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Abstract: Although the catalytic pyrolysis of low-density polyethylene (LDPE) to produce light olefin
has shown potential industrial application advantages, it has generally suffered when using higher
pyrolysis temperatures. In this work, Mg-modified Fe-ZSM-5 was used for catalytic conversion of
LDPE to obtain light olefin in a fixed bed reactor. The effects of catalyst types, pyrolysis temperatures,
and Mg loading on the yield of light olefin were investigated. The 1 wt% Mg loading slightly
improved the yield of light olefin to 38.87 wt% at 395 °C, lowering the temperature of the pyrolysis
reaction. We considered that the higher light olefin yield of Fe-Mg-ZSM-5 was attributed to the
introduction of Mg, where Mg regulated the surface acidity of the catalyst, inhibited the secondary
cracking reaction, and reduced coking during the pyrolysis process. Furthermore, the addition of
Mg also dramatically reduced the average particle size of Fe oxides from 40 nm to 10 nm, which
is conducive to a lower catalytic reaction temperature. Finally, the spent catalyst could be easily
regenerated at the conditions of 600 °C in airflow with a heating rate of 10 °C/min for 1 h, and the
light olefin yield remained higher than 36.71 wt% after five cycles, indicating its excellent regeneration
performance.

Keywords: catalytic pyrolysis; LDPE; Fe-Mg-ZSM-5; light olefin; pyrolysis temperature

1. Introduction

Nowadays, waste plastics are being generated at an increasing rate, which has caused
serious problems for both the environment and human health [1,2]. Notably, waste plastics
have an EHI value of up to 2 [3] and can be applied as a source of high-quality fuel during
the pyrolysis process. Low-density polyethylene (LDPE) is one of the most extensively used
plastics [3], accounting for 38% of the total plastic produced [4]. It has a high degree of short-
and long-chain branching [5] and a very high carbon and hydrogen content due to the
polymer’s structure [6], making it an excellent raw resource. Therefore, the conversion of
LDPE into high-value-added products is an essential challenge from both an environmental
and an industrial point of view [7].

Pyrolysis is an effective process for the resource utilization of LDPE [8]. Traditional
pyrolysis products are composed of three phases including gas, liquid, and solid, in which
the gas product is mainly hydrocarbon species, the solid product is coke, and the liquid
product is a mixture of wax and oil [9]. In the pyrolysis process, LDPE mainly follows
the linear random chain breaking mechanism and chain end breaking mechanism [10],
forming different lengths of primary free radical fragments, and a small number of primary
free radical fragments are further formed as olefins through (3 breaking [11]. Light olefin
(consisting of ethylene, propylene, and butylene) is an essential component of petrochemical
industries, which can be used in the production of polyethylene, butadiene, and other
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chemical feedstocks [12]. The demand for light olefin has increased in recent decades [13].
Therefore, using LDPE as a feedstock provides a unique approach to producing light olefin,
which is necessary to expand the market and meet the demand for light olefin [12].

However, the pyrolysis of LDPE generally suffers from high reaction temperatures
and unregulated pyrolysis products [5,14]. In order to obtain a high yield of chemical
raw materials, the pyrolysis temperature will sometimes be as high as 700-900 °C [15,16].
Hasret Akgiin et al. [6] conducted pyrolysis experiments on LDPE at different temper-
atures; the results showed that LDPE had the highest liquid-phase yield (85.87%) at
800 °C with a heating rate of 5 °C/min, and the liquid-phase product was heavy wax.
Maite Artetxe et al. [17] found that continuously feeding plastic into a conical spray bed
reactor (CSBR) operating at 500 °C produced 93% wax (Cp1*) and C1,—Cp1 hydrocarbons.
It has been reported that the presence of catalysts not only greatly enhances the quality and
quantity of the desired products by improving the conversion efficiency, but also dramati-
cally decreases pyrolysis temperatures [18]. The catalytic pyrolysis of LDPE mainly follows
the carbocation reaction mechanism [10]. A variety of catalysts such as ZSM-5, zeolite,
Y-zeolite, FCC, and MCM-41 have been widely used in the catalytic pyrolysis process of
LDPE [19,20].

ZSM-5 zeolite is a popular material for light olefin production due to its three-
dimensional regular pore structure, good hydrothermal stability, and selective shape
catalysis [21]. It is often modified by transition metals such as Fe, Ga, Ni, and La to
regulate acid strength, which is beneficial for the enhancement of light olefin selectiv-
ity [22]. Li et al. [23] tested the catalytic cracking of bio-oil model compounds on Lay;O3-
modified ZSM-5 zeolites to generate light olefin; the obtained light olefin consisted of C3Hg
(13.6-17.1%), CoHy4 (10.7-15.4%), and C4Hg (5.3-6.3%). Lima et al. [24] evaluated the cat-
alytic performance of glycerol pyrolysis to produce light olefin on Fe-, Mo-, and Nb-loaded
HZSM-5; they found that Fe-ZSM-5 has a maximum selectivity of propylene at lower
temperatures because of its strong acidity. Wang et al. [22] reported that an Fe@NS catalyst
achieved 41.8 wt% yields of light olefin at a pyrolysis temperature of 550 °C and a weight
hourly space velocity of 8.64 h~!. Xia et al. [25] found that the highest light olefin yield
of 44.8 wt% was obtained from an Al-Fe-SPZ catalyst for cracking n-heptane when the
5i/(Al + Fe) molar ratio was 100 and the Al/Fe ratio was 84/16. Zhang et al. [12] studied
the conversion of biomass into light olefin over Fe-loaded ZSM-5 catalysts; they revealed
that 6.98% of light olefin was achieved on 3 wt% Fe-ZSM-5 at a temperature of 600 °C.
Shao et al. [26] investigated the rapid pyrolysis of cellulose catalyzed by Fe-, La-, Cu-, Mg-,
Al-, and Ce-modified ZSM-5 zeolite to obtain light olefin, and the results suggested that
Cu-ZSM-5 had the maximum yield of light olefin. Although a considerable number of
catalysts have been studied, the catalytic pyrolysis of LDPE still has the challenges of high
reaction temperatures and a low yield of light olefin. Therefore, it is necessary to develop
more efficient and renewable catalysts.

In this study, we prepared an Fe-Mg-ZSM-5 catalyst and performed catalytic pyrolysis
of LDPE in a fixed-bed reactor for the selective generation of light olefin. Our main aim is
to identify the increasing yield of light olefin as well as the decreasing reaction temperature.
Combining contrasted design experiments as well as BET, NH3-TPD, XRD, SEM, TEM/EDS,
and DTG/TGA characterization, the role of Mg loading was explored, which offered a
sufficient and thorough explanation of the transformation of light olefin. In addition, the
regeneration performance of deactivated catalysts was also investigated for recyclable,
sustainable, and economic utilization.

2. Results and Discussion
2.1. Catalyst Characterization
2.1.1. BET Results
The structural properties of the various catalysts are shown in Table S1. It can be

seen that the BET surface areas of ZSM-5 were 329 m?-g~!, which decreased to 293 m?-g~!
with the presentation of 1 wt% Fe oxides, and then slightly increased to 308 m?-g~! with
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the doping of 1 wt% Mg oxides. The decrease in both the surface area and volume of
the micropores of ZSM-5 indicated that parts of the Fe and Mg oxides diffused into the
pores and or covered the pore channels of ZSM-5, which resulted in the blocking of
micropores [27]. At the same time, it was found the average pore size of ZSM-5 increased
from 2.89 nm to 3.37 nm and 3.22 nm after the loading of Fe and Fe-Mg oxides, indicating
that the metal ions are dispersed throughout the ZSM-5 surface [28,29].

2.1.2. NH3-TPD Results

The NH;3-TPD fitting results of the different catalysts are depicted in Figure 1. The
spectra of catalysts can be fitted by three peaks centered at 140 °C, 210 °C, and 430 °C, which
are attributed to the weak, medium, and strong acidity of the samples, respectively [12,24].
Weak acidity is attributed to the weak Brensted acid and Lewis acid on the surface of ZSM-5,
which has been verified to show little catalytic activity for LDPE pyrolysis [27]. Medium
acidity corresponds to strong Brensted acidic sites [30], which have a remarkable effect
on the yield of light olefin [27]. Strong acidity is related to strong Lewis acidic sites [28],
which is considered the key contributor to the coking of the catalyst during the pyrolysis
process [30].
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Figure 1. NH3-TPD curve of the different catalysts.

The fitting results of the acid distribution on the different catalysts are presented in
Table 1. The total acid content of the catalyst reduced from 1320 pmol-g ! to 1089 umol-g~!
and 1094 umol-g~! after Fe and Mg were loaded onto ZSM-5. It can be observed that
the introduction of Fe oxides boosted the strong acidity of the ZSM-5 catalyst, which
increased from 470.71 pmol-g ! to 473.72 umol-g !, respectively. Meanwhile, the loading
of Fe oxides also reduced the weak and medium acidity of ZSM-5, which decreased from
206.71 um01~g*1 and 642.58 umol- gf1 to 182.52 ]yLmol'g’1 and 432.77 umol- gfl, respectively.
When the Mg oxides were further loaded onto Fe-ZSM-5, it was evident that the strong
acidity decreased to 394.93 umol-g~!, while the weak and medium acidity increased
slightly to 214.75 pmol-g~! and 484.31 umol-g~!, respectively. This is mainly due to the
modification of Mg as an alkali metal covering the strong acid sites on the surface of ZSM-5,
causing a significant decline in the number of strong acidities [31].

Table 1. Acidity distribution of the catalysts.

Acid Content (umol/g)

Catalysts
Weak Acidity Medium Acidity =~ Strong Acidity Total Acidity
ZSM-5 206.71 642.58 470.71 1320
Fe-ZSM-5 182.52 432.77 473.72 1089

Fe-Mg-ZSM-5 214.75 484.31 394.93 1094
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2.1.3. SEM and TEM Results

The SEM and TEM images of ZSM-5, Fe-ZSM-5, and Fe-Mg-ZSM-5 are displayed in
Figure 2. It can be seen from the SEM images of the samples in Figure 2a—c that the crystal
structure of ZSM-5 zeolite is very regular with a particle size ranging from 250 to 450 nm
(Figure 2a), which is composed of clear quadrangular prismatic crystallites [32-34]. After
the loading of Fe and Mg oxides, the morphology of the catalyst remained unchanged
(Figure 2b,c), illustrating that the modification process did not destroy the crystal structure
of ZSM-5. The HRTEM images of the ZSM-5, Fe-ZSM-5, and Fe-Mg-ZSM-5 catalysts in
Figure 2d—f prove the successful loading of Fe and Mg oxides onto ZSM-5. As seen in
Figure 2e, the Fe oxide particles agglomerated on the surface of ZSM-5, and the particle
size ranged from 20 nm to 80 nm with an average particle size of 40 nm. It can be observed
in Figure 2f that the Mg loading significantly decreased the particle size of the Fe oxides,
which ranged from 5 nm to 25 nm with an average particle size of 10 nm. The Fe and Mg
oxides were highly and uniformly dispersed on the ZSM-5 surface without a clustering
phenomenon. The high dispersion as well as small particles caused by the Mg loading
are conducive to the catalytic activity in the LDPE pyrolysis reaction. Figure 2g shows the
corresponding STEM-XEDS element diagram, indicating that the Fe and Mg elements are
evenly distributed in the samples.

Fe-ZSM-5

Figure 2. SEM and TEM images of different catalysts. ((a—c) SEM; (d-f) TEM; (g) compositional
mapping of Fe-Mg-ZSM-5).

2.1.4. XRD Analysis

The obtained XRD patterns of the ZSM-5, Fe-ZSM-5, and Fe-Mg-ZSM-5 samples
are presented in Figure 3. It is clear that the characteristic diffraction peaks at 7.9, 8.8,
9.0, 13.8, 14.7, 15.4, 15.8, 23.0, 23.2, 23.6, 23.9, 24.3, and 29.9° can be observed in three
samples [27,35,36]. There is no significant diffraction peak of Fe and Mg oxides in the
spectra of the Fe-ZSM-5 and Fe-Mg-ZSM-5 samples, implying the nanoparticles of the Fe
and Mg oxides are highly dispersed on the surface of ZSM-5, or the loaded content of
metal oxides is too low to be detected with XRD [27,30,37]. The crystallinity of the different
catalysts is shown in the Supplementary Materials (Table S2).
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Figure 3. XRD pattern of the catalysts.

2.1.5. XPS Analysis
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The XPS spectra of ZSM-5, Fe-ZSM-5, and Fe-Mg-ZSM-5 are exhibited in Figure 4.
The full spectra of the three samples in Figure 4a show the peaks of Fe2p and Mgls that
appeared after the modification process, indicating the successful loading of Fe and Mg
oxides. As shown in Figure 4b, the Fe2p narrow spectrum of Fe-Mg-ZSM-5 can be fitted
with eight peaks: the two peaks at 724.4 eV and 726.1 eV corresponded to the characteristic
peaks of Fe2p3/2, and the peaks at 710.8 eV and 712.6 eV correspond to the characteristic
peak of Fe at 2p1/2, respectively [38,39]. The four peaks centered at 710.8 eV, 724.4 eV,
and 712.6 eV, 726.1 eV were assigned to the satellite peaks of Fe>* and Fe®*, indicating the
coexistence of FeO and Fe,O3 nanoparticles [40]. The Mgls spectrum in Figure 4c showed
a peak at 1304.7 eV, which proved the presence of MgO [41].
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Figure 4. (a) XPS survey scan spectrum of different catalysts: (b) Fe 2p of Fe-Mg-ZSM-5 and (c) Mg

1s of Fe-Mg-ZSM-5.
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2.2. The Catalytic Pyrolysis of LDPE on Different Catalysts
2.2.1. Catalysis Performance Comparison of Different Catalysts

In this paper, we explored the effect of the pyrolysis of ZSM-5, Fe-ZSM-5, and Fe-Mg-
ZSM-5 with LDPE on light olefin yield. The temperatures at the optimal light olefin yield
conditions for different catalysts are shown in Figure 5. According to the results, ZSM-5
reached the highest light olefin yield (32.38 wt%) at 500 °C. It can be seen that the loading
of Fe increased the yield of light olefin by 6.08 wt%. At the same time, it reduced the
pyrolysis reaction temperature by 75 °C, which was attributed to the uniform distribution
and excellent dispersion of Fe oxides on ZSM-5, while the presence of Fe modified the
catalyst and improved its activity [42].

60
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551 Feductiop,
< 425 °ocf ““Mperagyp, l =
or = 305 C|lE
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qesf g g
B 38.46 38.87
w
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Figure 5. Comparison of optimal light olefin yields with different catalysts.

When the Mg addition was further added to Fe-ZSM-5, the results revealed that while
the enhancement in the yield of light olefins was only 0.41 wt%, the temperature was
reduced from 425 °C to 395 °C. According to the TEM results (Figure 2), it was found that
the introduction of Mg significantly reduced the average particle size of Fe oxides on the
catalyst from 40 nm to 10 nm, which was beneficial to improving the catalytic activity and
thus decreased the pyrolysis reaction temperature. In addition, the introduction of Mg
facilitates the dispersion of Fe oxides [43,44], as well as improves the stability and activity
of the Fe-Mg-ZSM-5 catalyst for the catalytic reaction [45].

In addition, Figure 6 further summarizes and compares different conditions for the
preparation of light olefins with PE [46-48]. The results showed that although the Fe-
Mg-ZSM-5 catalyst did not improve the yield of light olefins significantly, it reduced
the pyrolysis temperature and realized the preparation of light olefins at a relatively
mild temperature, which saved the energy consumption to a certain extent. The catalytic
performance of the three catalysts is described in detail in Section 2.2.2 through Section 2.2.4.

2.2.2. Catalytic Performance of ZSM-5

The results of the LDPE catalytic pyrolysis on ZSM-5 are shown in Figure 7. It can be
seen in Figure 7a that the gas yield increased from 74.21% to 85.08% as the temperature
increased from 450 °C to 600 °C, while the liquid yield decreased dramatically from 25.17%
to 13.32%. This was due to the further cracking of oligomers caused by the further increased
temperatures, forming smaller hydrocarbons in the presence of gaseous compounds and
reducing the liquid yield [49]. Figure 7b shows that the gas products of LDPE catalytic
pyrolysis primarily consisted of Hy, CHy, C;—Cy4 olefins, and C,—-Cs alkanes, and light
olefins accounted for 35.24% of total gas product at 600 °C. As exhibited in Figure 7c, the
production of light olefin increased from 29.94 wt% to 32.38 wt% when the temperature
increased from 450 °C to 500 °C and then decreased to 30.02 wt% when the temperature
further rose to 600 °C, implying the desired reaction temperature for the target product
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is 500 °C. Figure 7d shows that the component of light olefin was also extremely influ-
enced by the pyrolysis temperature. With an increase in temperature, the selectivity of
C3Hg increased obviously from 48.26% to 61.51%, while the selectivity of C4Hg decreased
significantly from 48.57% to 35.24%, respectively. The pyrolysis had a negligible effect on
the selectivity of C;Hy, which remained stable at about 3.25% from 450 °C to 600 °C. In
addition, the selectivity of C3Hg and C4Hg was much higher than that of C;Hy; this might
be attributed to the acid inhibition of the olefin hydrogen transfer reaction of ZSM-5, which
improves the selectivity of propylene and butene in LDPE cleavage products [22].

|
our work |

— 500 °C

Figure 6. Summary and comparison of light olefin yields under different conditions.
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Figure 7. Influence of ZSM-5 on the creation of light olefin: (a) mass percentages of solids, gases, and
liquids; (b) percentage by mass of Hy, CHy, light olefin, and C,—Cs alkanes; (c) weight yields of light
olefin; and (d) olefin selectivity of C;Hy, C3Hg, and C4Hs.
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2.2.3. Catalytic Performance of Fe-ZSM-5

Figure 8 illustrates the influence of Fe loading on the pyrolysis of LDPE on ZSM-5.
As seen in Figure 8a, the gas product yield of LDPE catalytic pyrolysis on Fe-ZSM-5 is as
high as 88.63 wt% at 425 °C, and the pyrolysis temperature is much lower than that on
ZSM-5. The gaseous compounds in Figure 8b are chiefly Hy, CHy, C;—C4 olefins, and C,—Cs
alkanes, and the light olefins account for 43.39% of total gas product at 425 °C, which is
8.15% higher than that on ZSM-5. Figure 8c shows that the quantity of light olefin increased
gradually with the rise in temperatures, where the highest yield of 38.46% was achieved at
425 °C. It is evident that the Fe loading not only reduced the optimal pyrolysis temperature
from 500 °C to 425 °C but also improved the yield of light olefin by 6.08%. The NH3-TPD
results illustrated that Fe-ZSM-5 has more strong acid sites than ZSM-5, the enhancement
of strong acid sites is beneficial to the thermal cracking of LDPE, and the reduction in total
acid sites helps to restrain the hydride transfer reactions of olefin, thus improving the yield
of light olefin [22,25,50,51]. For olefin selectivity, it can be seen in Figure 8d that the content
of CyH, is lower than 1.70%, and the dominant gas components are C3Hg and C4Hg.
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Figure 8. Influence of Fe-ZSM-5 on the creation of light olefin: (a) mass percentages of solids, gases,
and liquids; (b) percentage by mass of Hy, CHy, light olefin, and C,—Cs5 alkanes; (c) weight yields of
light olefin; and (d) olefin selectivity of C;Hy, C3Hg, and C4Hsg.

2.2.4. Catalytic Performance of Fe-Mg-ZSM-5

Figure 9 shows the effects of Mg doping on the catalytic performance of Fe-ZSM-5.
(Here, 1 wt% Mg is the optimal loading, and experimental data for different loadings of
Mg is provided in the Supplementary Materials Figure S1.) It can be seen in Figure 9a that
the gas yield on Fe-Mg-ZSM-5 at 395 °C reached 85.78 wt%, which is 7.36% higher than
that of Fe-ZSM-5, and then increased slightly to 88.07% when the pyrolysis temperature
further rose to 425 °C. The gas composition of LDPE catalytic pyrolysis on Fe-Mg-ZSM-5
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(Figure 9Db) is similar to that of the Fe-ZSM-5 and ZSM-5 catalysts, and the content of light
olefin accounts for 45.31% of the total gas product at 395 °C. As displayed in Figure 9c, the
highest light olefin yield of 38.87 wt% was obtained at 395 °C. It is evident that the Mg
loading not only reduced the optimal pyrolysis temperature from 425 °C to 395 °C but also
improved the yield of light olefin by 0.41 wt%. The NH3-TPD results showed that the Mg
loading decreased the strong acidity of Fe-ZSM-5, which can effectively improve the coking
resistance and service life of the catalyst [43]. Fe-Mg-ZSM-5 also had a slight increase
in medium acid sites compared with Fe-ZSM-5, which promotes the dehydrogenation
cracking reaction and improves the selectivity of light olefins [52,53]. More importantly,
it was found that the introduction of Mg significantly reduced the average particle size
of Fe oxides on the catalyst from 40 nm to 10 nm, which is beneficial to improving the
catalytic activity and thus decreasing the pyrolysis reaction temperature. Figure 9d shows
that the major compounds in the gas product of LDPE catalytic pyrolysis on Fe-Mg-ZSM-5
are C3Hg and C4Hg, which account for 53.93% and 44.43% at 395 °C, respectively.
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Figure 9. Influence of Mg loadings in Fe-ZSM-5 on the yields of light olefin: (a) mass percentages
of solids, gases, and liquids; (b) percentage by mass of Hy, CHy, light olefin, and C,—Cs alkanes;
(c) weight yields of light olefin; and (d) olefin selectivity of CoHy4, C3Hg, and C4Hs.

2.3. Analysis of Catalytic Performance

Based on the characterization results and catalytic pyrolysis performance of different
catalysts, the probable catalytic performance is exhibited in Figure 10. It is believed that the
degradation of LDPE takes place through a random chain cleavage mechanism of random
chain break and end chain break [51,54], which mainly generates waxes and a wide range
of hydrocarbons from C1,—Cy1. Catalytic pyrolysis of LDPE on zeolites is guided by the
carbonium ion theory [5,10,55], and the acidic sites play a key role in the catalytic cracking
of LDPE [10,20].
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Figure 10. Catalytic pyrolysis performance of LDPE with different catalysts.

The NH3-TPD results showed that the loading of Fe oxides increased the strong acidity
of ZSM-5. It is considered that the promotion of strong acidity is beneficial for the catalytic
cracking of LDPE and leads to a decrease in the pyrolysis temperature. The loading of
Mg on Fe-ZSM resulted in a decrease in strong as well as an increase in medium and
weak acidity. Although the decrease in strong acidity has a negative effect on the catalytic
pyrolysis of LDPE, it can inhibit the secondary crack and coking reactions of light olefin,
which helps to prolong catalyst life. The increase in medium acidity promoted the transfer
of hydrogen to short-chain alkanes and olefins [56]; subsequently, short-chain alkanes
and olefins diffused into the pores of the zeolite and proceeded to the aromatization
dehydrocyclization reaction. In addition, it can be seen from the SEM results that the
average particle size of Fe oxides on Fe-Mg-ZSM-5 is much smaller than that of Fe-ZSM-5,
which can effectively improve the catalytic activity of the sample and thus further reduce
the pyrolysis reaction temperature.

2.4. Regeneration of Spent Catalysts

After the primary catalytic pyrolysis experiment, the spent catalyst was recovered and
directly reused for the subsequent pyrolysis run. The obtained gas-liquid—solid three-phase
yields are exhibited in Figure 11. These results show that the gas yield decreased signifi-
cantly from 85.78% to 14.31% when Fe-Mg-ZSM-5 was reused for three cycles, indicating
the catalyst is easily deactivated during the catalytic pyrolysis of LDPE. This is mainly
associated with the formed coke deposited on the surface of the catalyst, resulting in the
clogging of zeolite pores as well as the covering of acid sites [57].
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Figure 11. The catalytic performance of the spent Fe-Mg-ZSM-5 after being reused for three cycles.

In order to investigate the regeneration parameters of spent Fe-Mg-ZSM-5, a thermo-
gravimetric analysis was performed in an air atmosphere with a heating rate of 10 °C-min~!.
As illustrated in the TGA and DTG curves in Figure 12a, there are two major thermal degra-
dation stages ranging from 30 °C to 200 °C and 200 °C to 600 °C. The weight loss in the
first stage is 4.02%, and an obvious endothermic peak centered at 186 °C appears in the
DTG curve, which is caused by the desorption of tar attached to the surface of the spent
catalyst. The weight loss in the second stage is as high as 14.82%. The DTG curve shows
that evident thermal degradation occurs in the temperature range of 400 °C to 550 °C, with
a maximum mass loss rate of about 425 °C; then, the weight remains unchanged when
the temperature is higher than 550 °C, indicating the complete burning of the deposition
coke on the spent catalyst. Therefore, we determined the regeneration parameters of the
deactivated catalysts as follows: the spent catalysts were calcined at 600 °C in airflow for

1 h with a heating rate of 10 °C-min 1.
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Figure 12. (a) TG and DTG curves of the spent Fe-Mg-ZSM-5. (b) The catalytic performance of the
regenerated Fe-Mg-ZSM-5.

The regenerated catalysts were further reused for the catalytic pyrolysis of LDPE. It
can be seen in Figure 12b that the regenerated Fe-Mg-ZSM-5 showed a similar catalytic
performance as the fresh Fe-Mg-ZSM-5, indicating the prepared catalyst has an excellent
regeneration property. After the first cycle, the light olefin yield decreased slightly from
38.87 wt% to 38.30 wt% and then remained stable even after five cycles. Furthermore, the
yields of ethene, propene, and butene on the regenerated catalysts were almost as same
as those on the fresh catalyst. The XRD diffraction of the deactivated and regenerated
Fe-Mg-ZSM-5 samples is presented in Figure 13a. It can be seen that the regeneration
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process has a negligible influence on the XRD spectrum of the spent Fe-Mg-ZSM-5 catalyst,
suggesting the crystal structure of the Fe and Mg oxides remain unchanged during the
high-temperature regeneration process.
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Figure 13. Characterization of the inactivated Fe-Mg-ZSM-5 and the regenerated Fe-Mg-ZSM-5:
(a) XRD pattern and (b) XPS survey scan spectrum.

3. Materials and Methods
3.1. Sample Preparation

Powdered LDPE (100 mesh, Zhongyanshan Petrochemical Co., Ltd., Beijing, China)
has been commercialized. The ZSM-5 zeolite used in this study was purchased from
XFNANO company (Nanjing, China) with a ratio of SiO,-to-Al,O3 38 and a particle size of
530-580 pm. The Fe-ZSM-5 and Fe-Mg-ZSM-5 catalysts were prepared in the laboratory
with incipient impregnation of ZSM-5 zeolite into aqueous solutions containing a metallic
precursor of Fe;(NO3)3.9H,0 and Mg (CH3COO),.4H,0 with different concentrations.
In a typical operation, 15.0 g of ZSM-5 zeolites was impregnated in 10 mL of 0.26 mol/L
Fe;(NO3)3.9H,0 solution at room temperature, stirred for 2 h, and then dried at 110 °C
for 3 h. The obtained sample was calcined at 550 °C in an air atmosphere for 5 h with a
heating rate of 10 °C/min, and the Fe-ZSM-5 catalyst with a 1 wt% Fe content was prepared.
The synthesis method for the Fe-Mg-ZSM-5 catalysts with different Mg doping ratios was
similar to that of the Fe-ZSM-5 catalyst except for the addition of different amounts of Mg
(CH3CO0);.4H,0 into the Fe;(NO3)3.9H,0 solutions. The sample preparation flow chart
is shown in Figure 14.

1. Infuse 2. Mix and stir 3. Dry
15gZSM-5 t=3h T=110°C, t=8h
UR® g
== e
-
«BgRa00 5 N
metal salt + 10mLH,0 5. Calcine

T =550°C, t=5h

' ‘ 4. Grind
7°\ L]

& W
S’

Figure 14. Preparation flow chart of the Fe-ZSM-5 and Fe-Mg-ZSM-5 sampl]es.

3.2. Experimental Setup

All the pyrolysis experiments were performed in a N atmosphere using a lab-scale
fixed bed reactor, as shown in Figure S2. The device consisted of an electric heating tube
furnace, a temperature-controlled system, a quartz reactor (ID = 50 mm, L = 440 mm), and
a cooling system. In a typical run, 3 g of catalyst was mixed uniformly with 9 g of LDPE
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sample (the mass proportion of the catalyst to LDPE was constant in all the experiments)
and filled into the reactor. The tube furnace was firstly purged with 100 mL/min of N,
for about 30 min and then was heated to the desired temperatures at a heating rate of
10 °C/min and held for 60 min.

The liquid products were gathered in glass bottles and cooled with an ice-water
mixture, and then the gas phase products were collected in a bag. The weights of the
liquid and solid products were determined directly using an analytical balance, and the
qualities of the gas products were measured using the mass subtraction method, which
was published by Carlson et al. [58]. The yield of gas, liquid, and solid products can be
calculated with Formula (1), the yield of light olefin can be obtained with Formula (2), and
light olefin selectivity can be measured with Formula (3).

_mass of solid, liquid, or gas products

Yield of products(wt%) mass of feed

x 100% (1)

Yield of light olefin (wt%) = M55 ‘;{afsz :}?g;’ff S 100% @

Light olefin selectivity (%) = m”S;Zé[S”O’}";Zf;ZZ;j”” x 100 (3)

In addition, all experiments were replicated 3 times to confirm the average errors of
the results were less than 5%.

3.3. Characterization of the Samples

The physicochemical properties of the fresh, spent, and regenerated catalysts were
characterized using X-ray diffraction (XRD), scanning electron microscopy (SEM), Np
adsorption—desorption isotherms, programmed ramp-up desorption of ammonia (NHs-
TPD), X-ray diffraction photoelectron spectroscopy (XPS), high-resolution transmission
electron microscopy (HRTEM), and thermogravimetric analysis (TGA). The details of the
sample characterization method are given in the Supplementary Materials.

3.4. Product Analysis

The gas product collected in the gas bag was measured with GC-TCD (SP-6801AT).
The main gas components detected with gas chromatography included Hj, CHy, light
olefins (CoHy4, C3Hg, and C4Hg), CoHg, C3Hg, and CsHyp. The area normalization method
was used to calculate gas composition and content. Detailed calculation methods can be
found in the Supplementary Materials. Each gas sample was measured 3 times to obtain an
average value.

4. Conclusions

Mg-modified Fe-ZSM-5 was used to catalyze the conversion of LDPE into light olefin
for a lower pyrolysis temperature. The findings indicated that the types of catalysts,
catalytic temperature, and Mg loading have an obvious influence on the generation of light
olefin. The addition of Mg decreased the average particle size of Fe oxides, which could
effectively reduce the pyrolysis temperatures. Meanwhile, the introduction of Mg into
Fe-ZSM-5 inhibited the secondary reactions, thus improving the yields of light olefin. When
the pyrolysis temperature was 395 °C and the Mg loading was 1 wt%, the highest yield of
light olefin occurred at 38.87 wt%. The deactivation of catalysts can be easily regenerated
with combustion in an air atmosphere. The yield of light olefin on the regenerated catalyst
remained above 36.71 wt% after five cycles. In addition, a reasonable catalytic reaction
path was proposed. This paper contributes to an in-depth understanding of thecatalytic
pyrolysis of LDPE to produce light olefin.
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various Mg contents on the yields of light olefin: (a) mass percentages of solids, gases, and liquids;
(b) mass percentages of Hp, CHy, light olefin, and C,—Cs alkanes; (c) weight yields of light olefin; and
(d) olefin selectivity of CoHy, C3Hg, and C4Hg; Figure S2: The pyrolysis experimental setup; Table S1:
The physical properties of the catalysts; Table S2: The crystallinity of different samples.
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