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Introduction

Many kinds of reactions such as pyrolysis, depolymerization, condensation
occur simultaneously in complicated way when coal and tar pitch are heated over
temperature range from 350°C to 500°C. In order to understand the processes of
coal liquefaction and coal carbonization, it is important to clarify the char-
acteristics of reaction behaviors for coal and tar pitch over the temperature
range.

It is well known that pitch, solvent refined coal {SRC) and coking coal pro- /
duce various kinds of mesophase at the early stages of carbonization [1-3].
The mechanisms of many chemical reactions and physical transformations relating
to mesophase formation are studied by quenching techniques. Such research tech-
niques as polarized light-microscopy and so on can be extremely fruitful. On
the other hand, direct observation of phenomena at reaction temperatures may
yield more easily interpretable or more relevant results. Line shape of NMR cor-
responding to mobility of molecule and/or segment in coal and tar pitch have been
measured at the temperature range of mesophase formation.

No report has been appeared on direct measurement of change of hydrogen
aromaticity (fya) at higher temperature occurring pyrolysis and carbonization.
This paper deals with observation of resolved NMR spectra corresponding to aro-
matic and aliphatic protons at high temperatures in a tar pitch. High resolu-
tion NMR spectra for thermally decomposed polyvinyl chloride were observed by
S. Shimokawa et al. [4] over the temperature range from 350°C to 450°C using the
sanme apparatus at Hokkaido University.
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Experimental
The experiments were done by using a Bruker Sxp 4-100 pulsed Fourier trans-

form (FT) spectrometer with a high temperature probe and an improved JEOL 3H
electromagnet (0.88T) with a 60 mm gap operating at 36.4 MHz for the !H NMR.

In order to improve the resolution of a spectrum at high temperatures, a home-
built shim system was used {4]. Outlines of the high temperature probe and flow-
ing gas system are illustrated in Fig. 1. The samples as received were heated

in the high temperature probe and NMR spectra were obtained simultaneously. No a1
heat-treatment was done before measurements. Kureha pitch was heated at 10°C min
and the others were heated at 5°C min-1 to various given temperatures under nitro-
gen gas flushing. In the case of the resolved NMR spectra for ethylene tar pitch,
the heating rate employed was 2°C min-1. Characteristics of all samples so far
studied are shown in Table 1.

Results and discussion

Temperature dependence of molecular and/or segmental motion

Representative proton NMR spectra for coals and solvent extracts from coal
are shown in Fig. 2. Apparently, there is no structure in the lines. Increas-
ing temperature produces changes in the spectra. In order to discuss the broad-
ening behavior quantitatively, the values of the 1ine widths at half-height
(AHy/2) were utilized. Temperature dependence of AH1/2 is shown in Fig. 3. It
is obvious that there are three different groups with respect to temperature
dependence of AHy/2. The value of \Hy;2 of the first group to which Taiheiyo
coal belongs decreases and then increases rapidly with increasing temperature.
The behavior of AHy/2 of the second group, Yubarishinko coal and 8-component
(pyridine soluble, chloroform insoluble fraction of a coal [5]) of Yubarishinko
coal, resembles that of the first group, but the curve of AH1;2 is shifted to
higher temperatures. The third group, which includes y-component (pyridine solu-
ble, chloroform soluble fraction of a coal {5]) of Yubarishinko coal, coal tar
pitch and ethylene tar pitch, indicates that the values of AH1/2 remain small over

96



4

a wide temperature range. This suggests that the molecules and/or segments in
them are mobile throughout the temperature range.

The carbonization process at low temperatures has been studied by the method
of polarized-light microscopy. The formation of Tow temperature carbons by soli-
dification from a 1iquid phase proceeds through the separation of an optically
anisotropic mesophase.

Optically anisotropic textures of mesophase from the samples heat-treated
at the early stages of carbonization are classified into five types corresponding
to isotropic, fine mosaic, coarse mosaic, fibrous and domain. It has been found
that there is a close relation between the spin-lattice relaxation time, T7, ob-
served with pulsed FT NMR at room temperature and microstructure of mesophase,
transformed from the parent matrix of coal. That is, the longer the relaxation
time is, the more sufficient the growth of mesophase from the matrix occurs as
shown in Table 1. The parent materials, which give the fibrous/domain texture
at the early stages of carbonization, have the Tongest relaxation time so far as
being described in the table. There is also an excellent relation between the
microstructure of mesophase and the temperature dependence of AH172. The mini-
mum value of the line width at half-height with respect to the temperature depen-
dence of AHj/2 is expressed as AH1/2,min and used for characterization of meso-
phase texture. AH1/2,min of isotropic mesophase is larger than that of coarse or
fibrous/domain mesophase and the temperature of isotropic mesophase corresponding
to AH1/2,min s lower than that of fine mosaic mesophase. The values of 1H1/2
in coarse mosaic or fibrous mesophase keep small over a wide temperature range
(see Fig. 3). But no distinction was observed between coarse mosaic and fibrous
textures concerning the broadening behavior of NMR.

Regarding the concentration of free radicals and the 1ine width, these values
remain almost constant up to about 400°C for coals of different rank [6]. There-
fore, it seems that the contribution of free radicals on the NMR Tine width is
not so important as that of the proton dipole-dipole interaction.

At higher temperatures we estimate the value of T1 following equation,

t=T11n2
where t is the time at the amplitude of the Free Induction Decay (FID) following
the 90° pulse being equal to zero. Pulse sequence used was 180°-1-90° in this
experiment.

Fig. 4 shows the relation between the Ty of ethylene tar pitch and the inverse
of temperature. Tj of ethylene tar pitch has the vaiue of 400 ms at room temper-
ature. It decreases with the increase of temperature, and reaches a minimum
value at about 150°C. As is shown in the figure, T71 has a maximum value of 190 ms
at 340°C, and decreases rapidly with the increase of temperature.

It is clearly marked that the aromaticity of ethylene tar pitch increases
with increase of temperature at 340°C and the formation of mesophase for the
sampie heat-treated becomes observable by an optical microscope. Rotational cor-
relation time for aromatic lamellae, which are stacking parallel each other in
the mesophase, is long due to being in rigid state. Accordingly Ty becomes short.
However, more detailed discussion will be made with further experiments.

NMR 1ine simulation by means of computer

A proton NMR spectrum from Kureha pitch at 450°C (15 min) (a} and a com-
parison of the experimentally observed spectrum with a computer simulated spect-
rum (b) are illustrated in Fig. 5. The spectrum (a) contains considerable in-
tensity in the wings of the line, and the ratio of the width at one-eighth height
to that at one-half height, indicated by the symbol R(8/2), is 6.4 The ratio for
a pure Lorentzian line is 2.64 and for a pure Gaussian line is 1.73 [7]. By means
of computer simulation the NMR line for the mesophase in Kurehapitch is composed
of at Teast three different components, i.e. one Gaussian component with value of
proton spin-spin relaxation time T2=7 microseconds and two Lorentzian components
with those of Tp=210 and 636 microseconds at 36.4 MHz, respectively. The fractions
are also estimated as 0.85, 0.05 and 0.10, respectively. Kureha pitch at the
early stages of carbonization contains 85 percent rigid structures from the view
point of general NMR behavior [8].

In some liquid crystal systems broad partially resolved spectra with little
structure attributed to proton dipole-dipole interaction have been observed [9-11].
On the other hand, such spectra were not observed in this study, so that the
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ordering parameters of the samples employed would be expected to be very small.
This result is compatible with that of ESR study reported by Yamada et al.[12].
Resolved NMR spectra at thermal decomposition temperature

Tn order to improve the resolution at higher temperature, a home-built shim
system was attached with the magnet of NMR spectrometer. Typical *H NMR spectra
for ethylene tar pitch are shown in Fig. 6. On heating at about 84°C, a broad
resonance with no resolved structure becomes observable. And then at about 123°C,
the NMR spectrum shows two discrete lines apparently, 200 Hz apart. That is, the
lines correspond to the resonance due to aromatic and aliphatic protons. Assign-
ment of the two peaks was done by comparing with the ones of a pure compound,
acenaphthylene, which has the value of 0.75 hydrogen aromaticity (fHa). At about
208°C, the NMR spectrum becomes narrow and separately due to the rapid tumbling
of molecule in ethylene tar pitch. This suggests that the molecules exhibit the
random motion similar to that in isotropic solution and the value of the dipolar
tensor over all orientation in them is almost zero in the vicinity of this tem-
perature. However, fine structures due to the protons attached to a, gand vy
carbons refer to aromatic rings were not able to observe at the higher tempera-
tures, because of superposition of protons having various chemical shifts.

The intensity of aliphatic protons is higher than that of aromatic ones up
to 208°C, at which the intensity change is observable. The values of fHa are able
to elucidated from the intensity of the splitted spectra. However, two lines
merge and broaden raising at about 430°C. Heating of the specimen at higher tem-
peratures accelerates the degree of broadening of the spectrum. Therefore, it is
difficult to observe the spectrum in the range of a usual high resolution NMR
sweep width.

The spectrum obtained with a wider sweep width (25kHz) are shown in Fig.

7. For the spectrum in the figure, the ratio of the width at one-eight height

to that at one-half height, indicated by the symbol R(8/2), is 7.0. This line
shape is designated as "Super Lorentzian" [13] which contains considerable inten-
sity in the wings of the line. After the measurement of the NMR spectra at 470°C,
the samp1e was 1mmediatg1y quenched to room temperature and observed by polarized
l;g?é-mlcroscopy. And it was confirmed that the bulk mesophase was produced at

When a magnetic field is applied, it is known that the direction of align-
ment of c-axes of mesophase spherules is aligned perpendicular to that of the
Tagn$t1c f1e1d by 1nterqctiqg magnetjc anisotropy of polycondensed aromatic mo-

ecules w1£h the magnetic f1g1d applied [14]. On heating of ethylene tar pitch
beyond 430°C in a magnetic field, a dipolar tensor is only partially averaged

due to 1es§ chaotic molecular motion in a magnetic field. Resulting line becomes
broaq but is not as brgad as so]iq. The structure of the mesophase produced in
an NMR magnetic field is more rigid than that of isotropic liquid.

Table 2 summerizes range of sweep width for various NMR type at 36.4 MHz of
resongnce Irequency. Generally, the sweep width of broad line NMR is the order
of 107 V10° Hz, while that of high resolution NMR is about 10°Hz at 36.4 MHz
fgr a proton: Bgt the NMR spectrum of the mesophase obtained from ethylene tar
pitch shown in Fig. 7 was swept over 2.5x10* Hz. Thus, the sweep width of
the NMR'spectrum for the carbonaceous mesophase is intermediate between those of
broad line NMR and high resolution NMR. It seems that the result is supported
gyai?gfuozta;n$d quJ. J. Fink et g].[]S]. They have measured the line width of

. 0 3.1x107* T for conventional nematic and smectic Tiquid crystals.

Conclusion

!t could be concluded from the above results that the materials which give
spherical mgsophase on heating show a narrowing of the NMR with increasing tem-
perature which corresponds to so-called softening and plastic stages. Moreover,
the degrge of motional narrowing of the proton NMR spectra reflects the degree
of f1u1d1ty at the p]astic stage. The temperature dependence of hydrogen aroma-
ticity woq1d be monitored directly by using the NMR high temperature technique.

Chgm}ca] reactions such as pyrolysis, depdymerization, condensation could
be c1ar1f1gd. Moreover, application of the technique seems to be promising in
the mechanism of coal liquefaction as well as that of mesophase formation.
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Table 1
Characteristics of samples used

: Optical texture
sample T ﬁe1gnt %S(d'abf') fa1) T1(ms)2) in carbonized coal
TaTheiyo coal 77.06.01.4 0.1 15.5 0.70 18 isotropic
Hongei coal 93.1 3.21.02.7 -~ 0.70 58 isotropic
Miike coal 83.56.21.21.8 7.3 - 421 fine mosaic
Yubarishinko coal 86.6 5.9 2.0 0.3 5.2 0.80 438 fine mosaic
B-component of _ _ - .
Yubarishinko coal 82.2 5.7 2.2 0.78 531 fine mosaic
y-component of _ _ :
Yubarishinko coal 87.87.01.5 0.80 718 coarse mosaic
Kureha pitch 95.2 4.2 0.1 0.2 0.3 0.86 952 fibrous/domain
Ethylene tar 94.35.5 0 0.1 0.1 0.78 1103 fibrous/domain
Coal tar pitch 92.1 4.81.30.3 1.5 0.83 1560 fibrous/domain -

1) values obtained from proton spin-spin relaxation time at -100°C [16]
2) proton spin-lattice relaxation time [17]
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Table 2

Range of sweep width for various NMR at 36.4 MHz of

resonance frequency [H,=0.88T]

NMR Range of sweep width (Hz)
High resolution 103
Intermediate 10"

Broad line 105~10°

Entrance for

{;;;;'_' flowing gas
. Exit for

flowing gas

Capiilary tube

rﬂ: _fﬁ];;,, Asbestos

] Quartz sample
,ﬂff”/ tube

_- Heater

7 Quartz tube

Magnetic " . Sample
field -
I = Detector coil
———-—Thermocouple
Fig. 1 OQutlines of the high temperature probe

and flowing gas system.
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Fig. 2 Proton NMR spectra of Taiheiyo coal (a), Yubarishinko
coal (b) and y-component of Yubarishinko coal (c) at high

temperatures.
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Fig. 3 Temperature dependence of the

Tine width at half-height (AH7/2):

O Taiheiyo coal, @ Yubarishinko coal,
QO B-component of Yubarishinko coal,
mYy-component of Yubarishinko coal,
+Coal tar pitch and X Ethylene tar
pitch.
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Fig. 4 Temperature dependence of spin-lattice

relaxation time (Ty) of ethylene tar pitch.

Fig. 5 A proton NMR spectrum of Kureha pitch
at 450°C (for 15 min) (a) and a comparison
of the experimentally observed spectrum
with a computer simulated spectrum (b):
(1) Total simulated curve, (2) Gaussian
component with To=7 ps, (3) Lorentzian
component with T2=210 us and (4) Lorentz-
ian component with T2=636 us.
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390°C % ‘

430°C Fig. 6 Proton NMR spectra
of ethylene tar pitch

at high temperatures.
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Fig. 7 A proton NMR spectrum of ethylene tar
pitch at 470°C.
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