherical mesophase was exhibited by
all of the THE10, the nucleating agent-added meso-
phase pitches (INUTHE10 and 1ACNUTHEI1L0)
have a lower THFI than THE10 (350°C/2h)
mesophase pitch. In the case of acidified solvent ex-
traction, the nucleating agents-added mesophase
pitches (INUTHE10A, I[ACNUTHEIOF and

TABLE IV Softening points of pitches with various nucleating
agents after heat treatment at 350°C for 2 h

Softening points (°C)

Mesophase INU [ACNU 3NU 3ACNU
A-240 157.3 2162 1508 1335 1478
THELQ 245.9 331.7 3039 269.8 2764
THE30 220.7 2533 2956 2599 2553
THEI0A  268.7 313.6 2974 2781
THE30A 2526 2550 3027 2717 2737
THE10F 2487 3123 2249 2675 2717
THE30F 2283 2965  256.7 269.3  280.8

Note: for abbreviations, see Table I

TABLE V THEF insolubles of mesophases (350°C/2 h} obtained
by Soxhlet extraction method for 2 h

THF insolubles (%)

350°C INU 1ACNU
A-240 23.81 32.46 33.33
THE10 89.10 81.36 85.45
THE10A 92.38 87.74 74.26
THE10F 87.48 91.23 69.57

Note: For abbreviations, see Table JIL

IACNUTHEI10QF) also show lower THFI than
THE10A and THE10F without the nucleating agents,
except INUTHE10 mesophase pitch. That is, 1 wt %
blended mesophase was more soluble than the un-
blended mesophase. This is contradictory to the pre-
vious explanation that more mesophase indicates
lower solvent solubility. The alkyl groups produced by
the Friedel-Crafts alkylation reaction may be given
the lower solvent insoluble in Soxhlet extraction.
Thus, it is incorrect to say that the more mesophase,
the less soluble is in the solvent.

4. Conclusions

1. A source of acid is required for the Friedel-
Crafts reaction in the condensation reaction of aro-
matic rings.

2. The catalytic amounts of nucleating agents have
been consumed completely during the heat treatment
which increased the aromaticity of the pitch.

3. When 1 wt% pure aromatic hydrocarbons
(anthracene and acenaphthylene) were added to the
acidified solvent-extracted pitch, larger mesophase
spherules were obtained compared with the meso-
phase formation without the pure aromatic hydrocar-
bons.
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