CHEMISTRY & CHEMICAL TECHNOLOGY

Vol. 5, No. 2, 2011

Chemical Technology

Luiz de Freitas! 2, Maria Tavares? and Ricardo Michel?

LOW FIELD NUCLEAR MAGNETIC RESONANCE OF STRUCTURAL
ALTERATIONS IN COAL TAR PITCH SUBJECTED TO HEAT TREATMENT
1Centro Tecnologico do Exercito, Av. das Americas 28705,

Guaratiba, 23020-470, Rio de Janeiro, RJ, Brasil

2|nstituto de Macromoleculas Prof. Eloisa Mano, Universidade Federal do Rio de Janeiro, CT, Bloco J,
Ilha do Fundao, 21941-972, Rio de Janeiro, RJ, Brasil

Received: December 10, 2010 / Revised: January 19, 2011 / Accepted: March 15, 2011

a deFreitasL., Tavares M., Michd R., 2011

Abstract. Development of anisotropy in tar pitches under
heat treatment was measured by hot centrifugation and by
low field NMR technique through the spin-lattice relaxation
time of the hydrogen nucleus (T;H). By using a double
exponentiadd model for T;H caculations it was possible to
quantify the size of the isotropic and anisotropic domains,
suggesting that low fiedd NMR is a suitable technique to
address anisotropy in pitches.
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1. Introduction

The characterization of raw materials is of
fundamental importance for predicting the properties of
carbonaceous industry products. Besides the parameters
traditionally used for characterization, such as density and
coking value, there are also methods that involve solvent
extraction. Thus, in production of pitches, coke, graphite
electrodes and even more advanced carbon meterials, such
as fibers and composites, it is essential to use appropriate
methods that alow for the characterization of different
fractions involved, among which the determination of
toluene insol ubles and quinoline insol ubles can be cited.

The toluene insolubles (TI) have a molar mass
between 650 and 2000 g/mol, being known as fraction C2
or free carbon. This fraction is considered to be responsible
for the aggregating ability of pitches and acts as the
accelerator in the condensation reactions, increasing the
bulk viscosity [1]. The quinoline insolubles (QI) have the
molar mass over 2000 g/mol being known as C1, primary
or secondary fraction. The primary QI, also known as
natural QI, are condtituted by coals, cokes, pyrolytic carbon,
refractory materials, condensed aromatic hydrocarbons etc.
The secondary QI, also known as alpha resins, are obtained

through heat trestment of pitches being the main
condgtituents of mesophase spheres|[2].

The mesophase consists of planar aromatic
compounds of high molecular mass organized as spheres
dispersed in an isotropic medium with a high degree of
molecular order. The aromatic planes in the spheres are
stacked in parald arrays. As the heat treatment progresses
the spheres coalesce forming extended regions of uniform
orientation [3]. Mesophase is also known as the anisotropic
fraction of the sample being the amount of mesophase
expressed as a sample anisotropy percentage, A. The
anisotropy percentage strongly influences the spinnability
of anisotropic pitches[4].

There is not yet an analytica procedure that can
accuratdy quantify the mesophase in a pitch, i.e. the
anisotropic fraction, athough there are promising resultsin
NMR [5, 6]. The relative amount between the isotropic and
anisotropic  phases can be determined with some
approximation by extraction with hot quinoline or
N-methyl-pyrrolidinone (NMP). The isotropic fraction is
soluble in these solvents, but not the mesophase due to its
high molar mass [7]. There is a trend towards the use of
N-methyl-pyrralidinone instead of quinoling, due to its
lower toxicity and increased sensitivity to lower amounts of
mesophase [8-10]. The results obtained with NMP can be
corrdated to that obtained by ASTM D 2318, using
quinoline, through the use of a correction factor [11].

The cod tar pitches have higher QI and Tl amounts
than petroleum pitches (petroleum pitch is obtained by heet
treatment of a concentrate of asphaltic material). In carbon
fiber production from pitches a high QI amount leads to the
formation of a material with a high solid content. These
solid carbon particles can accelerate the formation of coke
during the heat treatment of the pitch, causing the fiber to
breek during its extrusion or thermal treatment. So,
although the petroleum pitches are less aromatic than coal
tar pitches, they can present advantages as precursors to
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carbon fiber production [12]. The cod tar pitches are well
auited to the production of graphite eectrodes with
increased mechanica resistance due to ther higher QI
content. According to Chung [12] coal tar pitches have a
toluene insol ubles percentage higher than that of petroleum
pitches (32% againg 7%) and a quinoline insolubles
percentage of 12 %, against 0.2 % for petroleum pitches.

The coal tar pitches contain an excess of solid
particulates, possibly originated from the refractory lining
of furnaces where they are prepared or from coked material.
These particles are accounted as insoluble by the solvent
extraction techniques, introducing errors in the pitch
anisotropy determination [13]. Due to its insengtivity to
these partides, nucdear magnetic resonance (NMR)
techniques seem to be a better option to obtain these val ues.

Low fidd nuclear magnetic resonance measures the
time needed by a population of spinsin a magnetic field to
recover from a disturbance promoted by a resonant
radiofrequency. The process by which the spin system
attains equilibrium from a non-equilibrium state is called
spin-lattice relaxation, characterized by the time T1, where
lattice means the surrounding molecules providing
exchange of energy through a molecular motion [14].

Low field NMR can measure, among others, the
spin-lattice relaxation time for hydrogen nudeus, through
the inverson-recovery technique. The time constant T1 of
this relaxation is sendtive to the molecular dynamics of
solids, informing about the size of the domains present in
the material. Variations in this parameter are due to
variations in molecular organization or interactions[15].

The goal of this work is to determine the relaxation
time T1 for cod tar pitches before and after heet treatment,
corrdating these results with anisotropy percentages, as
obtained by hot centrifugation, in order to observe
dtructural changes due to the heat treatment that are capable
of affecting the molecular dynamics of these materials.

2. Experimental

Coal tar pitches. provided by Asfdtos Vitéria
LTDA.

Reactor for 1.2 |: built in stainless sted, provided
with a mechanical girring. It has an interna volume of
1200 ml; PID temperature controller; gas injector and
discharge valve in the bottom, allowing for the removal of
samples during the process.

Heat treatment: the starting coal tar pitch, sample
PA 00, was heated in the 1.2 liters reactor at 723K for two
hours, under nitrogen atmosphere and bubbling. After that
three samples were obtained 20 min apart from each cther,
under the same conditions of temperature and nitrogen
bubbling. These samples were labeled PA 01, PA 02 and
PA 03, respectively.

Determination of specific gravity of coal tar pitches
(0): hdium pycnometer, modd UPY-001, Quantachrome
[ nstruments.
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Determination of the carbon yield content value
(CY): Micro Carbon Conradson Residue NMC 440,
Normalab, usng ASTM D 2416. Repestability: 1 %.

Determination of the softening point (SP): Thermal
System Mettler FP-90 with FP-83 cdl, using ASTM D
3104, reliable for softening points up to 453 K.

For pitches with the softening point above 453K the
procedure presented by Py X. et al. [16] was adopted, that
assumes as the softening point, the temperature
corresponding to a sample viscosity of 1000 Pas. These
assays were redlized in a rotational rheometer HAAKE
RheoStress 1.

Determination of toluene insolubles (Tl): these
determinations were redlized according to ASTM D4312.
Repeatability: 1 %.

Determination of N-methyl-pyrrolidinone insolubles
(Q): based on ASTM D 2318, but using
N-methyl-pyrralidinone (NMP) instead of quinoline. The
results obtained with NMP can be correlated to the results
obtai ned using quinoline, as described by Freitas and Castro
[11]. Repesatability: 1 %.

Determination of Beta resins (AR): the amount of b-
resins is the difference between the toluene insolubles and
the quinoline insolubles, as obtained by correlation with N-
methyl-pyrrolidinone insolubles[11].

Determination of anisotropy percentage (A): using
the procedure described by Dutra et al. [17], the cod tar
pitches were grinded, weighted and disposed in glass vidls;
the samples were centrifuged at 3600 rpm at 673 K for 30
min. The heavier anisotropic fraction in each vial was
separated from the top fraction. The fractions were
wei ghted and the anisotropy percentage was cal culated.

Low Field Nuclear Magnetic Resonance characte-
rization: al measurements of spin-lattice relaxation time,
T1H, were conducted using alow fieddd NMR spectrometer,
Resonance Maran Ultra 23 (23 MHz for the hydrogen
nucleus). The pulse sequence used was an inverson —
recovery (5T1 - 180° - t - 90° acquisition). The 90° pulse,
46 ps, was calibrated automatically by the instrument
software. The amplitude of the FID was sampled for twenty
t data points, ranging from 0.1 to 5000 ms, with 8 scans
each and 5 s of recyde delay. The temperature for all
andysis was 300K. The reaxation values and relative
intensities were obtained by fitting the exponentia data
with the aid of the commercial WINHT program, which
comes with the spectrometer.

3. Results and Discussion

Table 1 presents the physico-chemical results obtained
for the original coa tar pitch (PA 00) and the results for the
pitches after heat treatment (PA 01, PA 02 and PA 03).

The results presented in Table 1 indicate that the
material underwent changes as an effect of the heat
treatment, leading to an increase in specific gravity, coking
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value and softening point. These properties are important
for the production of carbon derivatives, being related to the
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thermal stability of the pitches and, after the production, to
the mechanical properties of the products.

Table 1
Results obtained for coal tar pitches beforeand after heat treatment

p,glem’ | CY, P, NMPI, | QI (o), TI, SR, Aniso,
Sample % K % % % % %
PA 00 1330 | 5392 | 3788 | 1246 6.50 2516 | 1866 | 22.86
PA 01 1.350 64.47 413.0 19.10 11.81 32.28 20.47 2811
PA 02 1.383 7834 | 4744 34.86 28.16 47.76 19.60 33.26
PA 03 1414 88.58 579.7 52.58 49.33 65.45 16.12 82.09

Notes. p — specific gravity; CY — coking value; SP — softening point; NMP | — N-methyl-pyrrolidinone insolubles; QI —

quindine insolubles (calculated according to
Aniso — sample anisotropy.

The increasing in the softening point value is related
to the sample viscosity and could be due to a decreased
molecular mobility following the removal of the volatiles
from the sample as a result of the heating and nitrogen
bubbling. Besides that, the condensation and poly-
merization reactions increase the molecular mass of the
samples, affecting their specific gravity and viscosity.

The beta-resins content decreased with the
progress of the heat treatment, as consequence of the
production of bigger and more stable molecules. The
condensation reactions can lead to the molecular
reorganization, accounting for the increasing in the
anisotropy of the samples.

Cod tar pitches are more aromatic than petroleum
pitches of smilar softening points, which can be verified
through the carbor/hydrogen proportion. Since the bigger
aromaticity decreases their reactivity the heat treatment
imposed to cod tar pitches was longer and under higher
temperatures than the trestment applied by Dutra et al. [18]
for petroleum pitches.

Low fidd NMR analyss was used in order to
increase the understanding of the molecular behavior of
these materiads and of the changes they undergo after the
heat trestment. Table 2 shows the spin-lattice relaxation
values for the samples before (PA 00) and after heat
treatment, as calculated by a single exponential model.

Table2

Single exponential T;H values
of coal tar pitchesbefore
and after heat treatment

Sample T, H (M9
PA 00 800
PA 01 523
PA 02 289
PA 03 135

[11]);

TI - toluene insolubless PR — betaresing

Table 2 shows that the heat trestment promoted an
intense decrease in the T;H values. The pyrolysis of coal tar
pitches (or petroleum pitches) leads to the formation of
large aromatic and mostly planar molecules, caled
mesogens, congtituents of the mesophase. The formation of
the mesogens implies in dehydrogenation, dealquilation and
condensation reactions, that leads to a mgjor molecular
reorganization [19].

The high T;H value for the pitch before heat
treatment suggests an isotropic behavior of the sample, as
expected from the variety of the molecules present. The
decrease in the TqH values as the treatment time increases
suggests a widening in the distance between hydrogen
nucle, due to the dehydrogenation and condensation
reactions, that corresponds to the increase in the samples
aromdticity.
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Fig. 1. Sample anisotropy against single exponential
T,H vaues of coal tar pitches before and after heat trestment (the
lineisjust aguide for the eyes)

Fig. 1 shows the single exponentia T;H plotted
againg the sample anisotropy. The curve shows a strong
exponential relation, suggesting that the mechanism of
hydrogen removal is of a cooperative type. This could be
explained by a random removal of hydrogen atoms from
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different molecules as the heat treatment proceeds, leading
to the existence of a few molecules able to promote the
cregtion of an anisotropic region in the beginning of the
process. Asthe heat treatment advancesthere is a geometric
progression in the number of molecules aromatic enough to
reorganize as a mesophase.

The spin-lattice relaxation times were also calculated
by a double exponentid model, in accordance to an
interpretation that the samples are condituted of two
different domains. Table 3 shows the T;H vaues so
calculated.

Table3

Double exponential T;H values
of coal tar pitchesbefore
and after heat treatment

Sample T, H, ms | Domain, %
SR A
PA 01 51961 973
PA 02 pin o
PA 03 > s

In this double exponential analysis, the relaxation
time of the bigger domain decreases strongly with the
progression of the heat treatment, as observed for the single
exponential analysis. The smaler domain increases its
extension and seems to couple with the larger domain, thus
affecting its relaxation time, that implies in a decrease in
mobility or molecular diffusion inthe smaller domain.

In the beginning most (92 %) of the coa tar pitch
sample seems to be an isotropic domain, due to the random
and disperse nature of its molecules. As the heat treatment
progresses this multimolecular domain undergoes a gradual
conversion to mesogens that pack in a spherical, low
energy, arrangement. As the process goes on the spheres
suffer a coalescence forming molecular aggregates, highly
oriented and with low mobility. These aggregates are
formed inside the isotropic domain thus originating the
mesophase with the progression of the treatment.

In the double exponential model it is reasonable to
suppose that the domains showing the smaller T;H values
correspond to the mesophase. Also, these are the smaller
domains, at least in these firgt steps of the heat treatment.
Fig. 2 shows the percentage of these domains against
sample anisotropy. The curve shows almost linear relation
between the values obtained by the two different
techniques, NMR and centrifugation. The derivative of this
curve is related to the growth in the dendty of the
mesophase, since the sample anisotropy is calculated by the
ratio of the isotropic regions mass to the mesophase mass,

while domain percentage, as obtained by NMR, isrelated to
the domains volume.
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Fig. 2. Sample anisotropy against domain percentage
for domainswith smaller T1H of cod tar pitches before and after
hest trestment for double exponential modd (thelineisjust a
guide for the eyes)

4. Conclusions

This study shows the potentia of the spin-lattice
relaxation times obtained through the low fidd NMR
technique as a tool for morphological characterization of
meterials that behave as liquid crystals and show the
dtructural reorganization, as coal tar pitches.

A grong exponential reation could be observed
between T;H values, as obtained by a single exponential
model, and percentage of anisotropy, as obtained by hot
centrifugation, which could be hdpful in understanding the
anisotropy formation mechanisms. This result suggests that
the hydrogen remova mechanismis of a cooperative type.

Also, the double exponential model used for T;H
calculations allowed separating the contributions of
isotropic and anisotropic domains. The results suggest a
linear corrdation between the domain percentage of the
smaller anisotropic domain, as obtained by NMR, and the
sample anisotropy, as obtained by centrifugation. The rate
of this curve indicates a linear growth in the density of the
mesophase.

The present work shows that low fidd nuclear
magnetic resonance should be used as a complementary
tool to address anisotropy in pitches, being able to provide
the data necessary to a more comprehensive understanding
of the molecular behavior of the samples under hest
treatment.
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JOCJIJIZKEHHSA CTPYKTYPHUX 3MIH
BYI'UVIBHOI'O IIEKY ITPU TEPMIYHOMY
OBPOBJIEHHI 3A TOIIOMOI'OI0 ATEPHOI'O
MATHITHOI'O PE3OHAHCY CJIABKOI'O IIOJISA

Anomauin. 3 euxopucmansim 2apsaioco yeHmpughyeyeans i
AMP cnaboeo nonsi npogedeno 00CuiodNceH s ani30mponii 8y2ilbHO20
neky npu ioco mepmoodpobnenni. 3a 0onomoeoro  noositiHol
EKCNOHEHYIHOT MOO@i KIILKICHO GU3HAYEHO PO3MIPU [30MPONHUX |
anizomponnux obnacmeil, npunyckarouu, wo AMP crabozo nons
Modice Oymu BUKOPUCIAHUTL OISl BUSHAYEHHS AHI3OMPONIT NEKIs.

Knrouosi cnosa. gyzinvHuil nex, amizomponisi, s0epHuti mae-
HIMHULL Pe3OHAHC.



