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Abstract: Here, FeAlOx catalytic deconstruction of polyethylene in a domestic microwave oven is
reported. With the starting weight ratio of FeAlOx to polyethylene at 1:1, the concentration and
yield of H2 reach up to 67.85 vol% and 48.1 mmol g−1

plastic, respectively. CNTs@Fe3O4/Fe3C/Fe
composite, which exhibits excellent microwave absorption properties, is generated simultaneously.
The minimum reflection loss (RLmin) of the solid product reaches −54.78 dB at 15 GHz with an
effective absorption bandwidth of 4.5 GHz at the thickness of 1.57 mm.
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1. Introduction

According to an estimate, the total amount of plastic waste in landfills or the natural
environment will reach 12 billion tons by 2050 [1]. Thus, plastic waste recovery technologies
are warmly welcomed to reduce the negative impact of plastics, such as biological recycling,
physical recycling, and thermochemical recycling technology [2]. Among them, thermo-
chemical recycling technologies, such as pyrolysis and gasification, have been widely
studied for fuel production [3,4]. In particular, catalytic cracking is an effective plastic
recycling technology to produce high-value hydrogen [5–7]. For example, Yao et al. [7]
obtained an H2 concentration and H2 yield up to 73.93 vol% and 42.36 mmol g−1

plastic,
respectively, from catalytic conversion of plastic waste using a Ni-Fe bimetallic catalyst.
Zhang et al. [8] produced H2-rich syngas from biomass and plastic waste with a Ni-
Fe@Nanofibers/Porous carbon catalyst. The corresponding total gas and hydrogen yields
were 63.17 and 24.73 mmol g−1, respectively. Undoubtedly, converting plastic waste into
clean fuel is an attractive way to alleviate the environmental pollution and energy crisis.
Nevertheless, the application of the residual carbon-containing solid is yet to be explored.

With the rapid development of information, the application of electronic devices, radar,
military aircraft, and satellite communications has increased greatly, along with serious
electromagnetic pollution and interference [9,10]. Thus, the preparation of lightweight,
low cost, and efficient microwave absorption (MA) materials has received considerable
interest [11–13]. Among them, carbon-based materials are widely concerned because of
their advantages of light weight, good electrical conductivity, and adjustable dielectric
loss [14–16]. Particularly, pores could contribute to the multiple reflection and diffraction of
the microwave. Therefore, porous carbon structures in the form of fibers, tubes, or spheres
have been extensively investigated to achieve high MA performance [16–18]. Composit-
ing carbon with magnetic particles is an effective method to enhance the attenuation of
microwave energy due to the introduction of magnetic loss capacity and the improvement
of impedance matching. For example, Zhao et al. [19] prepared a Co@crystalline car-
bon@carbon aerogel composite with a yolk-shell structure at 900 ◦C, exhibiting a maximum
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reflection loss (RLmax) of −43 dB at the thickness of 1.5 mm at 17.9 GHz. Qiu et al. [20]
synthesized a nickel/carbon nanotubes composite (Ni/CN) via in-situ pyrolysis of Ni MOF
at 700 ◦C, showing an RLmax of −65 dB with a low filler loading of 10 wt% and a thickness
of 1.9 mm.

In this work, we proposed a microwave-assisted catalytic strategy to achieve high-
yield hydrogen and high-performance microwave absorption materials from the catalytic
deconstruction of polyethylene (PE) simultaneously. Iron aluminum oxide (FeAlOx) was
used as the catalyst. The deconstruction reaction was initiated by a small piece of carbon
fiber cloth (CFC), which has strong microwave absorption properties. The concentration
and yield of H2 reached up to 67.85 vol% and 48.1 mmol g−1

plastic, respectively, with the
starting weight ratio of FeAlOx to PE at 1:1. Moreover, the RLmin of the solid product
reached −54.78 dB at 15 GHz with an effective absorption bandwidth (EAB) of 4.5 GHz at
the thickness of 1.57 mm.

2. Materials and Methods
2.1. Material

Iron nitrate (Fe (NO3)3·9H2O, analytical grade), aluminum nitrate (Al (NO3)3·9H2O,
analytical grade), and citric acid were purchased from Shanghai Aladdin Chemical Cor-
poration. Carbon fiber cloth (CFC) was purchased from Jingzhou HOT-Material Co., LTD.
The raw material comes from pulverized plastic waste (300 mesh). Standard concentrations
(1%) of CO, CO2, and the mixtures of CH4, C2H6, C2H4, C3H8, and C3H6 were purchased
from the China National Institute of Testing technology. Pure H2 (100%) was obtained by a
hydrogen generator (CHE-300, CEAULIOHT Co., LTD., Beijing, China).

2.2. Synthesis Method
2.2.1. Preparation of FeAlOx Catalyst

FeAlOx catalyst was prepared with reference to the study by Jie et al. [21]. In detail,
an appropriate amount of Fe (NO3)3·9H2O, Al (NO3)3·9H2O, and citric acid were mixed
with a molar ratio of Fe to Al to citric acid of 1:1:1, which was stirred continuously on a
heating table at 120 ◦C until a viscous orange gel formed. Then, the gel was dried at 90 ◦C
overnight. Next, the powder was calcined in air at 350 ◦C for 3 h with a heating ratio of
10 ◦C min−1. Finally, the catalyst was ground into fine particles.

2.2.2. Microwave-Assistant Catalytic Deconstruction of PE

First, different weight ratios of the FeAlOx catalyst (0.2, 0.4, and 0.8 g) and PE powder
(0.4 g) were physically mixed and transferred into a custom-made quartz tube. Then, a piece
of CFC (1 × 4 cm) was embedded in the mixtures vertically. Before irradiation, high purity
N2 (99.99%) was purged for 10 min to expel the air completely. Next, the quartz container
was placed in a commercial microwave oven (Galanz, G90F23CN3PV-BM1, Foshan, China)
and irradiated at the power of 900 W for 6 min. The reaction systems with different
FeAlOx weights were labeled as Catalyst/PE−0.5, Catalyst/PE−1, and Catalyst/PE−2,
respectively.

2.3. Measurement of Gaseous Products

The gas volume fraction (C) was measured by a Gas Chromatograph (GC-7920,
CEAULIOHT Co., LTD., Beijing, China, China) equipped with a thermal conductivity
detector (TCD) and Flame ionization detector (FID). The operating temperature was 200 °C.
H2 was detected by TCD equipped with a TDX-01 column (3 m × 3 mm, C.N. YJ0441).
CO and CO2 were detected by FID equipped with a TDX-01 column (1.5 m × 3 mm, C.N.
YJ6027), and the mixtures of CH4, C2H6, C2H4, C3H8, and C3H6 were detected by FID
equipped with an XP- Al2O3/NA2S04 column (50 m× 0.53 mm i.d., 20.0 µm film thickness,
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C.N. 23505200). N2 was used as a carrier gas in the analysis. The molar yield of gas product
(mmol g−1) was defined as:

Y =
C·V

Vm·M
, (1)

where C (%) represents the volume concentration; V (mL) means the total volume of
gaseous products; Vm (mol/L) represents the molar volume with a value of 23.3 at standard
atmospheric pressure (101 kPa) and 10 ◦C (laboratory temperature). M is the mass of PE
with the value of 0.4 g.

2.4. Characterization

The crystalline structure of the solid product was recorded on X-ray diffractometry
(XRD, DX-2700, Dandong Haoyuan Instrument Co., LTD., Dandong, China) using Cu
Kα radiation at 40 kV and 30 mA, and the scanning range (in 2θ) was 5◦ to 90◦. The mi-
crostructure was analyzed by Field emission scanning electron microscope (FESEM, AZtec
X-Max 50, Oxford, UK). The hydrogen and hydrocarbons (C1–C5) of gaseous products were
determined via a Gas Chromatograph (GC-7920, CEAULIOHT Co., LTD., Beijing, China)
equipped with TCD and FID detectors. The relative complex permittivity and permeability
of solid product were measured on an Agilent E8363C vector network analyzer (E8363C,
Agilent Technologies, Inc., Palo Alto, Santa Clara, CA, USA) equipped with a coaxial fixture
(Φ out = 7.00 mm, Φ in = 3.04 mm) in the frequency range of 2.0–18.0 GHz.

3. Results and Discussion

CFC acts as a microwave susceptor to trigger the catalytic cracking reaction. After the
reaction, CFC can be easily taken out and separated from the residual carbon and catalyst
particles. The concentrations and yields of gaseous products are shown in Figure 1. Since
the concentrations of hydrocarbons, such as C2H6, C3H6, and C3H8, are extremely low,
these gases fractions are combined into the category of “others” to simplify the analysis.
For the Catalyst/PE−0.5 system, it can be seen that the gaseous products are dominated
by H2 (40.5 vol%), followed by C2H4 (23.5 vol%), CH4 (18.2 vol%), CO (7.0 vol%), and
CO2 (1.6 vol%). Their corresponding yields are 16.7, 9.7, 7.6, 2.8, and 0.6 mmol g−1

plastic,
respectively (Figure 1a,b). The concentration and yield of H2 are up to 67.8 vol% and
48.1 mmol g−1

plastic, respectively, in the Catalyst/PE−1 system (Figure 1c,d). The yield of
CO increases to 14.4 mmol g−1

plastic while the yield of C2H4 and CH4 drops to 3.63 and
4 mmol g−1

plastic. The concentration and yield of H2 are 59.6 vol% and 46.5 mmol g−1,
respectively, for the Catalyst/PE−2 system (Figure 1e,f), where the yield of CO is up to
26.5 mmol g−1. Based on the above, it can be concluded that the weight ratio of catalyst/PE
exhibits a great influence on the gaseous product compositions and H2 yields. The weight
ratio at 1:1 is proved to be the most effective. Too much catalyst does not help achieve
higher hydrogen yields but rather promotes the production of CO. The H2 yield and
concentration with different metal-based catalysts between our results and the reported
literatures are compared in Table 1, which shows FeAlOx catalyst owned excellent catalytic
activity [7,22–24].

About the catalytic mechanism, here we propose that they mainly include three stages.
Firstly, carbon fiber cloth generates a large amount of heat under the action of microwaves,
which is rapidly transferred to the plastic and catalyst particles, causing the plastic to be
melted and the catalyst to be activated. Secondly, at the active site of the iron catalyst, the
C-H bonds of the plastic polymer break off, thus H2 and intermediate compounds such as
alkenes/aromatics are produced. Thirdly, the intermediate compounds produce H2 further
under heating. With the enriched heating rate due to the special microwave irradiation, the
first and second steps are usually present at the same time, resulting in high H2 yields.
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Table 1. Comparison of the H2 yield and concentration with different catalysts between our results
and those reported in the literature.

Material Method Catalyst H2 Concentration
(vol%)

H2 Yield
(mmol/g) Ref.

Mixed plastics Conventional catalyst
pyrolysis NiFe31/Al2O3 69.98 36.2 [7]

High density polyethylene
(HDPE)/polyvinyl chloride (PVC)

Catalyst pyrolysis and steam
reform Ni-Mn-Al 72.3 42.8 [22]

Low density polyethylene (LDPE) Conventional catalyst
pyrolysis Fe/Al2O3 51.0 19.5 [23]

Polypropylene (PP)/polyethylene (PE) Pyrolysis–gasification H-Ni/Al2O3 36.85 32.4 [24]
Polyethylene (PE) Microwave catalyst pyrolysis FeAlOx 67.85 48.1 This work

Hence, the solid residual from the Catalyst/PE−1 system was characterized, and
its microwave absorption performance was examined. The XRD spectra are shown in
Figure 2a. As can be seen, peaks located at 30.06◦, 35.41◦, 43.03◦, 56.91◦, and 62.49◦

correspond to the Fe3O4 phase (JCPDS card No. 76-1849), peaks located at 37.63◦, 42.88◦,
43.76◦, 44.55◦, 44.97◦, 45.88◦, 48.57◦, and 49.11◦ correspond to Fe3C (PDF-72-1110, and
peaks for iron at 44.67◦ and 65◦ are observed [25]. Besides, the appearance of a peak around
26◦ suggests graphitized carbon formed under microwave irradiation. Figure 2b,c shows
the product’s SEM images. A large number of uniform CNTs with a tube diameter of
about 50 nm can be clearly seen. The formation of carbon nanotubes is probably attributed
to the catalyzing effect of the iron particles [26,27] and is regarded as very beneficial for
the microwave absorption performance. Carbon nanotubes contribute to forming a 3D
continuous conductive network, which provides high-speed transmission channels for
charge motion and thus increases the conductive loss [28]. In addition, the abundant
tubular structure helps to provide more boundaries, which makes the interface polarization
effect enhanced [29].
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Reflection loss (RL) is an intuitive parameter to evaluate the MA performance of a
material. According to the transmission line theory, the RL with thickness and frequency
can be calculated as follows:

RL(dB) = 20 log
(∣∣∣∣Zin − Z0

Zin + Z0

∣∣∣∣), (2)

Zin = Z0

√
µr
εr

tanh
[

j
(

2π f d
c

)
√
µrεr

]
, (3)

Here, Zin is the input impedance of the absorber and Z0 is the impedance of materials
in free space, f is the frequency of the electromagnetic wave, d is the layer thickness of the
sample, c stands for the speed of light in vacuum, εr (ε′-jε′ ′) and µr (µ′-jµ′ ′) correspond
to the relative complex permittivity and permeability, respectively. Figure 3a,b shows
the three-dimensional (3D) and 2D RL value of the solid residue from the Catalyst/PE−1
system in the frequency range of 2–18 GHz at a loading of 30 wt%. As can be seen, the
solid residual exhibits excellent MA performance in the Ku band with a low thickness. In
detail, the minimum reflection loss (RLmin) of the product is −54.78 dB at 15 GHz with
an EAB of 4.5 GHz (12.9–17.4 GHz) at the thickness of 1.57 mm. Meanwhile, the sam-
ple has an acceptable MA performance in other frequency ranges, delivering an RLmin
value of −26.6 dB at 9.2 GHz with an EAB of 2.84 GHz (8–10.84 GHz) at the thickness of
2.4 mm in X-band and an RLmin value of −18.45 dB at 7 GHz with an EAB of 2.04 GHz
at a thickness of 3.17 mm in C-band. Compared with the microwave absorption perfor-
mance of various carbon-nanotube-based magnetic composites in previous reports shown in
Table 2 [30–34], the solid residue of the catalyst/PE−1 system is a competitive candidate for
an ideal absorber material in terms of absorption intensity, effective absorption bandwidth,
and thickness.
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Figure 3. The 3D (a) and 2D (b) representation of RL values of the solid residue from the Catalyst/PE−1
system.

Table 2. Microwave absorption performances of various carbon-nanotube-based magnetic composites
in previous reports compared with CNTs@Fe3O4/Fe3C/Fe composite.

Sample Weight (wt%) Thickness (mm) RLmin (dB) Effective Bandwidth/Frequency (GHz) Ref

Fe3O4/CNT/poly 100 / −53.3 8.1 (/) [25]
PANI/Fe3O4/CNT 20 4.0 −16 7.0 (8–15) [26]
rGO/CNT@Fe3O4 30 2 −28.57 3 (9.7–12.7) [27]

Fe3O4/CNT 50 4.4 −51.3 3.9 (/) [28]
Fe3O4/CNT / 5.5 −36.72 ~6.5 (4–6.5,14–18) [29]

CNT@Fe3O4/Fe3C/Fe 30 1.57 −54.78 4.5 (12.9–17.4) This work

In order to better understand the MA mechanism of the solid product from the
Catalyst/PE−1 system, its electromagnetic parameters are interpreted further and dis-
played in Figure 4. The real parts of the relative complex permittivity (ε′) and permeability
(µ′) characterize the ability of the material to store electrical and magnetic energy, and the
imaginary parts (ε′′ and µ′′) represent the ability to dissipate electrical and magnetic energy,
respectively [35]. The real parts (ε′) and imaginary parts (ε′′) of the relative complex per-
mittivity of the sample are in the range of 9.5–16.0 and 2.5–9.5 in the frequency of 2–18 GHz,
respectively (Figure 4a,b). The values of ε′ and ε′′ decrease with the increase in frequency,
which is ascribed to the increased polarization hysteresis vs. the higher frequency electric
field variation [36–41]. Furthermore, the several distinct peaks in the curves of ε′ ′ can be
explained by the polarization relaxation [41–44]. The dielectric tangent loss factor tanδe
(ε′′/ε′) represents the dielectric loss capability. Increasing the tanδe value of a material is
helpful to improve its dielectric loss performance. The trend of tanδe is consistent with ε′′,
with values fluctuating between 0.25 and 0.6 (Figure 4c). For pure carbon materials, the
real parts (µ′) and imaginary parts (µ′′) of the relative complex permeability are generally
considered to be 1 and 0, respectively, on account of the non-magnetic property. The
values of µ′ and µ′′ of the solid product from the Catalyst/PE−1 system are in the range of
1.0–1.2 and 0.0–0.16, respectively, over the frequency of 2–18 GHz (Figure 4d,e) because
of the existence of Fe3O4 and Fe, as indicated by XRD spectra. The magnetic loss tangent
tanδm (µ′′/µ′) could be used to help analyze the magnetic loss capacity. The trend of the
tanδm curve is consistent with µ′′ with a value range of 0.0–0.16 at 2–18 GHz (Figure 4f).
Therefore, the excellent MA performance of the sample is attributed to the synergistic effect
of dielectric loss and magnetic loss. The value of the dielectric loss tangent is higher than
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that of the magnetic loss tangent, which indicates that the loss of the material is dominated
by the dielectric loss.
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It is well known that impedance matching and attenuation properties are the key
factors that must be considered when analyzing the MA performance of a material. The
normalized characteristic impedance (Z = |Zin/Z0|) can be calculated by Equation (3) [42],
and the attenuation constant (α) is based on the following equation [45,46]:

α =

√
2π f
c

√
(µ′′ε′′ − µ′ε′) +

√
(µ′′ε′′ − µ′ε′)2 + (µ′ε′′ + µ′′ε′)2, (4)

Impedance matching ratio Z reflects the ability of electromagnetic waves to enter
the microwave absorber. The value of Z closes to 1 indicates that the absorbing material
has better impedance matching. Figure 5a shows the sample’s impedance matching with
thickness of 1.57 mm. It is obvious that the sample matches better in 12–18 GHz band than
2–12 GHz band. In particular, the value of Z fluctuates around 1 in the frequency range
of 12–16 GHz, so most of the electromagnetic waves enter into the material. Since the Z
value is far below 1 in the frequency of 2–8 GHz, most of the electromagnetic waves are
reflected at the surface of the absorber. The value of the attenuation constant increases from
55 to 234 as the frequency increases from 2 to 18 GHz (Figure 5b), which is much higher
than previously reported for pure carbon (below 25) [47]. The above analysis shows that
the excellent MA performance of the solid residue of the Catalyst/PE−1 system is due to
the good impedance matching and high attenuation constants, especially in the frequency
range of 14–18 GHz.
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Debye-relaxation is a common method used to analyze the polarization mechanism,
which is usually defined by the following equation [48]:(

ε′ − εs + ε∞

2

)2
+
(
ε′′
)2

=

(
εs − ε∞

2

)2
, (5)

Here, εs means the static permittivity and ε∞ represents the dielectric permittivity
at the high-frequency limit. According to the Equation (5), the plot of ε′ and ε′′ will be
presented as semicircles. Generally, each semicircle represents a Debye-relaxation process.
From the Cole–Cole semicircles of the residual products of the Catalyst/PE−1 system
shown in Figure 5c, several semicircles are clearly observed, indicating complicated Debye-
relaxation processes are existing. However, these semicircles are distorted, indicating
that other forms of polarization relaxation occur in the composites, such as interfacial
polarization occurs at the interfaces of air, CNTs, Fe3C, Fe, and paraffin [34,43,49,50]. In
addition, domain wall displacement, hysteresis loss, natural resonance, and eddy current
loss are the causes of magnetic loss, among which, hysteresis loss mostly occurs in strong
electric fields and domain wall displacement mostly occurs in the MHz frequency range,
which can be excluded in this case [51–53]. Therefore, natural resonance and eddy current
loss are the main contributions to magnetic loss in the sample. The eddy current loss effect
can be calculated as follows:

C0 = µ′′
(
µ′
)−2 f−1, (6)

According to the formula, the value of C0 is a constant with the change of frequency
when only eddy current loss acts on the dissipation of microwave energy [46,54]. As can be
seen in Figure 5d, the value of C0 is not a constant in the frequency range of 2–18 GHz, with
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fluctuations between 0.0 and 0.3. Thus, the magnetic loss mechanism of the as-prepared
sample is dominated by natural resonance. Moreover, the value of C0 tends to be relatively
constant in the frequency range of 14–18 GHz, confirming the presence of the eddy current
loss [55].

4. Conclusions

In summary, high-yield hydrogen and high-performance MA materials were obtained
from the microwave-assisted catalytic deconstruction of PE simultaneously. The concentra-
tion and yield of H2 reached up to 67.85 vol% and 48.1 mmol g−1

plastic, respectively, with
the starting weight ratio of FeAlOx to PE at 1:1. The residual carbon exhibited remarkable
MA performance with the RLmin value of −54.78 dB at 15 GHz and an EAB of 4.5 GHz
at the thickness of 1.57 mm, which is mainly attributed to the good impedance matching,
high dielectric, and magnetic loss.
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