FaE 3
2026 4F- 6 H

HERARL (H9E3)

New Carbon Materials

The effect of the chemical structure of spinnable pitches on their rhe-
ological properties and spinnability and the properties of carbon
fibers produced from them

Li Qian'”’, Zhang Bingfeng’,

Qu Shijie"*,

Yang Yan'”,
Shen Wenzhong'*

Zuo Pingping',  Qin Fangfang',

(1. State Key Laboratory of Coal Conversion, Institute of Coal Chemistry, Chinese Academy of Sciences, Taiyuan, Shanxi 030001, China;

2. Center of Materials Science and Optoelectronics Engineering, University of Chinese Academy of Sciences, Beijing 100049, China;

3. China Energy Engineering Group Shanxi Electric Power Engineering Co., Ltd, Taiyuan, Shanxi 030001, China)

Abstract: The structure and composition of a spin-
nable pitch determine the properties of the carbon
fibers produced from it. Spinnable pitches with low
and high softening points (L-SP and H-SP) were pre-
pared by air-blowing thermal polymerization of coal
tar pitch. The polymerization mechanism, structural
composition, properties of the pitch, and the carbon
fiber properties were investigated by fluorescence
excitation-emission spectroscopy with parallel factor
analysis, EPR, "C-NMR, dynamic shear rheometry,
XRD, Raman, etc. L-SP had the lower degree of
polymerization, longer alkyl side chains, and a high-
er proportion of C—O—C groups. At its spinning
temperature, the molten L-SP had viscous-dominant
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rheological characteristics. H-SP had larger polycyclic aromatic hydrocarbon rings, a higher degree of branching, and a higher

polarity. The molten H-SP had a high storage and loss moduli, and a rheological behavior with nearly balanced viscous and

elastic properties. Although carbon fibers prepared from H-SP had the better physical properties, their inferior rheological prop-
erties could lead to melt die swelling, the formation of surface particles and an increased number of irregularities. The superior
viscoelasticity of L-SP promoted uniform stretching, maximizing the properties of carbon fibers. This ultimately resulted in
similar tensile strengths and moduli of the carbon fibers prepared from the two pitches. The high-quality spinnable pitch had a
high aromatic carbon content, a small size of its PAHs, and a low C=0/0O—C=0 content, which ensured viscosity-dominated
rheological behavior, thereby reducing die swelling and melt fracture, and the spinning stability and properties of the carbon

fibers produced were improved.
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Carbon fiber plays an important role in
aerospace, defense, and new energy transportation
fields due to its excellent performance! . In contrast
to the superior mechanical performance of polyac-
rylonitrile-based carbon fiber, pitch-based carbon
fiber exhibits typical characteristics of a functional
material, particularly in thermal protection and oxida-

[3-5]

tion resistance’ . Various heavy products derived
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from coal and petroleum, and polycyclic hydrocar-

bons, are suitable raw materials for preparing pitch-

[6—

based carbon fiber". Among them, coal tar pitch is

an excellent precursor due to its high content of poly-
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cyclic aromatic hydrocarbons, readily polymerized,
cross-linked, graphitized, as well as a high carbon
yield"*™. The quinoline-insoluble components and
impurities in coal tar pitch have to be removed, as
they affect the rheological properties and spinnability
of the spinnable pitch, and ultimately degrade the per-
formance of the resultant carbon fibers!'’™'"!. It was re-
ported that pitch-based carbon fiber prepared from
coal tar pitch (refined by washing oil extraction)
showed good mechanical properties' ”. An ideal spin-
nable pitch should possess a narrow molecular weight
distribution, low impurity, heteroatom content, and
excellent melt rheological properties' ..

Spinnable pitch with suitable softening point, fa-
vorable thermal stability, and rheological properties
could be obtained by physical or chemical modifica-
tion! """l Spinnable pitch prepared by the co-carbon-
ization of coal tar pitch with methylnaphthalene or
petroleum pitch exhibited a linear molecular structure,
which facilitated extrusion from spinnerets and en-
hanced spinnability!'). The bromomethylation reac-
tion facilitated the formation of linear molecular struc-
ture with methylene cross-linked bridges in spinnable
pitch. Moreover, the tensile strength and modulus of
resultant carbon fibers were 1210 MPa and 58 GPa''”,
respectively. Besides, appropriately raising the spin-
ning temperature could reduce the viscosity of the
spinnable pitch, weaken die-swell effect of spinneret,
which might enhance the performance of carbon
fibers'”).

These results demonstrated that the structure,
composition and melt rheology of spinnable pitch de-
termined the performance of resultant pitch-based car-
bon fiber””.. However, the performance of pitch-based
carbon fiber was usually affected by the combined
factors” . It was often observed that spinnable pitches
with significantly different compositions and struc-
tures could exhibit similar carbon fiber performance,
presenting a challenge for structure-property predic-
tion. This phenomenon implied a competitive mech-
anism between structural potential and rheological
spinning properties. For instance, while a high degree
of polymerization was favorable for structure, poor

rheological properties might lead to swelling and fiber
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breakage during spinning, thereby diminishing struc-
tural advantage!' . Conversely, a precursor with lower
polymerization might enhance fiber uniformity dur-
ing spinning due to superior viscoelasticity and spin-
fiber

I, Therefore, it was crucial to reveal the

nability,  thereby carbon

[22

improving
performance
fundamental cause behind this convergence in carbon
fiber performance.

In this work, two types of spinnable pitch were
prepared from the same coal tar pitch by air-blowing
thermal polymerization at 320 and 370 °C, respect-
ively. The spinnable pitches were further separated in-
to different fractions using column chromatography
and solvent extraction. Differences in molecular
weight distribution, crosslinking degree, functional
groups, as well as the concentration and species of
free radicals in the two pitches were systematically
analyzed. The melting behavior, key rheological para-
meters such as modulus and viscoelasticity, as well as
spinnability of the spinnable pitches were also invest-
igated. The results showed that pitch-based carbon
fibers derived from two structurally distinct spinnable
pitches exhibited comparable performance. The un-
derlying reasons for this phenomenon were discussed
based on their structural composition and melt rheolo-
gical behavior. This work provided valuable insights
into the factors influencing the performance of pitch-
based carbon fibers.

Coal tar pitch was provided by Jiexiu Changlong
New Material Technology Co. Ltd., China. N-hexane
(H), toluene (T), petroleum ether (PE), tetrahydrofur-
an (THF), and methanol (Me) were purchased from
Sinopharm Group, China.

Tetrahydrofuran was used for refining coal tar
pitch. Using refined pitch as raw material, two spin-
nable pitches with low and high softening points were
prepared by air-blowing thermal polymerization at
320 and 370 °C for 4 h, respectively. The spinnable
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pitch prepared by air-blowing polymerization showed
fully isotropic pitch (Fig. S1). The refined pitch and
spinnable pitches prepared at 320 and 370 °C were
labeled as refined coal tar pitch (RCTP), low soften-
ing point (L-SP) and high softening point (H-SP), re-
spectively. The basic physical properties of coal tar
pitch (CTP) and refined coal tar pitch (RCTP) were
listed in Table 1.

Spinnable pitch fraction separation used column
chromatography and solvent extraction, respectively.
Column chromatography employed 200—300 mesh
silica gel as the stationary phase. The silica gel was
wetted with n-hexane and wet-packed into the
column. The 0.5 g of spinnable pitch was added. The
mobile phases were T / PE, T / THF, and Me / THF
binary solvent. The eluents were added as follows:
100% H, 20% T / 80% PE, 40% T / 60% PE, 60% T /
40% PE, 80% T / 20% PE, 100% T, 25% THF / 75%
T, 50% THF / 50% T, 75% THF / 25% T, 100% THF,
and 25% Me / 75% THF, where percentages represen-
ted the volume ratios of different solvents. Spinnable
pitch was divided into
(THFS) and
(THFI) by THF as solvent for 24 h using the soxhlet
extraction. The THFI fractions were dried in an oven
at 75 °C for 3 h. The tetrahydrofuran-soluble and in-
soluble fractions of the two spinnable pitches were
labeled as L-THFS, L-THFI, H-THFS and H-THFI,

respectively.

tetrahydrofuran-soluble

tetrahydrofuran-insoluble  fractions

The prepared spinnable pitches were melt-spun at
268 and 305 °C with a winding speed of 400 m/min,

respectively. The same stabilization process and car-
bonization conditions were carried out. The stabiliza-
tion process used a heating rate of 5 °C/min to 270 °C,
followed by 0.5 °C/min to 290 °C and holding for
180 min under air condition. Carbonization treatment
was conducted at 1000 °C for 10 min under an inert
atmosphere, with a heating rate of 10 °C/min. The res-
ulting pitch-based carbon fibers were denoted as CF-
LSP and CF-HSP. The preparation process of the
spinnable pitches and the corresponding carbon fibers

was illustrated in Scheme 1.

The distribution of polycyclic aromatic hydrocar-
bons in spinnable pitch eluates was analyzed by three-
dimensional excitation-emission matrix (EEM) fluor-
escence spectroscopy (F-7000 FL) coupled with paral-
lel factor analysis (PARAFAC). EEM-PARAFAC en-
abled the decomposition of a large number of samples
into individual fluorescent components, identifying
the unique intensity and peak positions of independ-
ent fluorophores. The scanning ranges of excitation
wavelength (E,) and emission wavelength (£,) were
200-580 nm and 220-600 nm, respectively. PARA-
FAC analysis of samples was performed using the
DOMFluor toolbox in MATLAB R2021b. The mo-
lecular weight distributions of the eluates were char-
acterized using an Agilent 1260 instrument from Ger-
many. The functional groups of spinnable pitch,
THFS, and THFI fractions were determined by a
NICOLET-FT-IR 380 FT-IR spectrometer. Aromati-
city (Z)"'" and alkyl side chain length () were cal-

= A3150-2990 et /A2990-2800 e and

L= Algso em /A 1375 e » TESPEcCtively. A Bruker EMX-

culated by I,

Table 1 The basic physical properties of coal tar pitch and refined pitch

Elemental composition/wt.%

Sample - Softening point/°C
P C H N S (@)
CTP 92.53 4.42 1.00 1.13 0.92 80
RCTP 91.63 5.00 1.19 0.86 1.34 70
Note: O” by difference.
320°C
"olymerization L S~P , 000 C 10 min, ‘
Air-blowing ' Melt - Stabilization ’Ilﬂﬂ‘ Carbonization m‘

RCTP 370 C spinning
Spinnable pitch

Pitch fiber

Stabilized fiber Carbon fiber

Scheme 1  The preparation process of spinnable pitch and resultant carbon fiber

Vol. 41 | Issue 3 | Jun. 2026 |

New Carbon Materials



B BATEL (FPEsC)

Research article

PLUS 10/12 electron paramagnetic resonance (EPR)
spectrometer was used to quantify the concentration
and identify the types of free radicals. The elemental
compositions of spinnable pitch, THFS and THFI
fractions were detected by a vario EL CUBE element-
al analyzer. The molecular weight of the spinnable
pitch was characterized by matrix-assisted laser de-
time-of-flight (MALDI-TOF)
mass spectrometry using a Bruker Ultraflex. "C-NMR

sorption/ionization

spectra were recorded on a Bruker Avance III 600
MHz spectrometer. The aromaticity (f.) of the pitch
was calculated based on the integrated areas of the
aromatic (90—165 ppm, ppm: 1x107°) and aliphatic
carbon regions (0-90 ppm). XPS was conducted by
Kratos AXIS ULTRA DLD (UK) with an Al Ko X-
ray source (1486.6 eV). The XRD (Bruker, Germany)
analysis was conducted using Cu-Ka source radiation
(4 =10.154 06 nm). Raman spectra were tested using a
WITec ALPHA 300RAS Raman spectrometer (laser
power 3 mW, excitation wavelength 532 nm).

RT600 hot stage with an MM25 microscope was
used to observe the melting process of spinnable
pitch. The rheological property was characterized by a
HAAKE MARS 40 Dynamic Shear Rheometer
(DSR). The thermal stability was determined by a TG-
DTA 8120 (Rigaku, Japan) with a heating rate of
5 °C/min from room temperature to 800 °C. These
tests were conducted in an inert atmosphere.

The tensile strength and Young’s modulus of car-
bon fibers were measured using an ASTM standard
D3822-14. The surface morphology of the obtained
carbon fiber was acquired by a JSM-7001F SEM.

L-SP and H-SP were separated by eluting with
solvents of different polarities. A three component
model was calculated in the eluates of both L-SP and
H-SP through EEM-PARAFAC analysis of polycyc-
lic aromatic hydrocarbons (PAHs). C1, C2 and C3
compositions of L-SP and H-SP eluates were shown
in Fig. la—f. The E, and E,, loadings for the PARA-

FAC components were shown in Fig. S2. The range of
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C1-C3 loadings was listed in Table S1. The similar
loadings ranges of L-SP and H-SP eluates were exhib-
ited in C1-C3. The ranges of E, wavelengths for C1
and C2, and E,, wavelength for C3 in the H-SP elu-
ates were broader. This suggested that a subset of
PAHs was common to both L-SP and H-SP, and that
the H-SP fraction comprised a greater variety of
PAHs"" . The content distribution of three compon-
ent model in the L-SP and H-SP eluates was shown in
Fig. 1g and Fig. 1h, respectively. The difference in the
C1—C3 distribution between the L-SP and H-SP elu-
ates indicated that PAHs with the same ring number
exhibited distinct abundance profiles in the two spin-
nable pitches"”” ",

The C1, C2 and C3 loadings from the spinnable
pitches were uploaded into OpenFluor with excitation
and emission similarity score > 0.97. High similarity
to terrestrial humic-like reported was compared to
C1H7477% and 2P~ while C3 did not have a
comparable model. Further comparison of peaks with
databases and standards revealed that C1 likely con-
sisted of 3—4 ring aromatic compounds, which might
be alkyl or aryl substituted (e.g., 9,10-Di(1-naphthyl),
1,3,6,8-Tetraphenylpyrene), as well as 3—4 ring co-
planar polycyclic aromatic hydrocarbons (e.g.,
chrysene, pyrene)” . The C2 was characterized by
high molecular weight and aromaticity, which was as-
sociated with quinones and PAHs containing six or
more coplanar
i]perylene! "
ficant redshift in both excitation and emission

rings, such as Dbenzo[g, &,

) In contrast, C3 exhibited a signi-

wavelengths relative to C1. This suggested the pres-
ence of larger ring PAHs, likely with five or more co-
planar rings (e.g., perylene)!'”. The C3 content was
the lowest ( ~ 20%), while C1 and C2 accounted for
the larger proportion.

The molecular weight distributions of the L-SP
and H-SP eluates were shown in Fig. S3, with the av-
erage molecular weights listed in Table S2. In general,
the molecular weight of the eluates increased with elu-
ent’s polarity. Specifically, as the eluent polarity in-
creased from n-hexane to 100% toluene, the mass-av-
erage weight (M)
298.2 g/mol to 725.6 g/mol for L-SP, and from

molecular increased from
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Fig. 1 PARAFAC model of the three compounds in L-SP eluates and H-SP eluates, (a—c) C1, C2 and C3 of L-SP eluates, (d—f) C1, C2 and C3 of H-SP elu-

ates, and the three compounds distribution of (g) L-SP eluates and (h) H-SP eluates

317.7 g/mol to 483.3 g/mol for H-SP. With the eluent
further changed to 100% THF, the M|, increased to
844.7 g/mol (L-SP) and 706.4 g/mol (H-SP), respect-
ively. The z-average molecular weight (M) exhibited
an even more pronounced increase, with L-SP reach-
ing 1052.0 g/mol in the 100% THF eluate, while H-SP
reached 898.5 g/mol in the 25% Me / 75% THF elu-
ate.

H-SP exhibited a near-monotonic increase in av-
erage molecular weight with polarity, a trend likely at-
tributed to the concurrent rise in its C1 content. In
contrast, L-SP showed more complex fluctuations,
particularly with highly polar solvents. Notably, H-SP
had higher molecular weights than L-SP when eluted
with weakly polar solvents (higher in n-hexane and

petroleum ether), whereas the trend reversed under
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strong polar solvents (100% toluene, THF), with L-SP
attaining higher values. The particularly significant
molecular weight increase for H-SP in methanol-con-
taining eluates suggested a higher hydrogen-bonding
content and potentially greater polarity" ..
3.2
spinnable pitch

The molecular weight distribution of RCTP,

L-SP and H-SP was shown in Fig. 2a. The molecular

Structural and compositional evolution of

weight distribution range of RCTP was primarily
200-600 Da. The increase and broadening of molecu-
lar weight were observed after air-blowing polymeriz-
ation reaction, with a significant shift toward the high
m/z region. The molecular weight distribution range
of L-SP was 200-1200 Da. H-SP exhibited a broader

distribution range with the peak center at 1100 Da, in-
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Fig.2 (a) Molecular weight, (b) extraction fraction content, (c) FT-IR spectra, and (d) *C-NMR spectra of RCTP, L-SP and H-SP (ppm: 1x10°°)

dicating macromolecular composition substantially in-
creased. The number average molecular weight in-
creased from 864.86 Da (RCTP) to 1042.44 Da (L-SP)
and 1662.84 Da (H-SP), respectively.

L-SP and H-SP were divided into tetrahydrofur-
an-soluble fractions (L-THFS and H-THFS) and tet-
rahydrofuran-insoluble  fractions (L-THFI  and
H-THFI) by THF extraction (Fig. 2b). The weight
contents of L-THFS and L-THFI in L-SP were
49.70% and 50.30%, respectively. The contents of H-
THFS and H-THFI in H-SP were 42.81% and 57.19%
(mass fraction). H-SP showed a lower THFS fraction
and a higher THFI fraction than L-SP, which might be
the result of more macromolecular content and higher
molecular polymerization degree!’ .

FT-IR spectra of RCTP, L-SP and H-SP were
presented in Fig. 2c. RCTP and spinnable pitch exhib-
ited prominent hydroxyl (3500 cm') absorption
peaks. The intensity of the carbonyl peak (1700 cm™)
increased after thermal polymerization. The carbonyl
peak in H-SP showed the strongest intensity, suggest-
ing the content was the highest. The intensity of the
aromatic ring C—H (3050 cm™') absorption peak

Vol. 41 | Issue 3 | Jun. 2026 |
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gradually increased, whereas the aromatic C—H
(2920, 2850 cm ') absorption peak gradually de-
creased. The aromaticity index (/) of RCTP, L-SP
and H-SP was 0.45, 0.54 and 0.55, respectively. The
aromaticity increased significantly from RCTP to
spinnable pitch. The aromaticity of H-SP was slightly
higher than that of L-SP. Peaks near 1440 and
1375 cm™' belonged to methylene and methyl C—H
stretching vibrations, respectively. The aliphatic chain
lengths (/,) of RCTP, L-SP and H-SP were 2.73, 2.38
and 2.17, respectively, which indicated a shorter
aliphatic chains after thermal polymerization'”. The
L-THFS and H-THFS fractions exhibited notably
stronger absorption intensities at 1700 cm ™', indicat-
ing a higher carbonyl content within the THFS frac-
tions, with the H-THFS fraction showing the highest
value (Fig. S4). These results indicated that H-SP pos-
sessed a higher carbonyl content, comparable aromati-
city, and shorter aliphatic chains compared with L-SP.
The increased polar groups and shorter aliphatic
chains in H-SP might lead to stronger intermolecular
forces and poorer fluidity!”' .

Fig. 2d showed the "C-NMR spectra of RCTP,
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L-SP, and H-SP. The aromaticity (f.) increased from
0.68 (RCTP) to 0.71 (L-SP) and 0.72 (H-SP), which
indicated that the aromatic carbon content increased.
The C,, content increased, C,, decreased, C,,/C,, ra-
tio increased from 0.87 (RCTP) to 0.99 (L-SP) and
further to 1.24 (H-SP) (Table 2), suggesting a shorten-
ing of the aliphatic chains. L-SP retained a consider-
able proportion of —CH, groups, whereas H-SP exhib-
ited a substantial loss of —CH,, confirming its short-
er aliphatic chains. These findings were consistent
with the FT-IR results. Moreover, the peak intensity at
3040 ppm significantly decreased. It could be attrib-
uted to the oxidation of benzylic .CH, groups' . Con-
currently, the C,,/(C,;;+C,;,) ratio increased from 0.13
in RCTP to 0.15 in L-SP and 0.16 in H-SP, suggest-
ing an increase in structural cross-linking and branch-
ing sites.

A significant upfield shift in the aromatic carbon
peak was observed, from 127.5 ppm (RCTP) to 126.4
ppm (L-SP) and 126.2 ppm (H-SP). This indicated
that electron density of the aromatic carbons in-
creased, molecular conjugation enhanced, polycyclic
aromatic hydrocarbons size enlarged. The content of
C! decreased while that of CC increased! ! (Table 3),
which indicated the molecules underwent polymeriza-
tion. Concurrently, the slight decrease in C5. sugges-
ted the conversion of some alkyl-substituted carbons
into bridgehead types. This process was consistent
with the noted upfield chemical shift. The content of
C? also increased, pointing to progressive oxidation.

H-SP demonstrated a more pronounced transforma-
tion than L-SP, exhibiting a significant reduction in
CIl and a larger increase in CS. This comparative res-
ult indicated that H-SP underwent a higher degree of
condensation and developed more extensive bridged
aromatic structures'".

The elemental compositions of RCTP, spinnable
pitch, THFS and THFTI fractions were listed in Table
S3. Oxygen likely participated in cross-linking and
dehydrogenation polymerization reactions during the
air-blowing thermal polymerization process'”’ .. This
led to a decrease in the H/C ratio from 0.65 (RCTP) to
0.57 (L-SP) and further to 0.53 (H-SP), accompanied
by an overall increase in oxygen content. Concur-
rently, the content of nitrogen and sulfur slightly de-
creased. Notably, H-SP exhibited a lower oxygen con-
tent than that of L-SP. It might be attributed to the de-
composition of peroxide groups and the potential loss
of oxygen and hydrogen released as water'”. Further-
more, THFS fractions showed higher H/C ratio com-
pared with spinnable pitches, this was likely a result
of their lower aromatic content and higher saturated
aliphatic hydrocarbon content"”). The THFS fractions
contained higher concentrations of sulfur, oxygen, and
hydrogen than that of THFI fractions. The lower H/C
ratio in the THFI fractions indicated more complex
structures and higher polycyclic aromatic hydrocar-
bons content!"'.

XPS analysis was employed to investigate the

evolution of surface functional groups (Fig. S5). The

Table 2 The distribution of aliphatic carbon of RCTP, L-SP and H-SP

Aliphatic carbon distribution/%

Sample Cus Cun Cuy Ca/Ca Ca/(Cast Coi)
RCTP 41.15 47.51 11.34 0.87 0.13
L-SP 43.09 43.73 13.18 0.99 0.15
H-SP 47.96 38.58 13.46 1.24 0.16

Note: C,,, C—H carbons, 36-45 ppm; C,,, methylene/naphthenic bridge carbons, 25-36 ppm; and C,j;, terminal methyl carbons, 0-25 ppm!**~*! (ppm: 1x107°).

Table 3 The distribution of aromatic carbon of RCTP, L-SP and H-SP

Aromatic carbon distribution/%

Sample

Ca Ca Ca Ca
RCTP 61.97 26.14 9.51 2.38
L-Sp 59.43 29.10 9.05 2.42
H-SP 58.85 29.86 8.65 2.65

Note: CH, protonated aromatic carbons, 90-129 ppm; C¢, aromatic bridgehead carbons, 129-137 ppm; C:,, alkyl-substituted aromatic carbons, 137-148 ppm;

and C2, oxygen-substituted aromatic carbons, 148-164 ppm.
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peak-fitted data was listed in Table S4. The deconvo-
luted C 1s spectra of RCTP, L-SP and H-SP were
presented in Fig. 3a-c. The content of C—C/C=C
bonds decreased, while the combined content of oxy-
gen-containing functional groups (C—O, C=0,
O—C=0) increased. For L-SP, the C—C/C=C con-
tent decreased from 72.30% to 63.88%, accompanied
by an increase in C—O content from 13.69% to
17.06%. In contrast, H-SP showed a markedly differ-
ent profile. It exhibited a smaller reduction in
C—C/C=C content (69.40%), and the increase in
oxygen-containing groups was minimal. This was
consistent with the lower oxygen content measured
for H-SP compared with L-SP. H-SP had a higher
thermal polymerization temperature, potentially en-
abling decarboxylation, decarbonylation, and dehydra-
tion'" . The oxygen-containing bond cleavage and
aromatic ring condensation might occur. This shift
was consistent with the significant increase in bridge-
head carbons (CS) and the decrease in oxygen con-
tent, indicating deeper condensation and the forma-
tion of more extensively bridged aromatic structures.
The distribution of different oxygen-containing
functional groups in RCTP, L-SP and H-SP was
presented in Fig. 3d-f. After thermal polymerization,
the contents of O—C=0 and C=O0 increased while
C—0O decreased. The gradual transformation of C—O
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bonds into O—C=0 and C=O0 bonds occurred, the
molecular crosslinking degree enhanced"!. For L-SP,
the content of C—O bonds remained higher than that
of C=0 and O—C=0 bonds, with O—C=0 con-
tent increasing from 28.32% to 38.00%. As for H-SP,
C=0 and O—C=0 bonds surpassed C—O bonds. The
significant increase in O—C=0O content (45.36%)
was observed, and C=O content increased from
4.43% (RCTP) to 7.01%. This further indicated that
over-oxidation might occur in H-SP, resulting in in-
creased molecular crosslinking and polarity.

EPR spectra of RCTP, spinnable pitches were
shown in Fig. 4a. The g-value, free radical concentra-
tion and linewidth of different samples were listed in
Table S5. The free radical concentration increased
from 1.23x10" spins/g (RCTP) to 6.30x10" spins/g
(L-SP) and 9.44x10" spins/g (H-SP). The ratio of
THFI/THFS radical concentration increased from 33
(L-SP) to 206 (H-SP), demonstrating that active radic-
als were preferentially trapped within the developing
insoluble network during high-temperature air-blow-

ing polymerization. EPR spectral parameters revealed

[45-47]

(Fig. 4b-d). Based on g-values, these components

were assigned as follows: Gaussian — simple aromatic

H-SP
— Peak sum
— Background

(69.40%)
C=C/C-C

(15.11%)
(11.75%) (3.74%) C-O

0-c=0~.C=0

C1s

298 296 294 292 290 288 286 284 282

®

Intensity/(a.u.)

Binding energy/eV

H-SP
— Peak sum
— Background

O1s

540 538 536 534 532 530 528 526

Binding energy/eV

Fig.3 XPS spectra of RCTP, L-SP and H-SP. C 1s of (a) RCTP, (b) L-SP and (c) H-SP. O 1s of (d) RCTP, (e) L-SP and (f) H-SP
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radicals; L1 — @-type oxygen radicals (e.g., quinones);
L2 — aliphatic hydrocarbon radicals hybridized with
aromatic hydrocarbons; L3 — o-type oxygen radicals.
Fitting results were listed in Table S6. Quantitative
data (Table 4) revealed distinct trends. H-SP had the
highest total radical concentration. The simple aro-
matic radical concentration rose from 8.12x10'
spins/g (RCTP) to 1.11x10" spins/g (L-SP) and
1.21x10" spins/g (H-SP), confirming aromatization'”.
The n-type oxygen radicals (L1) were dominant. Their
concentration increased to 7.28x10'® spins/g in H-SP,
constituting 77.14% of its radical content, which con-
firmed quinone formation"”! and aligned with EEM-
PARAFAC results. The high abundance of these
stable, delocalized radicals in H-SP favored condensa-

tion bridging reactions. Conversely, aliphatic-type

radicals (L2) decreased, consistent with consumption
via benzylic oxidation leading to side-chain clea-

2,35,42]

vage!' . The unstable o-type radicals (L3) were
negligible. In summary, high-temperature processing
(H-SP) consumed aliphatic structures while generat-
ing more stable m-type oxygen radicals, thereby pro-
moting the progress of condensation reactions and
achieving a deeper degree of polymerization.

The g-value decrease was attributed to the in-
creased aromatic hydrocarbon radical content!”’. H-SP
showed a slightly higher g-value than L-SP, consist-
ent with its higher n-type oxygen radical content. This
trend aligned with the overall structural evolution to-
ward higher aromaticity, C=0O content, and cross-
linking during air-blowing thermal polymerization. H-

SP represented a deeper level of reaction, character-

Table 4 The radical concentrations and contents of different types in RCTP, L-SP and H-SP

Gaussian line Lorentzian line 1

Lorentzian line 2 Lorentzian line 3

Sample  Concentration Concentration Concentration Concentration
P t P t P tage/ p t
/(spins/e) ercentage/% /(spins/g) ercentage/% /(spins/g) ercentage/% /(spins/g) ercentage/%
RCTP 8.12x10' 6.60 8.29x10" 67.39 2.91x10" 23.66 2.88x10' 2.34
L-SP 1.11x10" 17.64 4.07x10" 64.74 1.05%10" 16.79 5.20x10' 0.83
H-SP 1.21x10" 12.85 7.28x10" 77.14 9.34x10" 9.89 1.08x10' 0.11
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ized by more quinones and C=O bonds, larger aro-
matic size, shorter alkyl chains, stronger polarity, and
a deeper cross-linking degree. The corresponding re-
action pathways were shown in Fig. 5.

The thermal behaviors of the spinnable pitch and
its extraction fractions were investigated by a thermo-
gravimetric analysis (TG). As shown in Fig. 6a, the
total weight loss decreased from 78.77% (RCTP) to
51.57% (L-SP) and 44.17% (H-SP). A significant
weight loss occurred at 280-580 °C was primarily due
to the volatilization of small molecules released
through condensation, dealkylation, and dehydrogena-

(51522 The derivative

tion reactions thermogravi-
metry (DTG) curves were shown in Fig. S7a. The
maximum weight loss rate for RCTP occurred at ap-
proximately 300 °C, while for L-SP and H-SP, it in-
creased to 400 and 420 °C, respectively. H-SP exhib-
ited the highest temperature for the maximum weight

loss rate, which could be attributed to its higher de-

Air-blowing thermal polymerization

RCTP

gree of polymerization and cross-linking!' . The THFI
fraction, characterized by a larger molecular weight
and a higher degree of condensation, showed a higher
carbon yield, with weight loss rates of 18.01% for H-
THFI and 22.70% for L-THFI (Fig. 6b). The weight
loss rates of both the soluble and insoluble fractions in
L-SP were higher than those in H-SP. Consequently,
H-SP demonstrated a higher carbon yield. However,
excessive polymerization of the soluble fractions
might increase the viscosity and elasticity of the pitch

during melting""

, which was unfavorable for the spin-
ning process.

The melting behavior of the spinnable pitches
was examined. The melting ranges of L-SP and H-SP
were 200-240 °C and 240-280 °C, respectively, in-
dicating a higher softening point for H-SP. The cor-
responding melting micrographs were presented in
Fig. 7. Complete melting occurred at 240 °C for L-SP
and 280 °C for H-SP, representing the optimal molten
states for spinning. After cooling to room temperature,

H-SP became brittle and prone to fracture. This brit-

Spinnable pitch
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Fig. 5 Possible reaction pathways in air-blowing thermal polymerization of RCTP
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tleness likely impeded elongation during the spinning
process, thereby increasing the risk of fiber breakage.

L-SP and H-SP were melt-spun at 268 and
305 °C, under spinning pressures of 1.0 and 1.2 MPa,
respectively. L-SP exhibited superior spinnability,
with no fiber breakage observed throughout continu-
ous spinning at 400 m/min. In contrast, H-SP could be
spun continuously for only up to 30 min at the same
speed. The need for higher spinning temperature and
pressure, together with poorer spinning stability, was
attributed to the rheological characteristics of H-SP.

The variations of complex viscosity (||), com-
plex modulus (G), storage modulus (G’), and loss
modulus (G") of spinnable pitches with temperature
were shown in Fig. 8. The G’ reflected the elastic
property of the spinning pitch. At a constant angular
frequency, the fluidity of spinning pitch improved as
temperature increased, while its elasticity and storage
modulus decreased””. The G” represented the vis-
cous property, corresponding to the energy dissipated
as heat due to internal friction during deformation; it
was proportional to viscosity"”. As temperature in-
creased, the shear resistance weakened, causing the
loss modulus to gradually decrease. During heating,
the spinnable pitch gradually transitioned from elastic-
dominant to viscous-dominant behavior, with both
modulus and viscosity decreasing, exhibiting shear-
thinning (pseudoplastic) flow characteristics.

The ratio of G” to G’ (tand) indicated whether
elastic or viscous behavior dominated under given

[49-5

conditions'" "\, At the spinning temperature, the tand
of H-SP was approximately 1, signifying a high-mod-
ulus melt with a near-equilibrium between viscous
and elastic properties. In contrast, L-SP exhibited
much lower viscosity and storage modulus, with a

tand of 4.8, indicating a viscous-dominant melt that

3.0x10*

—L-SP
—H-SP

(a)

(b)

—LsP
.
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Fig. 7 The melting micrographs of (a) L-SP and (b) H-SP

facilitated easy elongation and the formation of uni-
form fibers.

H-SP contained more polar functional groups, in-
creasing intermolecular interactions, thereby raising
the viscosity of spinnable pitch. Furthermore, the lar-
ger PAHs in H-SP not only increased the average mo-
lecular weight but also facilitated stronger m-m stack-
ing in the molten state, forming a rigid network struc-
ture that significantly increased melt viscosity and
modulus. During spinning, melt swelling readily oc-
curred!”), reducing fibers uniformity. L-SP featured
smaller polycyclic aromatic hydrocarbon rings and
longer alkyl side chains. These flexible side chains in-
creased intermolecular free volume, weakened aro-
matic stacking forces, and reduced shear resistance".
Consequently, L-SP exhibited viscous-dominated be-
havior, ensuring continuous and stable spinning per-
formance. As shown in the SEM images of pitch
fibers (Fig. S8), the diameter of pitch fibers prepared
by H-SP was uneven, fibers swelling occurred, while

(c) —LsP | qsxaoef (d)

1.0x10°

G"/Pa

5.0x10*

0.0 0.0

180

180 220 260 300

TrC

340 380 220 260 300
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Fig. 8 The rheological properties of spinnable pitch, variation curves with temperature of (a) [7%, (b) G*, (¢) G', and (d) G"
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the fibers formed by L-SP were more uniform.

The axial surface and cross-sectional images of
CF-LSP and CF-HSP were shown in Fig. 9a—f. Both
types of fibers exhibited a diameter of approximately
13—14 pm. The carbon fibers appeared uniform and
dense, with no discernible voids or distinct skin-core
structure. To quantify the surface heterogeneity, the
gray-scale intensity profile analysis of the SEM im-
ages was used”’. CF-HSP exhibited more
nounced fluctuations (Fig. S9). And the standard devi-
ations of surface gray-scale distribution for L-SP and

pro-

H-SP were 1.32 and 2.45, respectively, indicating
poorer surface uniformity in CF-HSP. CF-HSP had
blocky and granular protrusions, with particle sizes
ranging from 1-5 pm, accompanied by wrinkled
edges in the cross-section and internal inhomogeneity.
CF-LSP contained fewer small particles, approxim-
ately 1-2 pm, with consistent diameter. The particles
on the fiber surfaces likely originated from insoluble
components within the spinnable pitch that could not
be fully stretched and uniformly dispersed during
spinning. Additionally, a high content of C=0O and
C=0—0 groups was more prone to thermal decom-
position, releasing CO and CO,, which contributed to
surface non-uniformity" .,

XRD patterns of resultant carbon fibers were
shown in Fig. 10a. The resultant carbon fibers exhib-
ited broad diffraction peaks near 24° (002) and 43°
(100), suggesting disordered layered structures with
randomly arranged carbon atoms. Compared with CF-
LSP, CF-HSP showed the stronger peak intensity at

; ~d
4 20pm~ p

24° and similar peak intensity at 43°, indicating im-
proved layer stacking in CF-HSP. Raman spectra were
shown in Fig. 10b. The peaks D (1350 cm™') and G
(1580 cm™") were associated with disordered structure
and aromatic lamellar ordered structure””). 1,/I, ratio
was lower in CF-LSP (0.98) than in CF-HSP (1.00).
CF-HSP exhibited higher local structural order. This
analysis was consistent with the XRD results.

The tensile strength and modulus of CF-LSP
were 731.95 MPa and 33.83 GPa, respectively, while
those of CF-HSP were 762.75 MPa and 33.44 GPa
(Fig. 10c). In general, CF-LSP and CF-HSP exhibited
nearly comparable tensile strength and modulus. The
performance characteristics of resultant carbon fibers
were listed in Table S7. The coefficient of variation of
tensile strength and modulus for CF-LSP was 5.84%
and 3.86%. As for CF-HSP, it was 7.33% and 6.91%.
The lower coefficient of variation and lower non-uni-
formity rate were shown in CF-LSP, demonstrating
superior uniformity (Fig. 10c).

CF-HSP exhibited a more ordered microstruc-
ture, as confirmed by XRD and Raman analyses. In
principle, such structural ordering should confer su-
perior mechanical properties. However, this advant-
age was offset by its poor rheological behavior. Due
to excessively high C=0O content, H-SP exhibited a
high-modulus melt at the spinning temperature, which
readily led to melt swelling, reduced homogeneity,
and non-uniform fiber diameters. Moreover, excess-
ively high THFI content within the composition could

not be uniformly stretched and dispersed, tending to

Fig. 9 SEM images of resultant carbon fibers: (a—c) CF-LSP and (d—f) CF-HSP
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Fig. 10 (a) XRD patterns, (b) Raman spectra, and (c) the tensile strength and modulus of CF-LSP and CF-HSP

form aggregates within the melt and generate
particles””!. These particles and non-uniform regions
within the fiber acted as stress concentration points
under tension, leading to fiber fracture and diminish-
ing its potential performance advantages. Conversely,
although L-SP had a lower degree of condensation, its
melt displayed viscous characteristics, enabling its
performance potential to be maximized. The com-
bined effects of the spinnable pitch structure and the
particles and non-uniform property generated during
processing resulted in similar performance for the res-
ultant carbon fibers. Due to structural non-uniformity,
the performance of CF-HSP exhibited poorer disper-
sion, with higher non-uniformity compared with CF-
LSP. Therefore, the spinnable pitch should be pre-
pared to possess a high aromatic hydrocarbon content,
small PAHs size, and low C=0/O—C=O0 content.
This provided it with superior structural characterist-
ics and excellent viscoelastic properties, enabling uni-
form stretching, minimizing performance degradation

caused by the production process.

This study elucidated the competitive interplay
between molecular structural potential and rheologic-
al stability in determining the performance of pitch-
based carbon fibers. H-SP exhibited a higher concen-
tration of free radicals than L-SP, with a greater pro-
portion of n-type oxygen-containing radicals and few-
er aromatic hydrocarbon radicals. The number-aver-
age molecular weight increased from 864.86 Da
(RCTP) to 1042.44 Da (L-SP) and 1662.84 Da (H-
SP). L-SP had a lower polymerization degree, with

Vol. 41 | Issue 3 | Jun. 2026 |
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longer alkyl side chains, and a higher proportion of
C—O—C linkages. H-SP was characterized by larger
polycyclic aromatic hydrocarbon structures, a higher
degree of branching, as well as higher contents of
C=0/0—C=0 groups and THFT fraction.

In L-SP, the retained alkyl chains promoted inter-
molecular free mobility, creating a viscous-dominant
melt. It promoted uniform stretching, maximizing the
performance of carbon fibers (CF-LSP), compensat-
ing for structural disadvantages from its lower poly-
merization degree. Conversely, the high content of po-
lar functional groups and large PAHs in H-SP in-
duced strong intermolecular interactions and 7w-m
stacking. At its spinning temperature, the molten H-
SP exhibited a high modulus with balanced viscous
and elastic properties, which made it prone to melt
fracture and die swelling, resulting in surface particles
and irregularities. Although CF-HSP exhibited superi-
or performance potential, poor rheological properties
led to surface inhomogeneity and particles. These ac-
ted as stress concentration points, making them prone
to fracture during stretching, effectively diminishing
the performance advantages derived from molecular
order. Consequently, carbon fibers derived from two
structurally distinct spinnable pitches exhibited com-
parable properties. CF-HSP exhibited a higher degree
of non-uniformity than CF-LSP.

Therefore, regulating the proportion of oxygen-
containing functional groups in spinnable pitch was
crucial, not merely increasing molecular weight. Pro-
moting the growth of PAHs while suppressing excess-
ive polarity facilitated the maintenance of a favorable
viscous property. This work provided a valuable refer-
ence for preparing high-quality spinnable pitch and
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improving carbon fiber performance.
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