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Abstract
Modified pitch A (MPA) and modified pitch B (MPB) were prepared by oxidative polymer-
ization and thermal polycondensation reaction with refined pitch as the raw material, respec-
tively. The toluene soluble components (TS-1 and TS-2) were obtained by solvent extraction 
from MPA and MPB, separately. The Flynn-Wall-Ozawa method and Kissinger-Akahira-
Sunose method were used to calculate the pyrolysis activation energy of TS. The Satava-
Sestak method was used to investigate the pyrolysis kinetic parameters of TS. Moreover, the 
optical microstructure of the thermal conversion products (TS-1-P and TS-2-P) by calcina-
tion shows that TS-1-P has more contents of mosaic structure and lower contents of fine fiber 
structure than TS-2-P. The research result obtained by a combination of X-ray diffraction and 
the curve-fitting method revealed that the ratios of ordered carbon crystallite (Ig) in TS-1-P 
and TS-2-P were 0.3793 and 0.4417, respectively. The distributions of carbon crystallite on 
TS-1-P and TS-2-P were calculated by Raman spectrum and curve-fitting analysis. They 
show that the thermal conversion product of TS-2 has a better graphite crystallite structure 
than TS-1.

Key words: modified pitch, toluene soluble component, thermal conversion, microstruc-
ture

1. Introduction

Coal tar pitches have attracted considerable attention in recent decades. They are 
key precursor materials of a wide range of engineering carbon and graphite materials 
due to their high carbon content [1,2]. Coal tar pitch has widely used to produce needle 
coke [3-5], carbon fiber [6,7], and mesocarbon microbeads [8]. Researchers have re-
ported that coal tar pitch is one of the preconceived raw materials to produce condensed 
poly-nuclear aromatic resin [9-12]. However, coal tar pitches without the removal of 
quinolone insoluble (QI) is not suitable to produce such high-quality carbon materials. 
Generally, refined pitches (the QI in coal tar pitch has been removed) is used as the raw 
material, and several methods have been used to modify coal tar pitches, including mild 
oxidation by air blowing [13-15], thermal treatment [16,17], chemical additives, and 
catalytic reactions [18,19].

Thermal treatment and oxidation by air blowing are typical methods to prepare modified 
pitches. Obviously, the structure and properties of the modified pitches vary according to the 
modification methods applied. A series of characterization methods have been used to iden-
tify the properties of various pitches, such as proximate analysis, elemental analysis, FTIR, 
1H-NMR, 13C-NMR, TG/DTG analysis, and so forth [20-23]. However, there has been less 
study of the pyrolysis characteristics of various pitches. Moreover, there have been very few 
reports on the microcrystalline structure analysis of calcinated thermal conversion products 
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2.2. Preparation of thermal conversion prod-
ucts

The thermal conversion products (TS-1-P and TS-2-P) were 
obtained under certain conditions. Briefly, 20 g of TS was put 
into a glass tube and transferred to the tube furnace. Then it was 
heated to 723 K (500˚C) at the heating rate of 2 K min–1 with a 
holding time of 5 h. The thermal conversion products were cal-
cinated at the temperature of 1273 K (1000˚C) for 1 hour at the 
heating rate of 5 K min–1 in a resistance furnace. 

2.3. TG/DTG analysis of TS

The pyrolysis characteristic of TS was examined by thermo-
gravimetric analysis (TAQ500, TA Instrument Co., America) un-
der a high-purity N2 flow rate of 100 mL min–1. Non-isothermal 
experiments were performed at the temperature range between 
room temperature and 900 K at the heating rates of 5, 7.5, 10, 
and 15 K min–1. The FWO, KAS, and Satava-Sestak methods 
were used to investigate the pyrolysis kinetics of TS.

2.4. Kinetic approach

The kinetic investigations were based on time and temper-
ature resolved datasets of the conversion (α). In the TG/DTG 
data, α is defined as [24]

   (1)

where m0, mt, and m∞ are the initial mass, the mass at time t, and 
the final mass of the sample after reaction, respectively. 

It has been reported that the FWO and KAS methods have 
the advantage of calculation of activation energy without the 
prior knowledge of the kinetics mechanism. The equations of 
the FWO and KAS methods are expressed as follows [24-27]:

FWO method:               (2)

KAS method:   (3)

Here, β denotes the heating rate (K min–1), A is the pre-ex-
ponential factor (min–1), E is the activation energy (KJ mol–1), 
R is the universal gas constant (8.314 J/mol K–1), and g (α) 
is the integral rate equation. To calculate the kinetic param-

from various pitches. 
For a detailed analysis of the pyrolysis characteristics of 

modified pitches prepared by thermal treatment and oxidation 
by air blowing, the toluene soluble (TS) of modified pitches 
were examined by TG/DTG analysis. Three methods, name-
ly, Flynn-Wall-Ozawa (FWO), Kissinger-Akahira-Sunose 
(KAS), and Satava-Sestak (SS) were used to calculate the 
kinetics parameters. In addition, the carbon microcrystalline 
structure of thermal conversion products of low-temperature 
calcination from TS were quantitatively analyzed by polar-
izing microscopy, X-ray diffraction (XRD), and the Raman 
spectrum and curve-fitting method in this work. 

2. Experimental

2.1. Production and properties of TS

The samples TS-1 and TS-2 were obtained from modified 
pitch A (MPA) and modified pitch B (MPB) by the extrac-
tion method with toluene as the solvent. Refined pitch pre-
pared from medium pitch was used as the raw material for 
preparing the modified pitches. Briefly, MPA was obtained 
by air oxidation treatment in a stainless-steel reactor. It was 
heated to 280˚C at the heating rate of 5˚C/min; the holding 
time was 6 h, and air was used as the oxygen supply agent. 
The modification method of thermal treatment was used to 
prepare MPB. Briefly, 100 g of refined pitch was heated to 
420˚C at the heating rate of 5˚C/min; the holding time was 4 
h, and N2 was used as the inert gas. The proximate analysis 
results of the refined pitch and modified pitches are shown 
in Table 1. The ultimate analysis of TS was done by using a 
Vario EL Ⅲ elemental analyzer (Elementar, Germany). The 
oxygen content was calculated by various methods, and the 
results are shown in Table 2.

Table 1. Proximate analysis of pitch samples

Sample SPa)

(oC) TIb) (wt%) QIc) 
(wt%)

CVd) 
(wt%) β Resine) (wt%) Ash

(%)

Refined pitch 49 10.95 0.07 41.76 10.88 0.005

Modified pitch A 232 53.16 30.18 52.33 22.98 0.064

Modified pitch B 228 60.29 25.39 81.88 34.90 0.072
a)Softening point. 
b)Toluene insoluble. 
c)Quinoline insoluble. 
d)Coke value. 
e)TI-QS.

Table 2. Ultimate analysis of samples

Sample C (%) H (%) N (%) S (%) O (%)

TS-1 92.25 4.03 0.90 0.88 1.94

TS-2 93.75 3.70 0.83 0.68 1.04
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tively studied in detail by various methods. Obviously, the dis-
tribution on the optical microstructure of the calcined thermal 
conversion products was determined by polarizing microscopy 
(Axio Scope A1 pol, Carl Zeiss, German). The optical micro-
structure observations are summarized in Table 4. 

XRD analysis (PANalytical X’Pert Powder, the Nether-
lands) and the curve-fitting method were used to estimate 
the content of ordered carbon microcrystalline structure. 
Similarly, Raman spectrum (LabRAM HR Evolution, JOBIN 
YVON, France) coupled with the curve-fitting method were 
used to determine the distribution and content of the series 
carbon microcrystalline. The criteria of the bands in the Ra-
man spectra were made according to the literature [30-33] as 
shown in Table 5.

eters and determine the reaction order and mechanism, the 
Satava-Sestak method [28] was preferred, and the equation 
is written as

  (4)

As described in [29], there are 41 types of thermal decompo-
sition mechanism functions (shows in Table 3) that have been 
used to determine the reaction mechanism. The reaction mecha-
nism and order are predefined in the Satava-Sestak method. 
The thermal decomposition mechanism of TS in the conversion 
range of 0.2≤α≤0.8 was evaluated. 

2.5. Characterization of thermal conversion 
products

The microstructures of TS-1-P and TS-2-P were quantita-

Table 3. Forty-one thermal decomposition mechanism functions

No. Function Mechanism g(α)

1 Parabola law One-dimensional diffusion α2

2 Valensi equation Tne-dimensional diffusion α+(1-α)ln(1-α)

3-6 Jande equation Two-dimensional diffusion or three-dimensional diffusion [1-(1-α)m]n (m=1/2, 1/3; n=2, 1/2)

7 G-B equationa) Three-dimensional diffusion 1-2α/3-(1-α)2/3

8 Anti-Jande equation Three-dimensional diffusion [(1+α)1/3-1]2

9 Z-L-T equationb) Three-dimensional diffusion [(1-α)1/3-1]2

10-20 Avrami-Erofeev equation Assumes random nucleation and its subsequent growth [-ln(1-α)]n (n=1/4, 1/3, 1/2, 2/3, 3/4, 3/2, 1, 
2, 3, 4)

21 P-T equationc) Auto catalysis, branch random nucleation ln[α/(1-α)]

22-27 Maple power law Phase boundary reaction αn (n=1/4, 1/3, 1/2, 1, etc.)

29,30 Contracting Phase boundary reaction [1-(1-α)n]/n (n=1/3, 3)

30,31 Contracting cylinder Phase boundary reaction [1-(1-α)n]/n (n=1/2, 2)
28,41 Reaction order 1-(1-α)n (n=1/4, 2, 3, 4, 2/3, etc.)32-38
39,40 Exponent law |1nαn| (n=1, 2)

a)Ginstling-Brounshtein equation. 
b)Zhuralev-Lesokin-Tempelman equation.
c)Prout-Tompkins equation.

Table 4. Classification method of optical microscopic anisotropy 
component

Optical organization
Size (μm) Aspect 

ratioLength Width

Mosaic structure ≤10 <10

>5

Small pieces structure 10~30 10~30

Fine fiber structure <30 <30

Crude fiber structure >30 >10

Large structure >30 >30

Table 5. Raman bands and vibration modes reported in the lit-
erature [29-32]

Band Raman 
shift (cm–1) Vibration mode

G 1580 Ideal graphitic lattice (E2g-symmetry)

D1 1350 Disordered graphitic lattice (graphene layer 
edges, A1g symmetry)

D2 1620 Disordered graphitic lattice (surface 
graphene layers, E2g-symmetry)

D3 1500 Amorphous carbon (Gaussian line shape)

D4 1200 Disordered graphitic lattice (A1g 
symmetry), polyenes, ionic impurities
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3.2. Activation energy calculated by FWO and 
KAS methods

The decomposition data and activation energy calculated 
by the FWO and KAS methods are listed in Table 6. As seen 
in Table 6, with increasing conversion, the activation energy 
slightly increased. However, the activation energy calculated 
by the FWO and KAS methods approached almost the ex-
act same conversion. The results indicate that the activation 
energy values calculated by these methods were reasonable. 

The average activation energy values calculated by the FWO 
and KAS methods was used to replace the pyrolysis activation en-
ergy values of samples. The average activation energy values of 
TS-1 and TS-2 are shown in Table 7. The average activation energy 
values of TS-1 and TS-2 were 58.12 KJ mol–1 and 57.19 KJ mol–1, 
respectively. 

3. Results and Discussion

3.1. Thermogravimetric analysis results

The TG and DTG curves for TS at various heating rates (5, 
7.5, 10, and 15 K min–1) are shown in Fig. 1. With increase of the 
heating rate, the variation trends of the TG/DTG curves of TS-1 
and TS-2 were similar, and the initial temperature and final tem-
perature of thermal weight loss increased. The pyrolysis reaction 
rate was inferior to the added value of the heating rate during the 
thermo-gravimetric experiment. The initial weight loss tempera-
ture with the increase of heating rate. In addition, the maximum 
weight loss rate decreased with the increase of the heating rate. 
This phenomenon explains the increase of the heat polyconden-
sation rate with the increase of the heating rate.

Fig. 1. TG/DTG curve of TS samples, (a, b) for TS-1, and (c, d) for TS-2.

Table 6. Decomposition data of TS from TG curves at various heating rates

α

β (K min–1) E (KJ mol–1)

5 7.5 10 15 FWO method KAS method

TS-1 TS-2 TS-1 TS-2 TS-1 TS-2 TS-1 TS-2 TS-1 TS-2 TS-1 TS-2

0.2 488.4 498.7 508.4 517.5 518.6 529.9 532.1 543.4 51.19 51.9 45.37 45.93

0.3 512.5 519.6 531.9 537.8 544.0 552.1 557.9 565.9 53.93 54.04 47.83 47.82

0.4 532.7 538.1 552.2 556.2 565.6 571.7 579.8 589.9 56.12 55.88 49.79 49.43

0.5 552.0 556.2 571.9 574.4 585.7 590.7 600.3 605.3 58.65 58.03 52.12 51.39

0.6 572.6 576.0 593.1 594.1 606.7 611.0 621.7 625.8 62.1 61.21 55.4 54.4

0.7 598.0 600.7 619.4 618.3 631.7 635.4 646.9 650.4 67.95 66.31 61.13 59.34

0.8 633.3 634.5 656.1 651.1 665.0 667.8 680.2 682.6 79.41 75.99 72.61 68.97
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3.4. Polarized microscopic structure analysis 
of thermal conversion products

The polarized microscopic structure of TS-1-P and TS-2-P 
were studied by polarizing microscopy. The distribution of 
the optical anisotropic component was counted by lithofa-
cies analysis software, and the judgment standard of opti-
cal anisotropic components are listed in Table 4. The results 
determined by polarizing microscopy are shown in Fig. 2. 
anisotropic component (d).

The optical anisotropic components of TS-1-P and TS-2-P 
were mainly composed of mosaic structure, fine fiber structure, 
and large structure (shown in Fig. 2). However, a comparison 
of these two samples shows that TS-1-P had greater contents of 
mosaic structure and large pieces structure than TS-2-P, and the 
content of fine fiber structure in TS-2-P was much higher than 
that in TS-1-P. This difference may be attributed to the source 
of the TS. Actually, TS-1 was obtained from modified pitch A, 
which was prepared by air oxidation treatment, and the O2 par-

3.3. Kinetics parameters calculated by Sata-
va-Sestak method

The activation energy and correlation coefficients for vari-
ous reaction mechanisms (Table 3) were calculated by the 
Satava-Sestak method. According to the activation energy 
values calculated by the FWO and KAS methods, the rea-
sonable mechanism function of TS-1 and TS-2 was the 15th 
thermal decomposition mechanism function, and the kinetic 
parameters are listed in Table 8. The activation energy values 
calculated by the Satava-Sestak method with the 15th thermal 
decomposition mechanism function were close to the aver-
age activation energy values calculated by the FWO and KAS 
methods, and the correlation coefficients (R2) were more than 
0.98, as seen in Table 8. 

Therefore, it can be concluded that the decomposition 
mechanism of TS-1 and TS-2 is random nucleation and 
subsequent growth. The activation energy (E) and pre-ex-
ponential factor (A) of TS-1 were E = 54.39 KJ mol–1 and 
lgA = 7.10. Those of TS-2 were = 59.27 KJ mol–1 and lgA = 
7.71. The thermal decomposition reaction of TS-1 and TS-2 
had the same reaction series of 1.5. The pyrolysis reaction 
mechanism function of TS-1 and TS-2 can be expressed as 
g(α) = [-ln(1-α)]1.5. The pyrolysis kinetics equation of TS-1 
and TS-2 are expressed as α1.5 = 1.26×107exp[54.39×103/
(8.314T)]t and α1.5 = 5.13×107exp[59.27×103/(8.314T)]t, 
respectively. 

Table 7. Pyrolysis activation energy values calculated by the 
FWO and KAS methods

Method
E (KJ mol–1)

TS-1 TS-2

FWO 61.34 60.48

KAS 54.89 53.90

Average 58.12 57.19

Table 8. Kinetic parameter values calculated by the Satava-Sestak method

Sample Β
(K min–1)

E
(KJ mol–1) lgA R2 n E*

(KJ mol–1) (lgA)a)

TS-1

5 50.62 6.70 0.991 1.5

54.39 7.10
7.5 53.37 7.03 0.988 1.5

10 55.79 7.21 0.995 1.5

15 57.80 7.45 0.995 1.5

TS-2

5 54.85 7.32 0.986 1.5

59.27 7.71
7.5 59.17 7.71 0.986 1.5

10 60.39 7.79 0.990 1.5

15 62.65 8.02 0.990 1.5
a)Means for averaging.

Fig. 2. Optical microstructures of calcined thermal conversion product 
(a-c); the distribution of optical anisotropic component (d).
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ite carbon. The content of ideal graphite carbon (Ig) can be 
calculated as:

Ig = A(π)/[A(π)+A(γ)]  (5)

where A(π) and A(γ) denote the areas of the π peak and γ peak, 
respectively, after peak-fitting.

The curve-fitted profile of calcined thermal conversion prod-
ucts from TS are shown in Fig. 3b and c, and the distributions of 
Ig on the samples are shown in Fig. 3d. Apparently, the amount 
of Ig in TS-2-P was higher than that in TS-1-P (Fig. 3d). This 
means that the content of ideal graphite carbon in TS-2-P was 
higher than that in TS-1-P. This result may be explained by the 
optical microstructure. As shown in Fig. 2d, the content of fine 
fiber structure in TS-2-P was much higher than that in TS-1-P, 
and the fine fiber structure in the carbonaceous materials indi-
cated a graphite carbon structure.

 
3.6. Raman spectrum analysis of thermal con-

version products

As shown in Fig. 4a, the two typical bands, the G band 
(graphite band) and D band (disorder band) were detected in the 
first-order region for the pyrolysis products. The Raman spectra 
obtained for TS-2-P had a much higher intensity than that of TS-
1-P. To determine the carbon crystallite structure of the samples, 
the curve-fitting method was used to provide more information 
from the Raman spectral analysis results (Fig. 4b and c). The 
fitting standards refer to Table 5. 

The band area ratios (IG/IT, ID/IT, and ID3/IG) were used to 

ticipation in the system caused the oxidation linking reaction 
(this phenomenon is revealed in Table 2). The reaction of oxida-
tion linking inhibits the formation of plane macromolecules in 
modified pitch A; therefore, TS-1-P has greater content of mosa-
ic structure. In addition, TS-2 was obtained from modified pitch 
B. Modified pitch B was prepared by thermal polymerization in 
an inert atmosphere, and this reaction environment enabled the 
generation of plane macromolecules. As a result, the content of 
fine fiber structure in TS-2-P was obviously higher than that in 
TS-1-P.

3.5. XRD analysis results of thermal conver-
sion products

The carbon crystalline structure of the calcined thermal 
conversion product from TS was examined by XRD analy-
sis. The XRD patterns of the samples are shown in Fig. 3a. 
The variation trends of the XRD patterns of the two samples 
were similar, but the intensity of (002) was much higher in 
TS-2-P than in TS-1-P. Moreover, the width of (002) in TS-
2-P was narrower than that in TS-1-P. This means that the 
micro-crystalline structure in TS-2-P was more ordered than 
that in TS-1-P. 

The curve-fitting method was used for a better comparison 
of the micro-crystalline structure of the samples. As reported 
in [34], the broad hump of (002) of carbon material can be 
divided into two Gaussian peaks near 20 and 26° by peak-
fitting, and these peaks are ascribed to the γ-band and π-band, 
respectively. The areas of the γ and π peaks are believed to 
be equal to the content of amorphous carbon and ideal graph-

Fig. 3. XRD images of samples (a), curve-fitting images (b) and (c), and the distribution of Ig on samples (d).
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pyrolysis kinetics equations of TS-1 and TS-2 are expressed 
as α1.5 = 1.26 × 107exp[54.39×103/(8.314T)]t and α1.5 = 5.13 × 
107exp[59.27×103/(8.314T)]t, respectively.

TS-1-P has greater contents of mosaic structure and large 
piece structure than TS-2-P, and the content of fine fiber struc-
ture in TS-2-P was much higher than that in TS-1-P in their op-
tical microstructure. The amounts of Ig in TS-1-P and TS-2-P 
were 0.3793 and 0.4417 according to the XRD and curve-fitting 
results, respectively. The Raman spectrum and curve-fitting re-
sults showed that the content of well-ordered carbon structure 
in TS-2-P was higher than that in TS-1-P, and the TS-1-P had a 
higher amorphous carbon content. 
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measure the contents of the microcrystalline structures of the 
samples (Fig. 4d). It can be seen that the data (IG/IT) was 
higher in TS-2-P than in TS-1-P. On the contrary, ID/IT and 
ID3/IG in TS-1-P were obviously higher than in TS-2-P. This 
means that the well-ordered carbon structure content in TS-
2-P was higher than that in TS-1-P. However, TS-1-P had 
a greater amorphous carbon content. This phenomenon is 
identical with the optical microstructure of these two pyroly-
sis products, and it is also consistent with the XRD analysis 
results.

4. Conclusions

The pyrolysis kinetics of TS was studied by the thermal 
analysis method. The activation energy values of TS-1 and 
TS-2 were calculated by the FWO and KAS methods accord-
ing to the thermal conversion and temperature, and the acti-
vation energy of these two kinds of TS were 58.12 Kj mol–1 
and 57.19 KJ mol–1, respectively. The Satava-Sestak method 
was used to determine the pyrolysis kinetic parameters of the 
TS. The results reveals that the decomposition mechanism 
of TS-1 and TS-2 are the random nucleation and subsequent 
growth. The activation energy (E) and pre-exponential factor 
(A) of TS-1 were E=54.39 KJ mol–1 and lgA=7.10. The acti-
vation energy (E) and pre-exponential factor (A) of TS-2 were 
E=59.27 KJ mol–1 and lgA=7.71. The reaction series of TS-1 
and TS-2 are 1.5. The pyrolysis reaction mechanism function 
of TS-1 and TS-2 can be expressed as g(α) = [-ln(1-α)]2. The 

Fig. 4. Raman spectrum graph (a) and curve-fitting graphs (b, c); curve-fitting data of Raman spectrum from the sample.
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