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Flash catalytic pyrolysis of polyethylene over (alumino)silicate 

materials 

Sophie Klaimy,[a,b], Carmen Ciotonea[a], Jérémy Dhainaut[a], Sébastien Royer[a], Mathilde Casetta[b], 

Sophie Duquesne[b], Grégory Tricot[c] and Jean-François Lamonier*[a] 

 

Abstract: A series of amorphous and crystalline (alumino)silicate 

catalysts, with variable acidity, are evaluated for the flash pyrolysis 

of polyethylene (PE). Catalysts morphology, acidity as well as 

textural properties are influencing the process of decomposition of 

PE. Incomplete PE conversion and significant wax formation are 

obtained under the reaction condition with pure amorphous and 

MFI-type silica. Complete conversion, and limited formation of wax, 

are observed with amorphous and MFI-type Si-Al containing 

catalyst. Acidity has a significant influence on the molecule size and 

nature. Then, the increase of the catalyst acidity leads to the 

decrease of the molecular weight of pyrolysis products and the 

increase of the gas and the light liquid fractions. In addition, the 

acidity increase promotes cyclization reaction, resulting in the 

increase of the cycled hydrocarbon/aromatic proportion in the liquid 

fraction. Then, from PE catalytic pyrolysis, up to 25 wt.% of 

aromatics can be obtained in the liquid fraction with Si/Al ZSM-5 

zeolite, while olefins remain the major fraction with the less acidic 

amorphous aluminosilicate catalyst. 

Introduction 

There has been an over-increasing demand for plastics during 

the past 50 years due to their versatile uses, low cost and 

fabrication capabilities, resulting in an always increasing 

amount of plastic waste generated [1]. Plastic waste has very 

low biodegradability and requires multiple costly steps namely 

sorting, washing, grinding and extrusion, for its effective 

recycling, arising worrisome environmental, social and 

economic issues. Therefore, it is urgent to find and implement 

effective and cheaper solutions for the reduction, re-

conditioning or recycling of the plastic waste [2]. 

Among the various processes to valorize the plastic waste, the 

thermal pyrolysis under neutral gas results in a wide distribution 

of products among them being highly valuable molecules such 

as aromatics or alkanes [3]. In the absence of oxygen, the 

thermal decomposition of polymers and of polyolefins more 

precisely occurs following a complex mechanism involving the 

formation of free radicals from the random scission of polymer 

chains [4]. The radical formation can be observed by ESR 

analysis of pyrolysed samples [4c,d]. The thermal pyrolysis 

results in the production of three different families of products 

can be used as fuels and/or sources of chemicals: C1 to C3 

gases, liquid hydrocarbons and solid residue [5]. The proportion 

and composition of the three phases are dependent on reaction 

parameters such as the temperature and pressure applied, and 

the type of plastic waste used in the pyrolysis process [6]. While 

high amounts of plastic waste can be treated following this 

process, the required high temperature and costs associated to 

steps of separation refrain the large scale development of the 

process [7]. 

To address these drawbacks, catalysts are frequently used in 

combination with the pyrolysis process, resulting in the 

decreasing of the temperature necessary for the decomposition 

of the polymers. Moreover, catalysts are known for their ability 

to activate and orientate the chemical transformation of 

polymers [8]. This ability is strongly linked to the catalyst 

properties, which can be finely tailored depending on the 

application [9]. In catalytic pyrolysis (or pyrocatalysis), the 

morphology, the composition as well as the structural and 

textural properties of the catalysts, all have a notable influence 

on the conversion mechanism [10]. Therefore, even for 

simplified plastic waste feeds, such as pure polyethylene, the 

control and orientation toward selected molecules is challenging 

and requires a good knowledge of all the parameters involved, 

regarding the reaction process, but also from the point of view 

of the catalyst properties. 

In the literature, a wide variety of heterogeneous catalysts have 

been reported for catalytic pyrolysis and among them are 

conventional solid acids such as zeolites, silica-alumina and 

alumina, but also mesostructured catalysts such as Al-MCM-41 

[10,11]. Indeed, the acidity of the catalyst is an important 

parameter to consider in pyrolysis. In particular, it has been 

shown that, in the pyrolysis reaction of polystyrene, the surface 

acidity of the catalyst can be related to the increasing number 

of initiation sites for the pyrolysis reaction [5]. In this regard, acid 

catalysts allow to produce higher liquid yields (C5-C9), owing to 

the breaking of C-C bonds with preferential chain length [11]. 

An increase in branched alkanes and aromatics has also been 

observed, while the decomposition temperature and activation 

energies of decomposition are decreased by comparison with 

the thermal pyrolysis process [12]. Different mechanisms have 

been proposed, in which the decomposition of polymers 

(including polyethylene) follows an ionic mechanism, with the 

abstraction of the hydride ion occurring over Lewis acid sites, 
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and the protonation of olefins formed by thermal decomposition 

over Brønsted acid sites [13]. 

Therefore, to achieve a high selectivity in liquid products over 

the final products of catalytic pyrolysis, the strength (strong and 

weak), the nature (Lewis or Brønsted and their ratio), and the 

location of the acid sites have to be finely controlled during the 

formulation of the catalyst [12]. The ZSM-5 zeolites (MFI-type) 

are by far the most used in the pyrolysis process. This is related 

to the combination of favorable features, in particular a good 

thermal stability and an adjustable acidity (through the silicium 

over aluminum ratio). Commercial ZSM-5 zeolites are 

frequently used for studies, but the reported performances do 

not afford the establishment of clear correlation between 

catalyst characteristics and product selectivities obtained by 

pyrocatalysis. This is related to the use of ZSM-5 coming from 

different suppliers or batches having, in most of the cases, even 

for comparable acidity, different physical properties [10a,15]. 

Another important parameter is indeed the catalyst porosity, 

controlling accessibility of the reactants to the internal active 

sites and diffusion of products. In the case of zeolites, more than 

90% of the acidic sites are located within the crystals and are 

therefore only accessible through sub-nanometer porosity [16]. 

The catalytic pyrolysis is then deemed to occur mostly at the 

surface of the crystals. Other effective catalysts are silica-

alumina [17]. Silica-alumina has the advantage of presenting 

not only acid sites but also larger pore sizes than zeolites. 

Consequently, during the decomposition process, in a first step 

larger molecules are cracked to smaller molecules by a primary 

reaction, leading to the diffusion of these molecules within the 

pores of the catalyst where further reactions can proceed 

leading to the production of non-aromatic products. Considering 

the lower acidity developed by amorphous silica-alumina, 

limited cracking occurs, and isomerization is promoted [18]. 

This work describes the polyethylene (PE) conversion over 

(alumino)silica catalysts under Flash Catalytic Pyrolysis 

conditions with the objective to discriminate the role of catalyst 

main properties (acidity, specific area, particle size and pore 

size distribution) on the product distribution and liquid product 

characteristics. Compared to classical (catalytic) pyrolysis 

process, flash (catalytic) pyrolysis is characterized by a high 

heating rate and short residence time of products at high 

temperature, conditions affording to maintain high liquid yields 

[19]. Materials synthesized include silicic and aluminosilicic 

MFI-type zeolites (Silicalite-1 and ZSM-5), in addition to 

amorphous SiO2 and silica-alumina. The results demonstrate 

the interest of the process for the recycling of plastic waste, with 

the possibility, varying the catalyst properties, to orientate 

reaction from paraffin-olefin to cycled hydrocarbon-aromatic. 

Results and Discussion 

1. Characterization of catalysts 

X-ray diffractograms of the synthetized materials are shown in 

Figure 1(a). Si-MFI and Si/Al-MFI show the typical reflections of 

MFI structure by comparison with the JCPDS pdf file # 44-003. 

The absence of a broad peak at 2 = 20-25 ° confirms the 

production of highly crystalline materials even after the ionic 

exchange for the Al-rich zeolite for counter-ion exchange. For 

Si-MFI, the presence of low quantity of quartz phase is 

evidenced by the presence of a peak at 2θ of 22° (Figure S1). 

Quartz formation is associated with the harsh conditions applied 

for the synthesis (high temperature and long period of 

hydrothermal treatment) [20]. The XRD pattern of Si/Al and SiO2 

(not shown) exhibits only a broad signal in the 2θ range 20-25° 

which is characteristic of amorphous silica [11]. 

Figure 1(b) presents the N2 physisorption isotherms of materials. 

The isotherms registered over the MFI zeolites are 

characterized by a well-defined plateau, according to Type I 

shape of the IUPAC classification. A sharp adsorption step 

occurs at low relative pressures (P/P0 < 0.1) which is indicative 

of the formation of a microporous material. For both amorphous 

materials (SiO2 and Si/Al), the registered isotherms are of Type 

IV, which is classically encountered for porous materials with 

broad pore size distribution in the mesopore domain [14]. 

 

 

Figure 1. (a) XRD patterns for Si-MFI and Si/Al-MFI materials (bottom: ZSM-

5 (MFI) reference, JCPDS pdf file # 44-0003); (b): N2 physisorption obtained 

for SiO2, Si/Al, Si-MFI and Si/Al-MFI. 

Table 1. Textural properties for SiO2, Si/Al, Si-MFI and Si/Al-MFI materials. 

 SBET
[a] 

m2 g-1 

S
[b] 

m2 g-1 

Sext 
[c] 

m2 g-1 

Vp 
[d] 

cm3 g-1 

V
[e] 

cm3 g-1 

Dpart 
[f] 

nm 

SiO2 240 18 222 0.69 0.01 60 

Si/Al  161 20 140 0.48 0.01 70 

Si-MFI 402 344 58 0.19 0.14 1780 

Si/Al-MFI 387 380 7 0.17 0.15 2400 

[a] B.E.T. surface area; [b], microporous surface area; [c] external surface 

area, [d] total pore volume; [e] micropore volume; [f] hydrodynamic diameter 

obtained by DLS measurement. 

 

Textural properties are displayed in Table 1. BET specific 

surface areas of 387 m2.g-1 and 402 m2.g-1 for Si/Al-MFI and Si-

MFI, respectively are obtained, with a major contribution from 

the micropores (Sµ being >85% of the total surface area). 
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Besides, the value of the total pore volume is close to that of the 

microporous volume, confirming that most of the porosity of the 

solids is related to the micropore structure. In contrast, for both 

amorphous materials, the contribution of the microporous 

surface to the BET surface is negligible. Surface areas of 140 

and 222 m2.g-1 are obtained for Si/Al and SiO2, respectively. 

When comparing silica or alumina-silica containing samples, 

the total pore volume developed by the amorphous materials is 

4 times larger than that of the crystalline solids. On the contrary, 

the micropore volumes are 12 to 17 times larger for MFI-type 

materials than for amorphous solids (Table 1). 

Figure 2 shows SEM images illustrating the differences of 

morphology between the two MFI samples. Si-MFI crystals 

present a coffin shape (Figure 2 (a-b)), which is typical for 

crystalline MFI materials [21]. The average object sizes 

measured from SEM images are around 3.8 µm in length and 

0.8 µm in thickness showing the formation of a microcrystalline 

material. Interestingly, Si/Al-MFI is presenting a completely 

different morphology, described as raspberry-shaped 

particulates (Figures 2d, Figure S1(a-b)) [10a, 13]. The objects 

formed are of homogenous diameter, around 1 µm, and are 

composed of aggregated nanocrystals with an average size of 

80-90 nm, as illustrated in the Figure S1(b). The nanocrystals 

are expected to form during the first step of the synthesis 

(corresponding to the seeds synthesis), while the second step 

of the synthesis results in their aggregation to the raspberry-

type objects. 

 

 

Figure 2. SEM images recorded for SiO2, Si/Al, Si-MFI and Si/Al-MFI 

catalysts. 

 

Figure 3. Particle size distribution obtained by DLS measurement for SiO2, 

Si/Al, Si-MFI and Si/Al-MFI materials.  

DLS analysis was performed in order to determine the particle 

size distribution (Figure 3). The two MFI samples are showing 

large average diameter, with a maximum at 1800 nm for Si/Al-

MFI and 2400 nm for Si-MFI. These sizes are directly 

comparable with the average sizes of the objects observed in 

SEM images (Figure 2(b, d)). A sharper distribution is obtained 

for SiO2 and Si/Al materials, with a maximum measured in the 

60-70 nm interval. The particle size distribution obtained by DLS 

analysis is again in good agreement with the particle size 

observed on SEM images (Figures S3). 

 

 

Figure 4. 1D 27Al MAS-NMR spectra acquired at 18.8 T on the Si/Al and Si/Al-

MFI samples. 
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Figure 5. 27Al(1H) D-HMQC spectra recorded at 18.8 T with a very short 

recoupling time of 200 s on the Si/Al (a) and Si/Al-MFI (b)  samples. The 2D 

maps are accompanied by the 27Al and 1H projections in the horizontal and 

vertical axis.  

 

Si/Al and Si/Al-MFI samples were analyzed by 27Al magic angle 

spinning nuclear magnetic resonance (MAS-NMR) (Figure 4) in 

order to assess the coordination state of aluminum atoms. The 

analysis performed on the Si/Al sample (Figure 4) presents 

three broad signals at 60, 38 and 5 ppm corresponding to 

aluminum in tetra-, penta- and octahedral coordination states, 

respectively. The signals broadness reveals a highly distributed 

chemical environment around the Al sites, which is in line with 

the amorphous structure of the Si/Al sample. The 27Al MAS-

NMR spectrum of the Si/Al-MFI sample (Figure 4) shows narrow 

peaks as expected from the crystalline structure and confirms 

the presence of tetra-coordinated framework aluminum (54 

ppm) as the main Al species in the sample. The presence of 

extra-framework aluminum species in hexahedral coordination 

is evidenced by the peak at 0 ppm [22a]. Signal integration 

finally allows quantifying these two Al sites, with 90% of [4]Al and 

10% [6]Al species. Presence of Al-OH linkages was then 

monitored with the editing of 2D 1H/27Al correlation maps. As 

previously reported, the correlation signals observed here are 

signature of Al-OH linkages owing to the very short recoupling 

time used in the pulse sequence [22b]. The 2D map recorded 

on the Si/Al sample indicates that the three Al species are 

involved in Al-OH site but comparison between the 1D and the 

2D Map 27Al projection (Figure 4, and horizontal axis of Figure 

5a) suggests that [4]Al sites are less involved in the Al/H 

interaction than the two higher coordination states. A single 

correlation signal can be observed in the 2D map acquired on 

the Si/Al-MFI sample showing the presence of [4]Al-O-H 

linkages. No signal involving the extra-framework [6]Al can be 

found in the 2D map but the low intensity of this signal has to be 

taken into account. 

 

 

Figure 6. NH3-TPD profiles obtained for SiO2, Si/Al, Si-MFI and Si/Al-MFI. 

Si/Al-MFI TCD signal is divided by 100 for the sake of comparison. 

Quantity (mmol.g-1 of desorbed NH3) and relative strength of the 

acid sites (temperature of NH3 desorption) were obtained by 

temperature programmed desorption of ammonia (NH3-TPD). 

The NH3-TPD profiles are shown in Figure 6 and the 

corresponding quantitative information are provided in Table 2. 

Regardless of their structural and textural characteristics, the 

two pure silica materials, SiO2 and Si-MFI, have a low acidity, 

with a total quantity of NH3 desorbed below 0.05 mmol.g-1. 

These two materials are distinguished by the presence of a 

weak acidity for SiO2 which can be related to silanol presence 

on its external surface [22a]. As expected, the addition of 

aluminum to silica generates acidity. This extra acidity is related 

to (i) Brønsted acidity which resides in the bridging hydroxyl 

group originating from the replacement of Si4+ in the framework 

by Al3+ and (ii) Lewis acidity assigned to the presence of extra-

framework alumina species [22b]. Si/Al presents a total NH3 

desorption of 0.209 mmol.g-1 mostly assigned to weak acidity 

with two desorption peaks located at 210 °C and 290 °C. Si/Al-

MFI exhibits a much higher density of acid sites, characterized 

by a high total NH3 desorption of 0.638 mmol.g-1. Two NH3 

desorption peaks are clearly distinguished (Figure 7). The first 

peak is centered at around 250 °C and corresponds to weak 

acidity (0.193 mmol.g-1), as observed for the Si/Al catalyst. The 

second peak is centered at around 420 °C and corresponds to 

strong acid sites (0.445 mmol .g-1). Such sites are not observed 

over Si/Al catalyst for which the second desorption occurs at a 

temperature 150 °C below. 

2. Pyrolysis of polyethylene  

2.1. Thermogravimetric study of the decomposition 

Figure 7 shows the TG curves obtained during PE thermal and 

catalytic pyrolysis. In the case of PE thermal decomposition, the 

weight loss is observed to start at 420 °C, with a complete 

decomposition observed at 502 °C. The use of pure silica 

catalysts (SiO2 and Si-MFI) lead to a decomposition of PE at a 

temperature identical to the thermal decomposition showing the 

complete inefficiency of these two solids as catalysts to promote 

the decomposition of PE at lower temperature. The residual 

weight however differed depending on the solid used for the 

Table 2. NH3-TPD analysis for the aluminosilicate materials. 

Samples Temperature[a]  

(°C) 

Acidity [b] 

(mmol.g-1) 

 LT 
peak 

HT 
peak 

Total 
acidity 

Weak 
acidity 

Strong 
acidity 

SiO2 340 465 0.045 0.030 0.015 

Si-MFI 0 447 0.017 - 0.017 

Si/Al 210 
290 

 0.209 0.071 
0.138 

- 

Si/Al-MFI 253 423 0.638 0.193 0.445 

[a] temperature for NH3 desorption. [b] quantity of NH3 desorbed 
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experiment. The higher residual weight obtained for SiO2 

suggests the formation of higher wax proportion retained on the 

solid than using Si-MFI. When Si/Al-MFI is used, a slight shift of 

the decomposition temperature toward the lower temperature is 

observed, with a decomposition starting at 400 °C and ending 

at 490 °C. Then, the Si/Al-MFI catalyst is able to activate 

decomposition of PE at lower temperature than the thermal 

decomposition temperature. In this case, the maximum mass 

loss is close to 90 %, demonstrating the formation of a very low 

proportion of residual wax than when pure silicas are used. 

 

Figure 7. Thermogravimetric analysis for SiO2, Si/Al, Si-MFI and Si/Al-MFI 

materials and pure PE.  

 

Finally, with Si/Al catalyst, the temperature shift is far more 

marked than using Si/Al-MFI. The starting decomposition of PE 

is measured at 300 °C, with the decomposition ending at 460 °C. 

The residual weight, even if less important than using pure silica 

sample, remains higher than over Si/Al-MFI. Then Si/Al is more 

prone to form waxy compounds which are not decomposed at 

high temperatures than Si/Al-MFI. Based on the temperature at 

which 50% of PE is degraded, the following rank can be 

established: Si/Al > Si/Al-MFI > Si-MFI ~ SiO2 ~ thermal. The 

comparison of Si/Al and Si/Al-MFI results suggests also that 

strong acid sites, mainly located in the micropores of the zeolite, 

are not needed for activating the PE decomposition. Si/Al 

exhibits a much higher external surface area than Si/Al-MFI 

(140 m2.g-1 vs 7 m2.g-1). Therefore a high external surface area 

with sufficient concentration of acid sites seems to be adapted 

to activate the PE decomposition at low temperature [12].  

 

2.2. Catalytic flash pyrolysis 

Catalyst effect on the phases distribution: Figure 8 presents the 

distribution in gas, liquid, wax and residue at the end of the flash 

pyrolysis reaction (40 min at 450 °C). The low activity of pure 

silica materials (Si-MFI and SiO2) is characterized by an 

incomplete decomposition of PE (4 wt.% of residue with SiO2; 

23 wt.% of residue with Si-MFI), and with a consequent 

formation of wax (31 wt.% for SiO2 and 29 wt.% for Si-MFI). The 

slightly better performances obtained with SiO2 can be 

explained by its higher total acidity (45 mol.g-1) in comparison 

with that of the Si-MFI (17 mol.g-1), in addition to its four times 

higher external surface area. Even when using a catalyst 

without acidity, a radical-activated mechanism is expected to 

occur, the pore structure promotion (i.e. a larger surface 

available for polymer-solid contact) allows to explain the slightly 

better results obtained with SiO2 [24]. In line with the 

thermogravimetric study, Si/Al and Si/Al-MFI are the most active 

catalysts for the PE pyrolysis since in both cases, the PE 

decomposition is complete and no residue remains at the end 

of the experiment. Moreover, waxy compounds are not 

observed when using Si/Al-MFI, while less than 10% are 

measured with Si/Al. those results are consistent with 

previously discussed TG results. The gas and liquid yields 

increases then significantly, with liquid yields reaching 35-36 

wt.% with Si/Al and Si/Al-MFI. The significant improvement in 

liquid+gas yield obtained using the Si-Al containing catalyst is a 

clear evidence of the need of acidic sites to activate the 

decomposition of PE, according to a carbenium ion-activated 

mechanism instead of radical-type mechanism [16]. Similarly to 

our results, Lin et al. reported that the decomposition of PE 

using ZSM-5 led to higher gas yield than when silica-alumina 

catalyst is used [15]. The increase in gas phase proportion 

observed for Si/Al-MFI can then be related to the presence of 

strong acid sites, sites that can initiate cracking reactions over 

heavy compounds. 

  

Figure 8. Phase distribution obtained during flash pyrolysis of PE reaction at 

450 °C. Blue = liquid, red = wax, yellow= gas, and green = residue. 

Catalyst effect on the liquid phase product distribution: The 

carbon number distribution of the liquid products obtained after 

flash pyrolysis reaction are shown in Figure 9. Flash thermal 

pyrolysis results in a distribution of products extending from C3 

to C30, with heavy products from C10+ representing 40 wt.% of 

the total liquid fraction (C14+ being of 18 wt.%). The C6-C9 

fraction is representing 42 wt.% and the light fraction (C3-C5) 

represents only 18 wt.%. The flash catalytic pyrolysis reaction 

performed in the presence of pure silica samples (Si-MFI and 

SiO2) leads to a significantly different distribution of products. A 

significant decrease of the heavy fraction (C10+) is observed, 

with only 16-20 wt.% measured. The highest light product 

proportion is obtained with the SiO2 catalyst (39 wt.%) while the 

Si-MFI leads preferably to the production of intermediate 

fraction (C6-C9 representing 54 wt.% of the products). Finally, 

the proportion of light products (C3-C5) is increasing again 

when acidic Si/Al catalysts are used, while the residual fraction 
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of heavy products (C10+) is falling below 3 wt.% (Si/Al-MFI) or 

less (Si/Al). Then, with Si/Al-MFI, a C3-C5 proportion 

representing 55 wt.% of the liquid fraction is obtained while only 

45 wt.% are obtained with Si/Al. Consequently, as the acidity of 

the catalyst increases, the total amount of C3-C5 increases, as 

already observed by Ohkita et al. in the case of PE catalytic 

cracking [25]. This evolution is also in line with the higher 

formation of gas fraction since the highest gas fraction is 

obtained with Si/Al-MFI. 

 

 

Figure 9. Products distribution of the liquid from the decomposition of PE at 

450 °C. Blue = C3 to C5, black = C6 to C9, burgundy = C10+. 

Nature of liquid phase products: Figure 10 further details the 

proportion of paraffins, olefins, cycled hydrocarbons and 

aromatics obtained after flash pyrolysis reaction. Flash thermal 

pyrolysis leads to high yields in paraffins (33 wt.%) and olefins 

(48 wt.%). These results are in accordance with other authors 

[26]. Interestingly, in the conditions of flash catalytic pyrolysis, 

the presence of both SiO2 and Si-MFI allows to promote the 

cyclization of decomposition products, the crystalline Si-MFI 

framework leads to a higher proportion of cycled hydrocarbons 

(34 wt.%) than with SiO2 (25 wt.%) while only 6 wt.% of cyclic 

molecules are obtained under thermal conditions. Both 

aluminosilicate catalysts lower the fraction of paraffinic + olefinic 

compounds when compared to the pure silica counterparts. A 

significant fraction of aromatics (25 wt.%) in addition to cycled 

hydrocarbons (51 wt.%) is obtained in the presence of Si/Al-MFI.  

 

 

Figure 10. Composition of liquid product from the decomposition of PE at 

450 °C. Blue = paraffins, orange = olefins, grey = cycled hydrocarbons, purple 

= aromatics, and green = others. 

On the contrary, Si/Al promotes formation of cycled 

hydrocarbons (38 wt.%) and olefins fraction remains 

consequent (45 wt.%). As previously mentioned, the primary 

products issued from the PE cracking forms on the external 

surface acid sites of the Si/Al and Si/Al-MFI materials. Lin et al 

also observed the formation of a higher proportion of olefinic C3-

C7 compounds with Si/Al than with ZSM-5 [17], which is 

perfectly in line with the presented results. The promotion of 

aromatization (as BTX [18]) and cyclization observed in the 

case of Si/Al-MFI (or ZSM-5), when compared to Si/Al can be 

explained by transformation of primary light products on strong 

acid sites located in the microporosity. Therefore, while the use 

of a catalyst of mild acidity is preferred to obtain linear molecule, 

catalysts with strong acidic sites afford the production of 

valuable aromatics.  

Conclusions 

Different (alumino)silicate catalysts with controlled properties 

(size, morphology, acidity) were prepared, characterized, and 

used for the flash catalytic pyrolysis of polyethylene (PE). Based 

on thermogravimetric analysis, catalytic decomposition of PE is 

activated in the presence of silica-alumina (amorphous or MFI-

type) catalyst. Using pure silica containing material (amorphous 

or MFI-type) did not allows to convert PE at lower temperature 

than using thermal conditions. These results were confirmed 

during the flash catalytic pyrolysis of PE experiments, 

performed at 450 °C. Amorphous Si/Al and MFI-type Si/Al 

containing zeolite are the most efficient catalysts, and they allow 

the complete decomposition of PE with a limited formation of 

wax. On the contrary, poorly acidic silicic catalysts present a low 

decomposition activity, resulting in the formation of a large 

amount of residue and wax.  

The liquid to gas phase distribution is significantly affected by 

the catalyst acidity, a higher gas phase proportion being 

obtained when the catalyst acidity increases. In addition, the 

acidity increase leads to an increase of the light molecule 

fraction in the liquid phase (C3 to C5). From a nature molecule 

point of view, the strong acidity exhibited by the Si/Al MFI-type 

zeolite favors the formation of aromatics and cycled 

hydrocarbons, while the lowest acidity displayed by the 

amorphous aluminosilicate favors olefins formation. 

Experimental Section 

Chemicals: All chemicals were used as purchased:  sodium hydroxide 

(NaOH 98 wt.%, Alfa Aesar), sodium aluminate (NaAlO2 98 wt.%, Alfa 

Aesar), Ludox HS40 (SiO2 40 wt.%, Aldrich), ammonium nitrate 

(NH4NO3 98 wt.%, Alfa Aesar), Tetraethylorthosilicate (TEOS 98 wt.%, 

Acros), Tetrapromylammonium hydroxide (TPAOH 1 M in water, Sigma), 

Aluminium isopropoxide (Al(OiPr)3 98 wt.%, Sigma Aldrich), ethanol 
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(EtOH 99.9%, Alfa Aesar), linear low density polyethylene (Eltex® 

PF6220AE) from Wipak (Bousbecque, France). SiO2 sample was kindly 

provided from Saint Gobain (SS61138). 

Silicalite-1 preparation: A solution composed of H2O, TEOS and 

TPAOH is prepared with the following sol composition 100 SiO2: 400 

EtOH : 40 TPAOH : 2000 H2O. The mixture was prepared at room 

temperature and aged for 24 h under stirring. The pH was adjusted to 

11 by adding 10 wt.% sodium hydroxide solution. The resulting solution 

was transferred in a Teflon-lined autoclave and crystallized at 140 °C for 

48 h under static conditions. The template removal was performed by 

calcination for 2 h at 200 °C (2 °C min-1), then for 8 h at 550 °C (0.5 °C 

min-1) under air [11a]. An ion exchange process was carried out in the 

presence of 0.5 M NH4NO3, for 12 h at 70 °C. The ion exchange step is 

followed by a calcination at 500 °C for 3 h (0.5 °C min-1) under air to 

produce the H-form zeolites. The final sample was denoted Si-MFI. 

ZSM-5 preparation. Preparation involves two successive steps. The 

first step is for seeds synthesis. Seed suspension was prepared from a 

mixture of sodium hydroxide, H2O and TPAOH. After complete 

dissolution, Ludox is added dropwise and the mixture is stirred for 1 h 

at room temperature. Mixture molar composition is 100 SiO2 : 20 Na2O : 

6.6 TPAOH : 4750 H2O. Hydrothermal treatment was performed at 

100 °C for 16 h, and the resulted seeds were kept in solution form. 

Thereafter, in a second step, a solution composed of H2O, sodium 

hydroxide and sodium aluminate is prepared and kept at room 

temperature under stirring for 1 h. Then the silica precursor is added 

and the solution is maintained under stirring at room temperature for 1 

h, with the following molar composition of 1.87 Al2O3 :100 SiO2 : 4 

Na2O : 2500 H2O. Finally, the seed suspension is added dropwise to 

the reaction mixture without any purification. Hydrothermal treatment 

was performed at 180 °C for 40 h under static conditions. The removal 

of the organic template was carried by calcination (2 h at 200 °C (2 °C 

min-1), followed by 8 h at 550 °C (0.5 °C min-1) under air [27]). After the 

ion exchange process (see preparation of Si-MFI sample), the sample 

was denoted Si/Al-MFI. 

Amorphous aluminosilica sample. The sol composition for the 

preparation of the amorphous aluminosilica sample was 100 SiO2: 1150 

EtOH : 1000 H2O : 6.2 Al2O3, according to the procedure described in 

[11a]. The sol was aged at 60 °C for 24 h, then calcined at 550 °C for 3 

h (5 °C min-1) under air. The sample was denoted Si/Al. 

Sample characterization: Sample characterization involves ICP, XRD, 

N2-physisorption, SEM, DLS particle size measurement, 27Al and proton 

solid state NMR, NH3-TPD, and ATG study of PE decomposition. X-ray 

diffraction was performed on a Bruker AXS D8 Advance diffractometer 

in Bragg-Brentano configuration fitted with a LynxEye Super Speed 

detector. XRD patterns were recorded with CuKα radiation (λ = 0.154 

nm, 40 kV, 30 mA) in the 3–60° 2θ range with a 0.02° 2θ step. N2-

physisorption isotherms were recorded at -196 °C on a Tristar II Plus 

system from Micromeritics Instruments. Before analysis, the samples 

were outgassed under dynamic vacuum at 300 °C for 5 h. The textural 

properties were determined from the adsorption/desorption isotherms by 

using the MicroActiveTristar II Plus software version 5.02. The BET 

surface area was determined using the multipoint BET algorithm in the 

P/P0 range of 0.10-0.25 (criteria: correlation coefficient > 0.998 ; C 

constant > 0 ; Rouquerol transform increases on the selected portion). 

The t-plot method was applied to quantify the micropore volume and 

surface area (de Boer statistical thickness of 3.8-6.5 Å). Scanning 

Electron Microscopy analysis was performed on a JEOL JSM-7800F LV 

instrument equipped with a FEG source. Prior to the analysis, the 

samples were metalized with a layer of 180 nm of chromium. The particle 

size was measured by using ImageJ software. The average 

hydrodynamic diameters of calcined materials were determined by 

Dynamic Light Scattering (DLS, Nano ZS from Malvern Instruments). 

DLS was applied with an angle of 173 by using He-Ne laser (4 mW) 

operated at 633 nm. For the analysis, the materials were dispersed in 

water under ultrasound (3 min). 27Al MAS-NMR experiments were 

performed at 208.5 MHz on an AVANCE III 18.8T spectrometer 

equipped with a 3.2 mm probe head operating at spinning frequencies 

of 20-22 kHz. The quantitative spectra were acquired with a 1 s pulse 

length, 512 transients and a recycle delay of 0.5 s. The [x]Al quantification 

was directly obtained by signal integration. The 2D 27Al/1H map was 

obtained with the Dipolar-Heteronuclear Multiple- Quantum Correlation 

NMR technique (D-HMQC) [28]. The 4096 x 120 acquisition points were 

recorded with a SR42
1 recoupling scheme of 200 s. Each slice was 

acquired with 192 transients and a recycle delay of 1s. Temperature-

programmed NH3 desorption (NH3-TPD) experiments were carried out 

on a Micromeritics Autochem II 2920 chemisorption analyser instrument. 

Ammonia concentration in the outlet mixture was monitored using an 

OmnistarTM Pfeiffer mass spectrometer. Prior to the desorption, the 

samples were outgassed under helium at 200 °C (60min, 10 °C min-1). 

Sample saturation is performed under 10 % NH3 in He (30 mL min-1) at 

100 °C (130°C for Si/Al-MFI sample) for 30 min. The desorption 

experiment was performed with a ramp of 10 °C min−1 from 100 °C to 

700 °C. ATG measurements of PE decomposition were carried out on a 

SDT Q600 TA instrument. The experiments were performed under a N2 

flow of 100 mL min-1 applying a temperature ramp of 10 °C min-1 up to 

900 °C. The catalyst loading is fixed at 10 wt.%.  

Flash (Catalytic) Pyrolysis tests: thermal and catalytic pyrolysis 

reactions of PE were carried out in a pyrolysis pilot composed of a home-

made reactor, a furnace (CARBOLITE CERGO 30-3000 °C) and a liquid 

condensation system. The reactor is described in Figure 12. It is 

composed of a stainless steel tube (length of 700 mm, diameter of 60.3 

mm). Catalyst weight (10 wt.%) was mixed with the PE and placed in the 

cooling coil coupled to a chiller (LAUDA ECO SILVER) where the 

temperature was controlled at 20±1 °C. The reactor was then purged 

under nitrogen (5 L.min-1) for 5 min, and the flow was stabilized at 200 

mL.min-1. Flash pyrolysis was carried out by introducing the sample in 

the heated zone after temperature stabilization at the reaction 

temperature. As the pyrolysis can lead to the formation of a liquid phase, 

a gas phase and a solid residue, the liquid phase composed of 

condensable molecules was recovered in two baths of liquid nitrogen 

and the residue remains in the sample holder. Wax product can also be 

produced, and recovered at the exit of the reactor. At the end of the 

experiment, liquid, solid and wax were quantified. The gas molecule 

yield was calculated by subtracting the liquid/wax and residue amount 

from the initial polymer weight. 

 

Figure 12. Scheme of the pyrolysis pilot. 

Table 3. GC protocol applied for liquid phase analysis.  

 GC-MS GC-FID 
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Carrier gas  He  N2 

Carrier gas flow 24.2 mL min-1 14.3 mL min-1 

Initial temperature/ initial time  40 °C 40 °C 

Heating rate  8 °C min-1 8 °C min-1 

Final temperature/ final time 280 °C 280 °C 

Injection temperature  300 °C 300 °C 

Split flow 20 mL min-1 10 mL min-1 

Transfer line  300 °C - 

 

Liquid phase analysis was performed by GC-MS using a shimadzu GC-

2010 coupled to a Shimadzu GC-MS-QP2010 plus mass spectrometer. 

The GC column is a 30m*0.25µm*0.25 µm optima-5ms capillary column. 

In addition, the oil was separately analysed for quantification using GC-

201 Shimadzu equipped with an FID detector and a 30*0.32 mm*0.25 

µm Zebron ZB-5 capillary column for separation. The protocols applied 

are detailed in Table 3. 
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