
Page 1/20

Microwave heating oxidative stabilization of KMnO4
modi�ed polyacrylonitrile-based carbon �ber
precursor
Cheng Zhang 
Jianhua Liu  (  liujianhua501050@163.com )

Research Article

Keywords: Microwave heating, Oxidative stabilization, KMnO4, Modi�cation, Polyacrylonitrile �bers

Posted Date: March 17th, 2021

DOI: https://doi.org/10.21203/rs.3.rs-304764/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-304764/v1
mailto:liujianhua501050@163.com
https://doi.org/10.21203/rs.3.rs-304764/v1
https://creativecommons.org/licenses/by/4.0/


Page 2/20

Abstract
Dielectric property, bulk density, Fourier transform infrared spectroscopy (FT-IR), X-ray photoelectron
spectroscopy (XPS), wide angle X-ray diffraction (WAXD), scanning electron microscopy (SEM), energy
dispersive spectroscopy (EDS) and mechanical properties were analyzed. PAN �bers (PFs) are polar
materials, and the dielectric constant of KMnO4 modi�cation �bers (Mn-PFs) is reduced. The bulk density

of Mn-PFs under microwave stabilization (Mn-MSFs) is 0.04 g/cm3 higher than that of the microwave
stabilized �bers (MSFs), shortening the value in one temperature zone. Compared with MSFs5, the
stability of Mn-MSFs5 is improved by 10%, and the surface O content and O-containing functional groups
are improved. The (002) crystal plane diffraction peak of Mn-MSFs5 is higher than that of MSFs5, and it
has a higher stabilized structure. Moreover, after stabilization, the Mn element does not exist on the �ber
surface and does not affect the structure of the stabilized �ber. The �neness of Mn-MSFs5 is 1.07 dtex,
tensile strength is 1.52 cN/dtex, tensile modulus is 59.3 cN/dtex and elongation at break is 13.5%. It has
excellent mechanical properties. In addition, a structural transformation of the thermal stabilization
process is proposed, that is, the cyclization reaction �rst occurs, and then the dehydrogenation and
oxidation reactions are performed.

Introduction
Carbon �bers reinforced composite materials are characterized by light weight, high mechanical strength
and excellent performance, and are key materials in the 21st century.[1-3] Carbon �ber plays a great role in
promoting the national defense and economic development.[4, 5] The global demand for carbon �ber is
shown in Fig. 1(a), which is calculated at a growth rate of 10%. The demand for 2020 is expected to be
112.1 kilo-tons.[2, 6] Carbon �bers are mainly classi�ed into PAN (C3H3N)n, viscose (C6H10O5)n and pitch

(C124H80O11)n-based carbon �bers due to the different matrix materials used.[7, 8] Among them, PAN-

based carbon �bers occupies about 90% of the use amount with more excellent cost performance.[5, 9]

From PFs to carbon �bers, it mainly undergoes three processes of stabilization, carbonization and
graphitization.[10, 11] As shown in Fig. 1(b), the stabilization process consumes 48% of energy, which is
the most energy-consuming step in the whole production process.[1]. Stabilization is a bridge when
organic PFs are converted to inorganic carbon �bers.[12]

Fig. 1. (a) Global demand of carbon �bers, (b) Energy consumption in the production of carbon �bers.

At present, the commercial production of PFs-based carbon �bers is mainly heated by conventional
mu�e furnaces, which consume large amounts of energy and the �bers easily form defects in the skin-
core structure.[13, 14] As a new heating method, microwave energy is a clean energy source that directly
heats the material by the energy dissipation inside the material through microwaves.[15] Microwave
heating has the characteristics of selective heating, internal heating, non-contact heating, etc. It is easy to
control and improve working conditions.[7, 16] The application range of microwave energy has been
continuously expanded, and it has been applied in metallurgy, chemical, petroleum, food processing,
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medicine and other industries.[12, 17, 18] However, if PFs are heated in a commercial microwave oven, it is
necessary to analyze and test the dielectric properties of the �bers. When the dielectric material is
illuminated by microwave energy, the material is polarized, resulting in an intrinsic (macroscopic)
parameter called relative complex dielectric constant. It denoted by εγ =  - j , Where j is an imaginary unit,

j2 = -1,  is the relative dielectric constant and  is the relative loss factor.[19, 20] The polar substance has a
dielectric constant greater than 3.6, weakly polar material between 2.8 and 3.6, and a non-polar material
less than 2.8. For the heating process, the better parameter describing the latter is the loss tangent, tanδ =
/ .[21] Especially the loss factor is related to the frequency, so the heat generated in the material has a
function relationship with the frequency.[22] Therefore, it is necessary to understand the relationship
between dielectric constant and frequency in order to improve the microwave-assisted heating process.

Microwave heating addresses the problem of heat transfer in conventional oxidation stabilization.[8] while
the problem of mass transfer in conventional heating exists. The purpose of the modi�cation process is
tantamount to solving the mass transfer problem of the process. Studies have shown that it is necessary
to modify PFs for pre-oxidation before the stabilization process in order to shorten the stabilization time
and lower the temperature.[23, 24] The nature of the modi�cation is to change the orientation of the
molecular chain, control the temperature and time and then affect the stability of the cyclization reaction.
Reduces melting and adhesion between �bers to improve mechanical properties and optimize the
stabilization process[25] In the modi�cation process, commonly used strong oxidants are H2O2,[26-28]

KMnO4,[9, 23, 29] and KClO3/H2SO4.[30] In the author's research on KMnO4 modi�ed PFs, the optimal
modi�cation concentration of KMnO4 is 2 wt.%. The optimal processing temperature and time are 80 °C
and 30 min, respectively.

In this study, the PFs was modi�ed with KMnO4 and the oxidative stabilization of the Mn-PFs were carried
out under microwave heating. The �ber of different stages was analyzed by dielectric property, bulk
density, chemical structure (FT-IR), surface chemical composition (XPS), crystal structure (WAXD),
microscopic structure (SEM), elemental content (EDS) and mechanical properties.

Experiments
The inherent and macroscopic parameters of the dielectric constant are related to the physical, chemical
composition and frequency of the material. Moreover, the dielectric properties of powder samples were
measured using the resonant cavity perturbation method.[20, 31] Therefore, the dielectric properties of the
�ber can be obtained by the resonant cavity perturbation method. The principle is to measure the
resonance frequency and quality factor before and after the �ber is loaded, so that the dielectric constant
is calculated based on the difference between the resonance frequency and the quality factor. In our work,
the dielectric properties of PFs and Mn-PFs were heated from room temperature to 300 °C in a resonant
cavity at intervals of 50 °C and a frequency of 2450 MHz. The �bers were cut into pieces and placed in a
single-mouth quartz tube having an inner diameter of 3 mm, an outer diameter of 5 mm, and a length of
50 mm, and the nozzle was sealed with asbestos. The �ber-�lled single-mouth quartz tube was placed in
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a glass tube having an inner diameter of 8 mm, an outer diameter of 10 mm, and a length of 500 mm,
and the quartz tube was raised and lowered by an air pump.

The schematic diagram of the dielectric property measuring instrument is illustrated in Fig. 2. It consists
of cylindrical resonant cavity, control system, dielectric tester, coupling device, water cooler, temperature
controller, induction heating equipment and air compressor.

Fig. 2. Schematic diagram of dielectric test system.

Fiber is made of polyacrylonitrile copolymerized with 98.5% acrylonitrile (AN) and 1.5% itaconic acid (IT).
PFs (12 K) are supplied by SINOPEC Shanghai Research Institute of Petrochemical Technology, China.
Acetone and KMnO4 were purchased from Shanghai Aladdin Biochemical Technology Co., Ltd., China.

Schematic diagram of the modi�cation process and microwave oxidation stabilization is shown in Fig. 3.
The modi�cation process was performed in a constant temperature water bath with a stirring speed of 30
r/min. The concentration of KMnO4 was 2 wt.%. The solution temperature was 80 °C and the treatment
time was 30 min. The Mn-PFs were subjected to a temperature zone heating treatment in a self-made
microwave oven, and the temperature was raised from a gradient of 180 °C to 260 °C at intervals of 20
°C. Microwave power is 960 W, holding time is 5 min, and heating rate is 2 °C/min.

Fig. 3. Schematic diagram of the modi�cation process and oxidative stabilization.

Results And Discussion
The bulk density of the �bers was measured by the sink-�oat method. Several measurements were made
for each �ber sample until the standard deviation value < 0.005. The chemical structural changes of the
�bers were examined by FT-IR of model Nicolet iS50. The extent of reaction (EOR) of the stabilized �bers
is calculated by Equation 1: See equation 1 in the supplementary �les.

where IC=N and IC≡N represent the strength of the absorption peaks of the �bers at 1580 (δC=N) and 2240

cm-1 (νC≡N), respectively. The binding energy was determined via multi-functional scanning imaging
photoelectron spectroscopy (XPS, PHI5000 Versaprobe-II, Japan) by using a 15 kV/50 W monochromatic
Al Kα X-ray source. The linear background was subtracted using spectral analysis software (Peak-Fit) and
the XPS data was �tted using the Gaussiane-Lorentzian peak shape. The crystal structure was studied
using WAXD (TTR18, Japan) with CuKα radiation, where λ is 1.5418 Å, voltage is 40 kV and current is 40
mA. Test process scan from 5° to 50° at 2 °/min. The surface morphology of the �bers were observed by
SEM of model XL30ESEM. The mechanical properties of the �bers were tested using a UTM testing
machine.

In microwave �eld, the heating effective of the material by the microwave depends on the ability of the
material to respond to the microwave.[33] Therefore, the determination of the dielectric properties of PFs is
helpful to study the oxidation stabilization process of microwave-heated PFs. In Fig. 4(a),  (dielectric
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constant) increases with increasing temperature, PFs rise from 6.638 to 6.813, and Mn-PFs rise from
6.498 to 6.656. The modi�ed �ber has a lower  value than unmodi�ed, but both values are greater than
3.6. One possible cause of this is that during the KMnO4 modi�ed �ber process, MnO4–C=N is formed by
–MnO4 and C≡N, thereby changing the dielectric properties. In Fig. 4(b), before 100 °C,  (dielectric loss
factor) decreases with increasing temperature and gradually increases after 100 °C. At 300 °C, the PFs is
10.24×10-2 and the Mn-PFs is 9.157×10-2. In Fig. 4(c), before 100 °C, tanδ (dielectric loss tangent)
decreases with increasing temperature and gradually increases after 100 °C. The tanδ of PFs is lower
than Mn-PFs before 250 °C. It may be that the �bers have been completely oxidized and stabilized, during
which cyclization, dehydrogenation and oxidation processes have taken place. At 300 °C, the PFs is
1.5×10-2 and the Mn-PFs is 1.38×10-2. According to the above analysis, the PFs has good dielectric
properties, and the responsiveness of the modi�ed �ber to microwave is lowered.

Fig. 4. Dielectric properties of PFs and Mn-PFs: (a) , (b) , (c) tanδ.

The bulk density of the �bers is shown in Fig. 5. The bulk density of PFs is 1.180 g/cm3, and the bulk
density of Mn-PFs does not change. At the same temperature zone, the bulk density of Mn-MSFs is
always higher than that of MSFs. Mn-MSFs5 is 1.371 g/cm3, which is 0.04 higher than that of MSFs5. It
can be seen that the degree of stabilization of the modi�ed �ber is increased by one temperature zone
compared to the unmodi�ed �bers.

Fig. 5. Bulk density of different �bers.

FT-IR spectral analysis is shown in Fig. 6. In Fig. 6(a), KMnO4 has a main absorption peak at 1735 and

883 cm-1. In the PFs, there are mainly absorption peaks of 2924 (νC-H in CH2), 2240 (νC≡N in CN), 1455

(δC-H in CH2), 1360 (δC-H in CH) and 1070 cm-1 (νC-C). A new peak at 2340 cm-1 was found in the Mn-PFs,
which is a new structure MnO4–C=N formed by the combination of –MnO4 and C≡N. This is consistent

with Ko, T.H in the study of KMnO4 modi�ed PAN precursors [29] and our previous studies.[9] The changes
of chemical structure are shown in Fig. 6(b). Due to the decrease of C≡N and the increase of C=N, the
absorption peak intensity of 2240 cm-1 is weakened and the absorption peak at 1624 cm-1 is enhanced
compared with PFs. It further proves that –MnO4 grafts in PFs.

The functional group change from the PFs to the stabilizing �ber clearly indicates that the oxidative
stabilization process undergoes cyclization, dehydrogenation and oxidation reactions. These reactions
are closely related to the further formation of a ladder structure by the PFs.[34] After stabilization, the peak
corresponding to 2924, 2240, 1455, 1070 cm-1 functional group almost disappears, and a sharp peak
appears at 1580 cm-1, indicating that the oxidation stabilization process has completely proceeded.
Among them, it is obvious that the C=N peak intensity at 1580 cm-1 increases gradually before Mn-
MSFs3. There is no signi�cant change after Mn-MSFs3, indicating that a cyclic structure is formed in the
molecular chain. In contrast, the C=C–H peak intensity at 802 cm-1 does not change before Mn-MSFs3,
indicating that no dehydrogenation reaction occurs. After that, the peak intensity gradually weakens, and
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a dehydrogenation reaction occurs to lose hydrogen. Based on the above analysis, we propose that
during the microwave heating of Mn-PFs, the cyclization reaction occurs �rst, followed by the
dehydrogenation reaction.

The EOR of the stabilized �bers are calculated by Equation 1 and the result is shown in Fig. 6(d). MSFs1
is 0.330, Mn-MSFs1 is increased by 0.157. The EOR value of Mn-MSFs5 is 0.783, which is nearly 10%
higher than the oxidation stability of MSFs5.

Fig. 6. (a) FT-IR spectra of KMnO4, PFs and Mn-PFs, (b) Modi�cation of KMnO4, (c) FT-IR spectra of Mn-
MSFs, (d) EOR.

XPS is an electronic spectroscopy (ESCA) for chemical analysis, a unique technique for atomic element
information that captures the molecular structure of �ber surface.[35] As shown in Fig. 7, the XPS
spectrum shows signi�cant carbon (C1s 284.8 eV) and oxygen peak (O1s 532.1 eV), representing the
major components of the �bers.[36] KMnO4 has strong oxidizing properties, and the O element content of
Mn-PFs is higher than that of PFs. O content in Mn-MSFs1 and Mn-MSFs2 does not change signi�cantly,
indicating that the cyclization reaction �rst occurred. During the stabilization process, the content of the O
element is �rst lowered and then increased. Since the dehydrogenation reaction consumes O, it lowers. An
oxidation reaction occurs, O2 in the air enters, so that O increases. In addition, the O content of Mn-MSFs5
is higher than that of MSFs5, which also indicates that the degree of oxidation stabilization improves by
microwave after modi�cation.

Fig. 7. XPS wide scan spectra of different �bers.

Variations in �bers of functional groups are considered a measure of the treatment effect. Fig. 8 is a
carbon-based surface functional group having different binding energy obtained from the C1s peak of the
�bers. C1s peak can be �tted to three Gaussian peaks assigned to C–C of 284.8 eV, C–O–R of 286.4 eV
and –C=O of 287.9 eV.[37] As a result, the C1s functional group composition of different �bers samples
are shown in Table 1. Mn-MSFs1 and Mn-MSFs2 mainly contain C–C and C–O–R functional groups
because the oxidation reaction is not carried out at the initial stage of stabilization. As the stabilization
progresses, a –C=O functional group appears. Mn-MSFs5 has a higher content of O-containing groups
than MSFs5.

Fig. 8. C1s peak �tting for the �bers (a) Mn-MSFs1; (b) Mn-MSFs2; (c) Mn-MSFs3; (d) Mn-MSFs4; (e) Mn-
MSFs5; (f) MSFs5.

Table 1 Functional group compositions of �bers.

Fig. 9 shows the WAXD pattern of the �bers in different states. The particularity of PFs is that there are
only two major diffraction peaks 2θ = 17° (100) and 29°(110).[38, 39] After the modi�cation, the absorption
peak of Mn-PFs is weakened relative to PFs. As the temperature increases, the 2θ = 17° and 29°
absorption peaks gradually decrease. However, compared with 2θ = 17°, 2θ = 29° disappears �rst. After
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stabilization, an absorption peak of the (002) crystal plane appears at 2θ = 25.5°. Moreover, in the
carbonization process, the diffraction peak at this point increases as the carbonization temperature
increases. At this time, the diffraction peak of Mn-MSFs5 at 2θ = 25.5° is higher than that of MSFs5, and
it can be explained that the degree of oxidation stabilization is superior.

Fig. 9. WAXD diagram of �bers in different states.

The surface topography of the �bers and their elemental composition is shown in Fig. 10. In Fig. 10 (a),
the "groove" comes from the spinning process. And the "grooves" are the most direct form of �bril.
Surface scanning results shows that there are mainly four elements of C, N, O and Si on the surface of
PFs, of which C and N elements occupy about 90% of the total. From Fig. 10 (b), it is observed that white
crystals exist on the surface of Mn-PFs, which indicates that KMnO4 exists on the �ber surface. The
weight content of Mn element in energy spectrum data is 2.86%, and O element is 24.35%. After
modi�cation, O content on the �ber surface was increased. During oxidative stabilization, cyclization,
dehydrogenation, and oxidation reactions occur, and the �ber structure becomes tighter, which reduces
the surface "grooves" of Mn-MSFs5 and MSFs5. The diameter of Mn-MSFs5 is signi�cantly smaller than
that of MSFs5, indicating that it has a higher degree of stabilization. The absence of Mn element on the
surface of Mn-MSFs5 indicates that the structure of the stabilized �bers is not affected after the
stabilization treatment. The above conjecture was con�rmed again, –MnO4 and the �ber formed a
MnO4–C=N structure, and the structure disappeared after the cyclization reaction, followed by
dehydrogenation and oxidation reactions.

Fig. 10. SEM of �bers: (a) PFs, (b) Mn-PFs, (c) Mn-MSFs5, (d) MSFs5.

Fig. 11 (a) shows the �neness of �bers. The �neness of PFs is 0.80 dtex, Mn-PFs is increased by 0.03.
During the stabilization, Mn-MSFs1 is 0.85, and the �neness is gradually increased. Finally, Mn-MSFs5 is
1.07 dtex, while MSFs5 is 1.05 dtex. The tensile strength of the �bers is shown in Fig. 11 (b). The tensile
strength of the PFs is 6.95 cN/dtex, and the Mn-PFs is 6.71 cN/dtex. During the stabilization, the Mn-
MSFs1 is 5.13 cN/dtex, and the tensile strength is decreased. Further, the tensile strength of Mn-MSFs5 is
1.52 cN/dtex, and the MSFs5 is 1.61 cN/dtex. The cyclization reaction consumes a large amount of
cohesive energy between the molecular chains, which causes the tensile strength of the �bers to decrease
during the stabilization process. Oxidative stabilization destroys the orientation and crystal structure,
forming an ordered ladder structure.[40] Fig. 11 (c) shows the tensile modulus of the �bers, the modulus of
PFs is 131.3 cN/dtex, and the Mn-PFs is reduced to 112.1 cN/dtex. After oxidative stabilization, Mn-
MSFs1 is 98.4 cN/dtex and Mn-MSFs5 is 59.3 cN/dtex. However, the tensile modulus of MSFs5 is 76.9
cN/dtex. The oxidative stabilization process is essentially a cross-linking process between molecules,
leading to the formation of a network.[41] The elongation at break of the �bers is shown in Fig. 11 (d), with
a PFs of 11.6% and an increase in Mn-PFs of 13.3%. The elongation at break is gradually weakened
throughout the oxidation stabilization process, with Mn-MSFs1 being 17.1% and Mn-MSFs5 being 13.5%.
The elongation at break of MSFs5 is higher than Mn-MSFs and it is 14.6%. Due to the complex molecular
chain reaction in this process, the �neness of the �ber increases with the temperature zone, while the
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tensile strength, tensile modulus and elongation at break show opposite trends. In summary, Mn-MSFs5
had better mechanical properties than MSFs5.

Fig. 11. Mechanical properties of �bers: (a) Fineness, (b) Tensile strength, (c) Tensile modulus, (d)
Elongation at break.

During the thermal stabilization stage, three chemical reactions are generally thought to occur within the
�bers: cyclization, dehydrogenation, and oxidation reactions. Morita[42] proposed that the cyclization and
dehydrogenation reactions proceed at the same time. This structural transformation image illustrates the
connection between cyclization, dehydrogenation, and oxidation reactions, and has been recognized by
many scholars.[38, 39, 43] So far, there is still insu�cient data to illustrate the sequence between the three
reactions. Based on the above experimental analysis, we proposed the structural transformation of the
thermal stabilization process of PFs as showed in Fig. 12. During the modi�cation process, –MnO4–C=N
is formed by –MnO4 and C≡N. At the same time, O atoms enter the interior of the �bers, and in the initial
stage of thermal stabilization, a cyclization reaction occurs �rst, and –MnO4 falls off from MnO4–C=N.
The next step is dehydrogenation and oxidation. Finally, a ladder cross-linked structure is formed.

Fig. 12. Chemical reaction mechanism for PFs stabilization.

Conclusion
In this work, we investigated the thermal stabilization of Mn-PFs under microwave heating. PFs are polar
materials, and the dielectric constant after modi�cation is weakened. The bulk density of Mn-MSFs is
1.371 g/cm3, which is 0.04 higher than that of MSFs5. Based on the FT-IR analysis, we propose the
sequence of reactions for the stabilization of PFs under this condition, cyclization occurs �rst, followed
by dehydrogenation and oxidation reactions. The EOR value of Mn-MSFs5 is 0.783, which is nearly 10%
higher than the oxidation stability of MSFs5. From the XPS analysis, it was found that the O content of
Mn-MSFs5 is higher than that of MSFs5, which also shows that the �ber can be modi�ed by microwave
heating to improve the oxidation stability. What’s more, the composition ratio of O-containing functional
groups of Mn-MSFs5 is more than that of MSFs5. The (002) crystal plane diffraction peak of Mn-MSFs5
was higher than that of MSFs5 by WAXD, and it had a higher stable structure. The microstructure shows
that after stabilization, Mn element does not exist on the �ber surface and does not affect the structure of
the stabilized �bers. Mn-MSFs5 has better mechanical properties.

In summary, modi�ed stabilized �ber has a higher degree of stabilization and mechanical properties. In
addition, structural transformation of the thermal stabilization process is proposed. That is, a cyclization
reaction occurs �rst, followed by a dehydrogenation and an oxidation reaction.
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Table 1 Functional group compositions of fibers.
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Samples Functional group composition (%)
C–C C–O–R –C=O

Mn-MSFs1 66.33 33.67 –
Mn-MSFs2 70.63 29.37 –
Mn-MSFs3 67.39 25.68 6.92
Mn-MSFs4 70.03 26.26 3.71
Mn-MSFs5 67.69 23.94 8.36

MSFs5 70.29 20.90 8.81

Figures

Figure 1

(a) Global demand of carbon �bers, (b) Energy consumption in the production of carbon �bers.
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Figure 2

Schematic diagram of dielectric test system.

Figure 3

Schematic diagram of the modi�cation process and oxidative stabilization.
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Figure 4

Dielectric properties of PFs and Mn-PFs: (a) , (b) , (c) tanδ.
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Figure 5

Bulk density of different �bers.
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Figure 6

(a) FT-IR spectra of KMnO4, PFs and Mn-PFs, (b) Modi�cation of KMnO4, (c) FT-IR spectra of Mn-MSFs,
(d) EOR.
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Figure 7

XPS wide scan spectra of different �bers.

Figure 8

C1s peak �tting for the �bers (a) Mn-MSFs1; (b) Mn-MSFs2; (c) Mn-MSFs3; (d) Mn-MSFs4; (e) Mn-MSFs5;
(f) MSFs5.
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Figure 9

WAXD diagram of �bers in different states.
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Figure 10

SEM of �bers: (a) PFs, (b) Mn-PFs, (c) Mn-MSFs5, (d) MSFs5.
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Figure 11

Mechanical properties of �bers: (a) Fineness, (b) Tensile strength, (c) Tensile modulus, (d) Elongation at
break.
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Figure 12

Chemical reaction mechanism for PFs stabilization.


