UNIVERSITY OF LEEDS

This is a repository copy of Molecular Structure Control in Mesophase Pitch via Co-
Carbonization of Coal Tar Pitch and Petroleum Pitch for Production of Carbon Fibers with
Both High Mechanical Properties and Thermal Conductivity.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/160330/

Version: Accepted Version

Article:

Guo, J, Li, X, Xu, H et al. (3 more authors) (2020) Molecular Structure Control in
Mesophase Pitch via Co-Carbonization of Coal Tar Pitch and Petroleum Pitch for
Production of Carbon Fibers with Both High Mechanical Properties and Thermal
Conductivity. Energy and Fuels. ISSN 0887-0624

https://doi.org/10.1021/acs.energyfuels.0c00196

© 2020 American Chemical Society. This is an author produced version of an article
published in Energy and Fuels. Uploaded in accordance with the publisher's self-archiving

policy.

Reuse

Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of
the full text version. This is indicated by the licence information on the White Rose Research Online record
for the item.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/




Molecular Structure Control in Mesophase Pitch via Co-carbonization of Coal Tar Pitch and
Petroleum Pitch for Production of Carbon Fibers with both High Mechanical Properties and
Thermal Conductivity
Jianguang Guof’i Xuanke Li,"™*% Huitao Xu,w Hui Zhu,’ Baoliu Li,” and Aidan Westwood ™+
fCollege of Materials Science and Engineering, Hunan University, Changsha, 410082, People’s

Republic of China

*Hunan Province Key Laboratory for Advanced Carbon Materials and Applied Technology, Hunan
University, Changsha, 410082, People’s Republic of China

SState Key Laboratory of Refractories and Metallurgy, Wuhan University of Science and Technology,
Wuhan, Hubei, 430081, People’s Republic of China

1School of Chemical and Process Engineering, University of Leeds, Leeds, LS2 9JT, United Kingdom

*E-mail: xkli8524@sina.com (X.K. Li). A.V.K.Westwood@leeds.ac.uk (A. Westwood)

Abstract: Spinnable mesophase pitches C-MP, P-MP and C/P-MP were synthesized from coal tar pitch,
petroleum pitch and their co-carbonized pitches, respectively. The molecular structures of these
mesophase pitches and their effect on the microcrystalline sizes of the mesophase and the properties of
carbon fibers derived from them were comparatively investigated. The molecular structures and
orientation of the prepared mesophase pitches have significant influence on the performance of resultant
carbon fibers. In comparison with P-MP and C/P-MP, C-MP possessing the highest aromaticity, a rigid
molecular structure and a very small amount of methyl groups makes C-MP-CFs with smaller crystal
size and lower decomposition during the preparation process, thus results in best mechanical properties

of their carbon fibers, consequently. The prepared P-MP, however, containing abundant methyl groups
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and possessing a semi-rigid molecular structure, yields products with higher dooz-spacing and larger

mesomorphic phase size. The largest crystallite dimension of P-MP combined with its higher molecular

orientation makes P-MP-CFs possessing the highest crystal size and axial thermal conductivity. On the

other hand, C/P-MP shows the molecular structure character of both coal tar pitch and petroleum pitch

and a tunable mesophase domain orientation. The carbon fiber prepared from co-carbonized C/P-MP

shows both good mechanical properties, like C-MP-based fiber, and, in particular, ultrahigh thermal

conductivity, like P-MP-based fiber.

1. Introduction

Highly oriented carbon fibers with high thermal conductivity are usually prepared from mesophase

pitches [1-2]. The high thermal conductivity and ultrahigh tensile modulus of mesophase pitch-based

carbon fibers are attributable to the highly oriented aromatic molecules with planar liquid crystal

structure in the parent mesophase pitches [3]. The design and modification of the precursors’ chemical

composition and molecular structure play an important role in control of the planar molecules’ sizes and

the rheological properties (related to alkyl group content of these aromatic molecules) in mesophase

pitches [4-8].

In order to study control the molecular weight distribution and aromatic molecules’ planar structure

in mesophase pitches, selected model aromatic hydrocarbons, such as naphthalene, anthracene and

methylnaphthalene, have been used in preparation of mesophase pitches by a catalytic synthesis process

[9-13]. Carbon fibers, possessing excellent performance, were then prepared from these synthesized

mesophase pitches. This work suggests that the presence of methyl groups effectively improves the



orientation of aromatic molecules in mesophase pitch and facilitates the preparation of carbon fiber with

high tensile modulus and large grain size [12].

Mesophase pitch-based carbon fibers with high performance have been commercialized successfully.

However, little information about the preparation process and properties of spinnable mesophase pitches

from coal tar pitch (CP) or petroleum pitch (PP) was reported [14]. Since coal tar pitch and petroleum

pitch are composed of thousands of compounds [15,16], with wide molecular weight distribution and

poorly defined chemical structure [14], the fabrication process design and the synthesis control of

spinnable mesophase pitches from these two kinds of pitches are not easy [17]. Researchers usually

explain the properties of mesophase pitches through the characterization of their main chemical

structure and optical texture features, such as average molecular weight, aromaticity, hydrogen and

carbon distribution as well optical texture. The rheological and spinning properties of the mesophase

pitches are largely due to the naphthenic structures and alkyl groups of their feedstocks [10,18]. The

research papers on comparison/blending of coal-tar and petroleum pitch are mainly focused on the

mesophase pitch preparation and their application as graphitizable carbons [19-21]. Even though it has

practical importance in explaining the effects of precursor chemical structure on carbon fiber properties,

few reports look into the molecular irregularity and resulting microcrystalline (im)perfection of

mesophase pitches prepared from differing feedstocks. In our previous work, a spinnable mesophase

pitch was prepared from two precursors by taking advantages of both of abundant naphthenic structures

in synthetic naphthalene pitch and of aliphatic groups in FDO [18]. In order to further reveal the effect

of molecular structure and stacking on mesophase pitch texture and derived carbon fiber properties,

three kinds of spinnable mesophase pitches were prepared from coal tar pitch, petroleum pitch and their
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blends, respectively. The molecular structure (aromaticity and aliphatic groups), anisotropic domain and

crystallite dimensions of the mesophase pitches and the properties of resultant carbon fibers were

investigated in this work. Mesophase pitch was synthesized by co-carbonization of coal tar pitch and

petroleum pitch to accomplish its molecular structure control and carbon fibers combining the

advantages of coal tar mesophase pitch-based carbon fibers and petroleum mesophase pitch-based

carbon fibers were prepared from this designed mesophase pitch.

2. Experimental

2.1. Preparation of spinnable mesophase pitches

A commercial impregnated CP provided by Jining carbon group co., Ltd and a PP provided by China

Petrochemical Group Co., Ltd prepared from high temperature distillation of FCC slurry were used as

the feedstocks to prepare spinnable mesophase pitches. The properties of CP and PP are shown in Table

1. The two feedstocks contain less than 1 wt.% of quinoline insoluble (QI) content.

Table 1 General properties and chemical composition of CP and PP.

Elemental content/wt.%

Sample  SP¥°C TS®% H/C
C H N S

CP 87 62.55 93.20 4.49 1.08 0.53 0.578

PP 108 81.31 93.40 5.57 0.25 0.76 0.716

2 Softening point tested by ring and ball method, ® Toluene soluble
The preparation of mesophase pitches consisted of the feedstocks’ pressurized heat treatment

followed by thermal polymerization under nitrogen flow with stirring [20,22]. The CP, PP and their



blends in 50:50 wt.% proportions were used as the basic feedstocks. The optimized pressurized heat

treatment was conducted using a 300 mL autoclave at 430 °C for 6 h under 3~5 MPa reaction pressure.

The heat-treated pitch was transferred to a stainless steel reactor with an agitator. The pitch was then

vigorously stirred during heat treatment at 410 °C and nitrogen was bubbled through from the bottom

at a specific flow rate of 6 mL/min/g (mass of pitch). After the treatment, mesophase pitch was produced

and cooled down naturally under flowing nitrogen. The mesophase pitches prepared from CP, PP and

their blends were named C-MP, P-MP and C/P-MP, respectively.

2.2. Preparation of mesophase pitch-based carbon fiber

Mesophase pitch-based fiber was prepared from each pitch at temperatures about 80 °C higher than

the pitch softening points by melt spinning from a circular shaped spinneret (D = 0.2mm, L/D=3) under

0.2 MPa nitrogen pressure with a drawing speed of 400 m/min. In order to decrease the oxidative

stabilization time, the as-spun mesophase pitch fibers underwent a heating rate of 5 °C/min to 160 °C

and then a heating rate of 0.5 °C /min to 280 °C for 1h under flowing air atmosphere as the optimized

stabilized condition. Subsequently, the stabilized fibers were carbonized at 1000 °C for 30 min at a

heating rate of 5 °C/min and then the carbon fibers were further graphitized at 3000 °C for about 10

min.

2.3. Characterization of mesophase pitch and carbon fiber therefrom

The SP of mesophase pitches was tested using a capillary rheometer (CFT-100EX, Shimadzu). The

fractional composition of the mesophase pitches was analysed by sequential Soxhlet extraction with

toluene (T), tetrahydrofuran (THF) and quinoline (Q) solvents. The optical texture of the mesophase

pitches were observed using a polarized microscope (POM, BX53M, Olympus) and the anisotropic
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content was determined by the measuring module of the microscope's own software. To prepare samples
for this each mesophase pitch was annealed at temperatures about 80 °C higher than its softening point
for 1 h under a nitrogen gas flow and cooled naturally [21], and then polished for texture observation
under polarized light.

The elemental contents (C, H, N and S) of the samples was analysed using an elemental analyzer
(Vario EL III, Elementar) and the oxygen content was determined by difference (O=100-C-H-N-S). The
functional groups in the feedstocks and mesophase pitches were characterized by FT-IR (IS10, Thermo
Fisher). The chemical structure of the mesophase pitches was identified by solid-state '*C-NMR (600
DD2, Aglient). This NMR analysis was performed at a resonance frequency of 150.15 MHz and
recorded with spinning rate of 15 KHz with a 4 mm probe at room temperature. A delay time of 5s was
used over 2048 scans. Carbon in *C-NMR was classified according to the chemical shifts into seven
categories: CHs, methyl carbons, 17-23 ppm; CH», methylene carbons in alkyl chains, 23—-34 ppm; CHaa,
methylene carbons in the position to two aromatic rings, 34—50 ppm; CH,, protonated aromatic carbons,
108115 ppm; Car3, peri-condensed aromatic carbons, 115-129.5 ppm; C,°, aromatic carbons with
aliphatic chains substituents, 129.5-132.5 ppm; C,r, cata-condensed aromatic carbons or aromatic
carbons with aromatic substituents, 132.5-160 ppm [23,24].

The oxidization behavior of the as-spun mesophase pitch fibers was followed from room temperature
to 400 °C with a heating rate of 2 °C/min under air atmosphere using a thermogravimetric analysis
(TGA) system (STA 409 PC, Netzsch).

The Raman spectra of the samples were collected using a Raman spectrometer (HR Evolution,

HORIBA) with a Nd laser (A=532 nm) at 3.2 mW.
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In order to accurately determine the changes in doo2-spacing and carbon layer stacking height (L) for
carbon fibers prepared from different mesophase pitches and heat-treatment temperatures, the XRD
patterns were collected in a scanning range (20) of 22 to 30° with a scanning rate of 1°/min using Cu
K, radiation. The doo2-spacing and L. values of mesophase pitches were calculated with reference to the
standard method reported by the Japanese Society for the Promotion of Science [25]. Based on the
Bragg equation [26] and the Scherrer's equation [27], the doo2-spacing and L. values of carbon fibers
were calculated, respectively. Since the (110) plane diffraction peak of graphite fibers are very weak
owing to their highly oriented crystal structure, their La values were calculated by the equation (1) [28]

L.=0.95/(do02-0.3354) @))

The morphology and microstructure of the carbon fibers were observed using a JISM-6700F scanning
electron microscope (SEM)) and a Tecnai G2 F20 S-TWIN high resolution transmission electron
microscope (HRTEM). The electrical resistivities (p), tensile Strength (TS) and tensile modulus (TM)
of the graphitized carbon fibers were measured with reference to the previous paper [29]. The broken
carbon fibers were numbered and the corresponding diameter of each carbon fiber was further measured
under SEM in order to calculate the mechanical properties of the carbon fiber.

3. Results and discussion
3.1. Molecules structure analysis of the feedstocks by FT-IR

Fig. 1 shows the FT-IR spectra of the two feedstocks. Both the CP and PP exhibited moderate aromatic
C-H stretching bands at 3030 cm™'. In comparison with PP showing strong aliphatic C-H stretching
peaks at around 2920 and 2860 cm™!, CP shown much less intense aliphatic C-H stretching bands, which

is highly consistent with the result reported in Ref. [30]. In addition, the FT-IR spectra shown in Fig.1
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show that, compared to CP, PP shows an obviously stronger signal for methyl groups absorbing at 1380
cm’!. The CP, being mainly composed of unsubstituted large polyaromatic hydrocarbons (PAH), shows
a much higher ratio of aromatic to aliphatic C-H stretching bands than PP, which has a higher content
of alkyl-substituted aromatic species [31]. The higher I750/Igso ratio of four-adjacent hydrogens (quatro)
at 750 cm™ to isolated hydrogens (solo) at 880 cm™' for CP, compared with PP, which can be calculated

from Fig. 1, also suggests that CP possesses higher aromaticity and PP has more aliphatic groups.

Transmittance

T T T T T T T T T T T
3500 3000 2500 2000 1500 1000 500
Wavenumber/cm *

Fig. 1 FT-IR spectra of the two feedstocks.

3.2. Property and optical morphology analysis of the mesophase pitches

Some general properties of the three products after thermal polymerization were summarized in Table
2. P-MP tends to have the lowest softening point, the highest TS and THFS values and the lowest QI
value. C-MP exhibits the highest softening point and fixed carbon (FC) content as well as the lowest
H/C atomic ratio, which has a close relation with its higher aromaticity. However, C/P-MP has an
intermediate softening point, QI, THFS and TS value, as well as an intermediate FC content and H/C

ratio to compared to those of the other pitches. The values for C/P-MP could be attributed to the high



aromaticity of CP and the abundant aliphatic groups of PP as well as to interactions between the two

feedstocks during the co-carbonization.

Table 2 Some general properties of the mesophase pitches.

Sample SP/°C FC/% TS/% THFSY%  QI%%  n(H)/n(C)
C-MP 276 92.80 9.67 17.44 68.22 0.478

C/P -MP 270 90.03 20.82 34.11 51.81 0.503
P-MP 262 87.25 23.32 36.70 46.72 0.530

¢ Fixed carbon content, ¢ Tetrahydrofuran soluble, ¢ Quinoline insoluble

Fig. 2 Optical micrographs of (a) C-MP, (b) C/P-MP and (c) P-MP.

Fig. 2 shows the anisotropic contents and optical texture of three mesophase pitches. The anisotropic

content of C-MP shown in Fig. 2(a) is more than 95 vol% and an elongated anisotropic flow domain

texture was observed, which is different from the mosaic textures of coal tar pitch-based mesophase

pitches reported in Ref. [21]. The flow domain texture suggests that C-MP might have good flowability

and spinnability [18,21]. The C/P-MP and P-MP display larger size flow domain texture and have an

anisotropic content over 98 vol%. The widths of about 71um, 102um and 125um shown in Fig. 2 are

typical of the anisotropic domain sizes of C-MP, C/P-MP and P-MP, respectively. The larger anisotropic
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texture size and content of C/P-MP than those of C-MP are attributed to the introduction of short alkyl

group (especially methyl groups) and naphthenic structures from PP by co-carbonization process. The

transfer of methyl groups and hydrogen from PP promotes the molecule rearrangement of C/P-MP so

that the orientation of C/P-MP becomes more orderly than that of C-MP [6, 21], thus enhances the

solubility and fusibility of C/P-MP.

3.3. Molecules structure analysis of mesophase pitch

P-MP

Iar=0.755

C/P-MP

Iar=0.832

Transmittance

Iar=0.929

1600, 450

3030

750
T T T T T
3000 2500 2000 1500 1000 500

Wavenumber/cm™!
Fig. 3 FT-IR spectra of the prepared mesophase pitches.

Fig. 3 shows the FT-IR spectra of the three mesophase pitches. Some obvious differences can be
observed in the absorption peaks at 2900-3000 cm!, 1450 cm™! and 1380 cm’!, ascribed to the different
aliphatic groups content in the mesophase pitches. All the peaks of P-MP, especially around 2960 cm’
(asymmetric CH; stretching [31]) and 1380 cm™, are more intense than those of C/P-MP and C-MP,
suggesting more methyl groups (-CH3) in P-MP than in the other two mesophase pitches. The
aromaticity index (I.r) was calculated using the formula: I.r =Absso30 / (Abszoz0 + Abs2920) [25] where

Abss030 and Absaoo represent the absorption peak areas at around 3030 and 2920 cm’!, respectively,
10



obtained by deconvolution [31]. The I, index for C-MP, C/P-MP and P-MP was 0.929, 0.832 and 0.755,

respectively. This indicates that C/P-MP prepared by co-carbonization possesses more aliphatic groups

than C-MP.
P-MP ~
C/P-MP
—WWJJ\—W\
C/P-MP
C-MP
C-MP L~ ——————— T~
L 1 L - 1 L 1 M 1 M 1 M 1 1 1 1 1
300 250 200 150 100 50 0 50 40 30 20 10 0
Chemical Shift/ppm Chemical Shift/ppm

Fig. 4 Solid-state '>*C-NMR spectra of the mesophase pitches.

Table 3 Carbon distributions of the resultant mesophase pitches from analysis of solid-state '*C-NMR

spectra.
Aliphatic/% Aromatic/%
Sample Car3/car2 Fa
CH3 f CHZ & Chaz h CHar i Car3j Cars « Car2 !
C-MP 2.24 1.88 0.88 5.05 66.69 9.46 13.80 4.83 0.95
C/P-MP 7.33 2.45 1.22 4.57 62.80 8.49 13.16 4.77 0.89
P-MP 11.03 3.14 1.83 2.59 50.80 12.97 17.60 2.88 0.84

Fig. 4 shows '*C-NMR spectra of the three mesophase pitches. The molecular architecture of the

mesophase pitches was further quantitatively identified and summarized in Table 3. As expected, the
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effect of chemical structure such as the shape and rigidity of mesophase pitch molecules, on their

molecular orientation and rheological properties [14] might have further influence the properties of the

pitches’ carbon fiber derivatives [32]. The three mesophase pitches show an aromaticity index (Fa) trend

of C-MP > C/P-MP > P-MP, while the aliphatic content is in the reverse order, as shown in Table 3. This

suggests that C-MP is mainly composed of rigid aromatic mesogenic units while the P-MP possessed a

semi-rigid structure and its various mesogenic units are connected by aryl-aryl bonds or alkyl groups

[14]. The Ca3/Ca2 parameter gives a measure of the relationship between peri- and cata-condensation

[23]. A higher value of Ca3/Car indicates more peri-condensation in the molecule structure.

Among the three mesophase pitches, the similar Cas/Carz values suggests that C/P-MP possesses a rigid

aromatic mesogenic units like C-MP. The lowest Car3/Car2 value, for P-MP, implies its tendency towards

a more linear molecular structure. The aliphatic groups in the mesophase pitches are mainly methyl

groups, as shown in Table 3. In particular, the higher aromaticity value and -CH3 content of C/P-MP

indicates that it largely consists of rigid aromatic mesogenic units which contain a moderate number of

short aliphatic chains. These results are highly consistent with the FT-IR analyses of the three mesophase

pitches. Based on the above results, the typical molecular structures of the three mesophase pitches are

represented by the schematic chemical structure shown in Fig. 5 to intuitively reflect the molecular

structure difference of three mesophase pitches [23]. The molecular structure of C/P-MP offers the

advantages of both rigid aromatic mesogenic units and abundant short aliphatic chains which are

inherited from the CP and the PP, respectively.
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Fig. 5 Schematic molecular representations of the typical chemical structures of C-MP (a), C/P-MP

(b) and P-MP (c).

3.4 Molecular orientation and microcrystalline perfection of the mesophase pitches
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Fig. 6 XRD patterns (a) and Raman spectra (b) of the mesophase pitches.
X-ray diffraction and Raman spectra, used to determine the molecular orientation and microcrystalline
perfection of the prepared mesophase pitches, are presented in Fig. 6. Table 4 lists the microcrystalline

parameters and the degree of perfection in the molecular arrangement [17] of the mesophase pitches.
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As presented in Fig. 6 (a), the most obvious diffraction peaks at 20 = 25.5° and 26 = 43.0°,

corresponding to the doo-spacing and size of aromatic carbon layers, respectively, suggest that the

mesophase pitches are highly crystalline [33]. The (002) aromatic carbon layer-planes’ peak intensity

increases as follows: C-MP < C/P-MP < P-MP, indicating that the stack height (L.) and the number of

aromatic molecular layers (N) increase in the same order, as shown in Table 4. The 20 angle for the (002)

peak, meanwhile, slightly decreases in the order: C-MP > C/P-MP > P-MP (shown in Figure 6(a)),

showing doo2-spacing increases in order, from C-MP to C/P-MP to P-MP. The molecular stacking heights

(Lc) of C-MP, C/P-MP and P-MP are 2.89 nm, 3.12 nm and 3.54 nm, respectively, as shown in Table 4.

It is worth noting that these trends for doo> and L. in these prepared mesophase pitches are inconsistent

with the result reported in Refs. [4,34], which may be explained by differences in the chemical structure

and the rigidity of the mesophase pitch molecules. The semi-rigid molecular structure especially the aryl-

aryl single bond, as described in Fig.5(c), reduce the conjugation of P-MP molecules and lead to a certain

degree of molecular plane distortion, reducing molecular flatness and hence increasing dog2-spacing.

Even though this type of C-C single bond will lower the 002 stacking properties of the molecules, the

higher molecular stacking (L.) of P-MP than other pitches, as shown in Table 4, is attributed to the

abundant -CH3 groups in P-MP. The -CH3 groups help to increase its molecular mobility and thus

promote its molecular stacking height (L.). This is consistent with the previous conclusion that -CH3

groups resulted in larger and more ordered stacking of the aromatic molecules in mesophase pitch [11-

12]. On the other hand, the rigid molecular structure and low amount of -CH3 groups in C-MP, result in

its more compact structure through lower interlayer spacings and stack height. The higher L. value of

C/P-MP than that of C-MP is due to its higher -CH3 groups introduced during co-carbonization.
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The peak intensity of the Raman D-band and G-band for mesophase pitch is indicative of its molecular
character [35]. As shown in Fig. 6 (b), the D-band intensity increases as C-MP < C/P-MP < P-MP. The
D-band of P-MP is ascribed to the presence of aryl-aryl C-C bonds and alkyl groups (methyl groups) at
the periphery of the molecules [35]. A lower value of Ip/Ig indicates fewer defect sites and hence more
highly ordered orientation [14]. The Ip/Ig ratio of C-MP, C/P-MP and P-MP is 0.76, 0.70 and 0.68,
respectively. As shown in Table 4, the planar aromatic molecules sizes (L.) calculated from Ip/Ig increase
as C-MP < C/P-MP < P-MP. This demonstrates that the crystalline perfection of C/P-MP is superior to
that of C-MP, suggesting that carbon fibers derived from C/P-MP may have larger crystallite dimensions
and higher thermal conductivity.

Table 4 Microcrystalline dimension parameters of the three mesophase pitches.

Sample d;p,/nm L /nm N™ I/l L."nm
C-MP 0.3440 2.89 9.40 0.76 5.79

C/P-MP 0.3452 3.12 10.04 0.70 6.29
P-MP 0.3482 3.54 11.17 0.68 6.47

™ The layer numbers, N=L/doo2 +1, " L.=44/(In/16)*10'° m [36]

3.5 Stabilization optimization and properties of the fibers
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Fig. 7 TGA curves of the three as-spun mesophase pitch fibers under air atmosphere.

Fig. 7 shows the TGA curves obtained from the as-spun mesophase pitch fibers to mimic oxidative
stabilization at a heating rate of 2 °C/min under air atmosphere. All three curves started to show increase
in weight around 180 °C and the as-spun fiber of C-MP, C/P-MP and P-MP reached maximum weight
gain respectively of 4.6, 6.7 and 8.4 wt.% at about 340 °C, as indicated in Fig.7. This behavior is
determined by the fibres’ precursor molecular structure because the stabilization of as-spun mesophase
pitch fibers is mainly occurs by the oxidation of hydrogen-containing groups in their molecules [37,38].
The higher H/C atomic ratio and abundant aliphatic groups of P-MP mean that their fully pre-oxidized
pitch fibers reached higher oxygen uptake, as shown in Fig. 8. On the other hand, the higher
carbonization yield of the pre-oxidized fibers prepared from C/P-MP than that of P-MP indicates that the
C/P-MP has a lower decomposition degree during carbonization, suggesting that the mechanical

properties of its carbon fibers will be superior than that of P-MP-CFs [39].
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Fig. 8 Oxygen uptake content (m) of the three pre-oxidized fibers evaluated by Elemental Analysis

and their carbonization yield (A) at 1000 °C.
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Fig. 9 Changes to the dop2-spacing (a) and the L. value (b), progressing from mesophase pitches
to their as-spun fibers and then to pre-oxidized fibers.

XRD was adopted to monitor changes in polyaromatic molecular ordering of the three mesophase
pitches during their spinning and stabilization processes. As presented in Fig. 9, the as-spun fibers show
higher doo2-spacings and lower L. values than those of their corresponding mesophase pitches, indicating
that the crystallites of the mesophase pitches lose some of their stacking during the spinning process [25].

The L. values of the stabilized fibers are larger than those of the corresponding as-spun fibers, indicating
17



that the reduced stacking is partly recovered during the stabilization process. It’s worth noting that the
pre-oxidized fibers prepared from P-MP have even lower doo> than that of the mesophase pitch itself as
shown in Fig. 9. This behavior indicates that the pre-oxidation process reduces the distortion of planar

molecules in P-MP and makes these planar molecules more compact by forming a cross-linked structure.

Fig. 10 SEM and HRTEM images of C-MP-CFs (a, d, g), C/P-MP-CFs (b, e, h) and P-MP-CFs (c,

f, 1) after graphitization at 3000 °C.

The carbon fibers prepared from mesophase pitches, C-MP, C/P-MP and P-MP were designated C-

MP-CFs, C/P-MP-CFs and P-MP-CFs with diameters of 10.3, 9.8 and 10.0 um, respectively. As shown

in Fig.10(a), no cracking is observed in the transverse cross-section of C-MP-CFs and these show an

obvious random structure. However, some axial cracks are observed in C/P-MP-CFs and P-MP-CFs as
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shown in Fig. 10(b) and Fig. 10(c), respectively, implying better carbon layer orientation in the C/P-MP-
CFs and P-MP-CFs. The crystal size of the three carbon fibers increasing in the order: C-MP-CFs < C/P-
MP-CFs < P-MP-CFs as shown in their HRTEM images (Fig.10(g), Fig.10(h) and Fig.10(1),
respectively), is further confirmed by the XRD (shown in Fig. 11(a)) and patterns and Raman spectra
(shown in Fig.11 (b)) analyses. The intensity of the diffraction peaks for the graphite (002) plane of the
carbon fibers increases and the Ip/Ig of their Raman spectra decreases going from C-MP-CFs to C/P-
MP-CFs to P-MP-CFs, thereby following the same trend as for the precursor pitches. Various properties
and crystal lattice parameters of the three carbon fibers are summarized in Table 5. Commercial K13D2U
carbon fiber manufactured by Mitsubishi Gas Chemical Co. was used as a reference to compare the

performance and crystal parameters of three prepared carbon fibers.
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Fig. 11 XRD patterns (a) and Raman spectra (b) of the carbon fibers.
As listed in Table 5, the crystallite dimensions (L. and La) of the carbon fibers increase in the order of
C-MP-CFs < C/P-MP-CFs < P-MP-CFs. C-MP-CFs and P-MP-CFs show the highest mechanical
properties and axial thermal conductivity, respectively, while C/P-MP-CFs possesses both high thermal

conductivity and axial thermal conductivity. The properties and crystalline parameters of the carbon
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fibers are in line with what could be expected from the XRD and Raman analyses of their precursor

mesophase pitches, suggesting that the molecular structure and orientation of the mesophase pitches have

significant influence on the mechanical properties and, particularly, the thermal conductivity of carbon

fibers. The excellent mechanical properties of C-MP-CFs seem to result from the smaller oxygen uptake

by their pre-oxidized fibers and a fine-grain strengthening effect [40]. On the other hand, the high axial

thermal conductivity of P-MP-CFs was attributed to their large micro-texture size and that of their

precursor [10,41]. Thus, the performance of carbon fiber can be considered to affected by both the

chemical structure of its precursor and its crystallite dimensions. To sum up, the co-carbonization process

makes that C/P-MP has the rigid aromatic mesogenic units and moderate short aliphatic chains molecular

structure. The molecular structure control and the improvement of microcrystalline orientation of C/P-

MP promote the prepared C/P-MP-CFs with both good mechanical properties and ultrahigh thermal

conductivity to compare with those of the K13D2U commercial carbon fiber.

Table 5 Properties and crystal lattice parameters of the carbon fibers.

Properties Crystal parameters
Sample  Elongation TS ™ P TCY/ dyg, La L.
/% /GPa /GPa /uQ'm  W/(m-K) /nm /nm /nm
C-MP -CFs 0.62 3.86 620 2.00 635 0.3375 4430 2596
C/P-MP-CFs 0.49 3.65 773 1.39 912 0.3370 56.12 29.84
P-MP-CFs 0.41 2.89 725 1.31 962 0.3369 63.65 39.96
K13D2U* 0.50 3.56 692 1.59 806 0.3371 5490  27.02
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" Thermal conductivity, calculated by the formula reported by Zhang [42].

*Commercial mesophase pitch-based carbon fiber manufactured by Mitsubishi Gas Chemical Co [43].

4. Conclusions

The structure and nature of raw materials have significant influence on the molecular structure of

prepared mesophase pitches, and thus on the crystallite dimensions and performance of carbon fibers

derived from the mesophase pitches. C-MP possessing the highest aromaticity, a rigid molecular

structure and a very small amount of methyl groups makes C-MP-CFs with smaller crystal size and lower

decomposition during the preparation process, thus results in best mechanical properties of their carbon

fibers, consequently. P-MP’s semi-rigid molecular structure and abundant methyl groups result in a

certain degree of molecular plane distortion and good molecular mobility, respectively, which result in a

mesophase pitch with the highest interlayer spacings and the largest crystallite dimensions. The largest

crystallite dimension of P-MP combined with its higher molecular orientation makes P-MP-CFs

possessing the highest crystal size and axial thermal conductivity. The C/P-MP-CFs, with both good

mechanical properties and ultrahigh thermal conductivity have been prepared by co-carbonization of the

coal tar and petroleum pitch raw material precursors. Their superior combination properties are attributed

to C/P-MP’s molecular structure which offers the advantages of both rigid aromatic mesogenic units and

moderate short aliphatic chains inherited from the CP and PP, respectively.
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