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This paper recycles and reuses sucker rod carbon fiber composite by microwave
technique. The high temperature dielectric parameters of sucker rod carbon fiber
composite were tested with the perturbation technique of cylindrical resonator. The
structure and performance of the recovered carbon fiber samples were characterized by
testing methods like scanning electron microscopy (SEM), Fourier transform infrared
spectroscopy (FT-IR), and X-ray diffractometer (XRD). The results show that: the carbon
fiber of sucker rod is good at absorbing microwaves. During microwave pyrolysis, the

heating rate can reach 359.46 (°C/min), which greatly shortens the processing time. In
addition, the microwave technique does not affect chemical bonds and functional group
types, and the resulting recycled carbon fibers can be recycled well.

1. INTRODUCTION

Carbon fiber composite is mainly prepared with resin as
the matrix, and carbon fibers as the reinforcing material. In
some application scenarios, the metal and ceramic are also
adopted as matrices, and combined with carbon fibers, which
boast excellent mechanical properties. The combination
blesses the composite a series of excellent performance: high
specific strength, high specific modulus, and strong corrosion
resistance. The resulting new composite has been widely
applied in the aerospace, automaking, and sports equipment
manufacturing. In particular, the consumption of the new
composite in aerospace and automaking surpasses that of
carbon fiber composite by more than 50% [1].

In recent years, the sucker rod carbon fiber composite was
favored in oil field operations, because it overcomes the
defects of conventional steel sucker rod: large mass,
intermittent operations, as well as the partial wear and piston
effect in long-term operation. Numerous field applications
show that the sucker rod carbon fiber composite is a
lightweight material capable of withstanding high
temperature, corrosion, and fatigue, as well as reducing
energy consumption, and improving economic benefit [2-4].

While improving the work efficiency and standard of
living, the sucker rod carbon fiber composite poses threats to
the environment. During the preparation, 30-50% of the
carbon fiber composite is wasted [5]. Normally, the waste of
the carbon fiber composite is crushed to serve as fillers, or
directly incinerated for landfill treatment. However, the high
temperature- and corrosion-resistant waste cannot be easily
decomposed by microorganisms underground, resulting in a
high level of pollution to the surrounding soil and water
sources [6]. The conventional disposal methods also greatly
weaken the use value of carbon fibers, and should not be
adopted to treat the waste of carbon fiber composite in the
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long run.

As an electromagnetic wave, the microwave can penetrate
the object, and convert energy inside the materials.
Compared with conventional heating, the microwave
shortens the heating time, consumes less energy, and saves
lots of costs [7]. Microwave pyrolysis is widely adopted for
preparing alternative fuels like syngas and bio-oil through
biomass pyrolysis. Dominguez et al. [8] found that, under
microwave heating, the coffee shell promotes the secondary
decomposition of oil; the gas yield of microwave pyrolysis is
higher than that of conventional heating. Fei et al. [9] carried
out microwave heating of corn straw, and observed that the
pyrolysis speed increased significantly with the growing
microwave power. Besides, the yield of liquid product can be
increased by adding 1% of coke. Fang et al. and Qing et al.
[10, 11] analyzed the damage process of sludge structure
under microwave. The results show that microwave pyrolysis
can effectively improve sludge dehydration, and boast great
advantages in heavy metal fixation and resource reuse.

In the aerobic environment, the most representative
pyrolysis technique of carbon fiber composite is the fluidized
bed pyrolysis proposed by Prof. Pickering at University of
Nottingham. The technique burns resin in hot air, and
separates it from carbon fibers. Although the carbon fibers
thus separated are clean and free of carbon deposition, the
carbon fibers are serious damaged [12].

This paper mainly studies the recovery of sucker rod
carbon fiber composite through microwave pyrolysis. The
perturbation technique of cylindrical resonator was adopted
to test the high temperature dielectric parameters of sucker
rod carbon fiber composite. Multiple testing methods were
adopted to characterize the structure and performance of the
recovered carbon fiber samples, including scanning electron
microscopy (SEM), Fourier transform infrared spectroscopy
(FT-IR), and X-ray diffractometer (XRD).


https://crossmark.crossref.org/dialog/?doi=10.18280/ijht.400118&domain=pdf

2. METHODOLOGY
2.1 Raw materials and experimental process

The sucker rod carbon fiber composite was provided by
Sinopec Shengli Oilfield Company, Dongying, eastern
China’s Shandong Province. The reinforcing material is T300
carbon fibers and glass fibers. The epoxy resin was taken as
the matrix. Before the experiments, a 2cm long sucker rod
was truncated, and placed in a quartz boat. Then, the entire
quartz boat was relocated into a microwave tube furnace
(Figure 1). After closing the furnace door, the dry air was
passed into the furnace, and then the microwave was fed into
the furnace for pyrolysis. The output frequency and power of
the microwave were 2.45GHz and 0-1.5kW, respectively.
The pyrolysis temperature was set to 400, 450, and 500°C.
The sample was taken out after each temperature was kept
constant for 10 and 30min, respectively.
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Figure 1. Schematic of microwave pyrolysis

2.2 Performance and characterization

Each sample was cut, modeled, ground, and polished.
Then, the micromorphology of the recovered carbon fibers
was observed under an SEM. Besides, a Fourier infrared
spectrometer (IS50, Nicolet, USA) was adopted to test the
absorption spectrum of the recovered carbon fibers at 400-
4,000 cm™, and to characterize their functional groups. In
addition, an X-ray diffractometer (XRD, Panalytical X Pert3
Power, the Netherlands) was employed to observe the
structure of the recovered carbon fibers. Finally, the
dielectric properties of the sucker rod carbon fiber composite
were tested by a self-designed high-temperature dielectric
test system.

2.3 Equipment

Figure 1 shows the microwave tube furnace adopted in our
experiments.

In our experiments, the high temperature dielectric
parameter test was measured by the perturbation technique of
cylindrical resonator, under the microwave frequency of
2,450MHz. As shown in Figure 2, the test system mainly
includes a vector network analyzer, a water cooler, a
temperature controller, a heater, a resonance cavity, a
computer, an air pump, etc. During the dielectric parameter
test, the quality factor and resonance frequency of the
resonance cavity were tested by the vector network analyzer.
Next, a quartz tube containing the sample was fed into the
middle of the graphite sleeve by a pneumatic device, and
heated to the test temperature by the induction heater. After
that, the sample was quickly moved into the resonant cavity
by the pneumatic device. Then, the vector network analyzer
was adopted to measure the quality factor and resonance
frequency. The test results were computed on the software in
the computer, producing the dielectric parameters under
different temperatures.
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Figure 2. High temperature dielectric parameter test system



3. RESULTS AND DISCUSSION

3.1 Determination of dielectric parameters of sucker rod
powder
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Figure 3. Variation of the dielectric parameters of sucker rod
powder with temperature

Under microwave heating, the microwave interacts with
the molecules of the material. The heat effect is generated by
the dielectric losses. The carbon fibers contain lots of
delocalized m electrons, and polarized functional groups.
When the microwave acts on the sucker rod material, the
polarization effect may be generated, especially on the dipole,
which plays a crucial role in heating the material. The
dielectric properties of the material determine the ability of

the material to absorb microwave, and interact with
microwave. The microwave absorption ability of the material
can be mainly characterized by the dielectric constant. The
greater the constant, the larger the microwave absorptivity of
the material. The dielectric loss indicates the ability of the
material to convert the microwave energy into thermal
energy. The tangent of diclectric loss angle depicts the
efficiency of the material converting the absorbed microwave
energy into thermal energy.

As shown in Figure 3, when the temperature changed from
the normal level to 500°C, the equivalent dielectric constant
of the sucker rod increased, and the dielectric loss and the
tangent of the dielectric loss angle were on the rise. This
means the rising temperature enhances the material’s ability
to absorb microwave, and convert the microwave energy to
thermal energy. However, a negative dielectric constant was
observed under normal temperature. The negative dielectric
constant mainly comes from the intrinsic properties of the
material. Depending on the low-frequency plasma of free
electrons in the conductive carbon network, the carbon fibers
in the sucker rod boast excellent conductive properties and
tensile strength, and are often filled into ceramics as the
conductive phase, forming a three-dimensional (3D)
conductive network [13, 14]. When the external electric field
frequency is lower than the plasma frequency of free
electrons, a negative dielectric behavior will appear [15, 16].

3.2 Microwave heating properties of sucker rod
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Figure 4. Variation of sucker rod temperature with
microwave heating time



Figure 4 compares the heating properties of the 15g sucker
rod under different microwave powers. As shown in Figure
4(a), the heating rate increased with the microwave power.
The heating process can be roughly divided into three phases:
rapid heating (I, II), and slow heating (II). Phase I is the
softening process of the oil rod. According to Figure 4(b),
during Phase I, the slope of the heating curve was
305.53(°C/min) at the microwave power of 1,000W,
344.31(°C/min) at 1,200W, and 425.24(°C/min) at 1,400W.
The results demonstrate a good ability for the sucker rod to
absorb microwave. Hence, the sucker rod has a good heating
performance. The slowdown of heating rate in Phase II is
probably because the resin softening needs to absorb lots of
heat to decompose the fibers. The results in Figure 4 agree
well with the test data in Figure 3, laying the basis for
experiments on recovering sucker rod carbon fibers through
microwave pyrolysis. In Phase III, the rising heating rate is
possible associated with the exothermic reaction of carbon
fibers. The wave absorbing performance of the carbon fiber
composite mainly depends on the components and structure
of the material. The sucker rod is a sandwich of glass fibers
and carbon fibers. The outermost glass fibers are highly
transmissive. As a resistive absorbing material, the carbon
fibers have a small resistivity. Under an external magnetic
field, the carbon fibers would resonant with the incident
electromagnetic wave, forming a dispersion current. The
current will attenuate in the surrounding matrix. In this
process, the electromagnetic wave energy is transformed into
thermal energy and other forms of energy [17-19].

3.3 Micromorphology of recycled carbon fibers

400°C10min}’

Figure 5. Micromorphology of recycled carbon fibers

154

Figure 5 shows the micromorphology of recycled carbon
fibers recovered through microwave pyrolysis under different
conditions. When the heating temperature was 400°C, lots of
resin were left on the recycled carbon fibers after the
temperature was held for 10min. Fewer particles were
observed, and pits were found on the carbon fibers, after the
temperature was held for 30min. This means the carbon
fibers are partly oxidized under long-term heating. When the
heating temperature was 450°C, a few resins were attached
on the recycled carbon fibers after the temperature was held
for 10min. Many pits and defects of different degrees were
detected on the carbon fibers, after the temperature was held
for 30min. When the heating temperature was 500°C, the
recycled carbon fibers obtained after 10min of temperature
holding were smoother than those obtained at the heating
temperatures of 400°C or 450°C, with virtually no residual
substance on the surface. The carbon fibers obtained after
30min of temperature holding were seriously oxidized on the
surface, and their surface structure was damaged.

3.4 Infrared spectrum analysis of recycled carbon fibers

Figure 6 shows the main functional groups of the virgin
and recycled carbon fibers in the Fourier infrared spectra.
The peaks at 2,350cm™, 1,630cm™, 1,380cm’!, and 1,040cm!
are attributable to the tensile vibration of C=N, the stretching
vibration of the C=C of the aromatic ring skeleton, the
stretching vibration of the C-H of methyl, and the stretching
vibration of the C-O of ether, respectively. Under the same
temperature holding time, with the rise of temperature, C=C
gradually weakened to approach the strength of the virgin
carbon fibers. A possible reason is that carbon is generated
on the carbon fibers during low temperature pyrolysis.
Compared with those under the two conditions of 400°C and
450°C, the carbon fibers recycled after being held at 500°C in
the air atmosphere and the virgin carbon fibers were not very
different in the absorption peak intensity of each functional
group, and were basically the same in terms of chemical
bonds. Thus, the heating condition does not change the
chemical structure of the recycled carbon fibers.
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Figure 6. Infrared spectra of virgin carbon fibers and
recycled carbon fibers

3.5 XRD analysis of recycled carbon fibers

Figure 7 displays the XRD spectra of virgin carbon fibers,



and those of the carbon fibers recycled after being held for
10min under 400°C, 450°C, and 500°C in the air atmosphere.
In the XRD spectra, 26=25° represents the diffraction
characteristic peak on the (002) plane. The peak is related to
the graphitized structure in the fibers [20]. The crystalline
parameters of the carbon fibers were computed by the
Bragg’s Law and the Debye Scherrer equation (Table 1). For
virgin carbon fibers, the grain size and the interlamellar
spacing of (002) plane were 15.0563nm, and 0.3477nm,
respectively. As the temperature increased, the grain size of
the recycled carbon fibers gradually decreased, which may be
attributed to the weakening of graphitization under carbon
oxidation. The characteristic peaks of the carbon fibers
recycled at 400°C and 450°C were relatively weak, a sign of
incomplete graphitized structure. Sauder et al. [21] noted that
the increase of interlamellar spacing will reduce the tensile
modulus. Hence, the carbon fibers recycled after being held
for 10min at 500°C in the air atmosphere have a lower tensile
modulus than the virtual carbon fibers.
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Figure 7. XRD spectra of virgin carbon fibers and recycled
carbon fibers

Table 1. Crystalline parameters of virgin carbon fibers and
recycled carbon fibers

Sample 2-ThetaFWHM  doo2/nm D/nm
Virgin carbon fibers 25.598 0.535 0.34770679415.05629599

400AirlOmin  25.422 0.361 0.35007398322.30559075
450AirlOmin  25.316 0.4436 0.35151569418.46477509
500Air10min  25.052 0.754 0.35515985410.67175053

4. CONCLUSIONS

The following conclusions were drawn through the above
analysis: The sucker rod carbon fiber composite is good at
absorbing the microwave. Its dielectric constant gradually
increases with the growing temperature. During microwave
pyrolysis, the heating rate can reach 359.46 (°C/min), which
significantly enhances the pyrolysis efficiency, and shortens
the processing time. In the air atmosphere, the carbon fibers
recycled from the sucker rod carbon fiber composite after
being held for 10min at 500°C have a slightly lower
graphitization degree and tensile modulus than the virgin
carbon fibers, but the same types of chemical bonds, and
similar absorption peak intensities. Hence, the carbon fibers
obtained under that condition can be effectively recycled.
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