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ABSTRACT 

Chemical recycling of plastic waste via thermochemical processes is essential to move to  a carbo-circular 

economy, reducing our dependence  of fossil resources . However, recovering monomers from polyolefins 

in one or multiple steps is challenging due to their chemical inertness. In the present work, a tandem micro-

pyrolyzer coupled to comprehensive two-dimensional gas chromatography and FID/ToF-MS detectors 

was utilized to study the performance of industrial formulations of steam-treated FCC catalysts and 

HZSM-5 additives for the in-line catalytic upgrading of polyolefin pyrolysis products towards light olefins 

and aromatics in  two steps. When upgrading pyrolysis vapors from LDPE over the steam-treated catalysts 

at 600 °C, CH4 yields did not exceed 0.5 wt% due to their low acidity. The FCC catalyst formulations 

obtained higher yields of C5-C11 aliphatics (up to 42 wt%) and were more active in converting C12+ 

products than the HZSM-5-containing additives. The highest C2-C4 olefin selectivity of 53 wt% was 

obtained using a bare steam-treated HZSM-5 additive. With this catalyst, at higher catalyst loading and 

temperature (700 °C), the light olefin yield reached 69 wt% (19% ethylene, 22% propylene, 10% 1,3-

butadiene, and 18% other C4 olefins). Importantly, similar yields of light olefins with even higher 

propylene yields of 31 wt% were obtained when processing real post-consumer mixed polyolefin waste. 

An adjusted loading of unsteamed catalyst (to obtain a similar level of initial conversion of C12+ products) 

showed higher coking propensity and deactivated more rapidly than its steam-treated version. The 

research results show great potential for the pyrolysis of mixed polyolefin waste followed by the direct 

in-line upgrading of the pyrolysis vapors to produce high value base chemicals such as C2-C4 olefins, 

aromatics, and naphtha-range aliphatics at high selectivity while limiting formation of coke, CH4, and H2. 

1 INTRODUCTION  
Fossil-derived polyolefins account for about half of the world’s plastics production and are commonly 

used in the packaging industry with a short product life-time [1]. Due to the unique properties of polyolefin 
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waste, the conventional methods of mechanical recycling lead to downcycling, i.e., to products with lower 

quality. Other waste disposal approaches such as landfilling and incineration come with several drawbacks 

[2]. Today, microplastics have penetrated the depths of the oceans, endangering many of micro and macro-

organisms [3]. As a result of these detrimental impacts on the environment and in a strive for more circular 

economies, the interest for chemical recycling of plastic waste via thermochemical processes such as 

pyrolysis is on the rise [4–9]. Pyrolysis processes operate in the absence of oxygen and allow to convert a 

variety of polymers to gases, liquid/wax, and residue [10]. The product distribution depends on the type 

of feed [11,12], temperature [13], heating rate [14], catalyst type [15–18], carrier gas [19] and reactor type 

[20,21]. Using appropriate catalysts which increase the selectivity to high-value products can be an 

important step towards the industrialization of pyrolysis processes [22–24]. 

For several decades, FCC catalysts are commercially used to crack heavy hydrocarbon fractions such 

as gas oil and residue towards lighter hydrocarbons, preferably LPG and naphtha [25,26]. The typical 

catalyst formulation contains a microporous zeolite Y (FAU topology), mesoporous alumina and silica 

matrix active in pre-cracking larger molecules, and binders and fillers to provide physical strength and 

integrity [27]. Using FCC-type catalyst formulations for the processing of polyolefins has the potential to 

avoid scale-up issues [7], and it appears that these catalysts have high efficiency for the production of 

petroleum liquids from plastics [28,29]. FCC catalyst that has been in commercial operation is referred to 

as equilibrium catalyst, or E-Cat. E-Cat has a much lower activity compared to a fresh FCC catalyst due 

to poisoning of active sites by metal contaminants in the feed and the hydrothermal dealumination of the 

zeolite component during oxidative regeneration.  

In recent years, the catalytic production of light olefins has become more important due to high demand 

and their high value as base chemicals. In FCC, strategies to increase the yield of light olefins include 

operating at higher severity, e.g., at increased reactor temperature and catalyst/feed ratio, and/or to add 
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HZSM-5 to the FCC formulation or physically add an olefin-enhancing HZSM-5 containing additive to 

the reactor [30]. The ZSM-5 component can be modified, e.g., by varying its Si/Al ratio, incorporation of 

mesopores, and metal addition to favor light olefin production during the catalytic cracking of 

hydrocarbons [31–33]. The hydrothermal stability of HZSM-5 can be improved by the addition of 

phosphorus [24,25,34–41] since the added phosphorus improves the stability of framework aluminum 

species against dealumination [30,37,42,43]. Advantageously, the P modification also improves the 

selectivity towards light olefins [34]. For catalytic pyrolysis of polyolefins, generally, higher yields of 

gaseous products and higher selectivities to light olefins were reported using fresh HZSM-5 compared to 

an equilibrium FCC catalysts [44,45], albeit this can hardly be regarded as a fair comparison without 

hydrothermally dealuminating also the HZSM-5 under similar FCC conditions. 

Table 1 summarizes literature studies that used FCC-type catalysts for direct contact (=in-situ) catalytic 

fast pyrolysis (CFP) of polyolefins in the temperature range of 400-500 °C. Increasing the temperature 

from 450 to 515 °C increased the yield of C2-C4 olefins from 20 to 27 wt% for PE catalytic pyrolysis [46]. 

It is noteworthy that using an E-Cat compared to a fresh FCC catalyst lead to much lower coke yields due 

to the reduced acidity of the E-cat caused by the steam dealumination [27,47]. The rate and extent of 

deactivation of the catalyst by coking needs to be considered for industrial implementation [48,49]. The 

catalyst coke is often polyaromatic and/or high molecular weight polyaliphatic, which deactivates the 

catalysts by attaching to and covering active sites, eventually blocking pores, making other sites 

inaccessible [50,51]. Another study worth pointing out is the one by Olazar et al. [52], since these 

researchers used fresh, mildly steamed (5h at 760 °C) and severely steamed (8h at 816 °C) FCC catalysts 

for the catalytic pyrolysis of HDPE [52]. While the fresh FCC catalyst favored C1-C4 products, with 

increasing steaming severity the production of gasoline and eventually diesel-range hydrocarbons was 
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favored [52]. These results are not surprising since with increased steaming severity the acidity, closely 

linked to activity, and therefore the conversion decreased. 

These prior investigations summarized in Table 1 used virgin-type plastics without inorganic 

contamination for degrading polyolefins in direct contact with FCC catalysts. For real-life postconsumer 

mixed polyolefin feed, some contamination with inorganics/metals is unavoidable. Consequently, the in-

situ CFP has the shortcoming that the inorganics—in particular alkalines—in the feed would physically 

block and chemically poison acid sites [53,54]. In addition, the recovery of olefins in prior studies using 

FCC catalysts was fairly low, with C2-C4 olefin recoveries below 40 wt%. This is mainly attributed to the 

process parameters chosen in these works, particularly the moderate catalyst temperature.  

Based on the insufficiency of existing research to study FCC catalysts under conditions suitable for 

production of high light olefin yields, in the present work, pyrolysis was first carried out in a thermal 

pyrolysis reactor, and the vapors were swept with a carrier gas over the catalyst placed in a second reactor. 

This two-stage strategy configuration of pyrolysis-catalytic cracking is referred to as ex-situ contact mode 

[55,56] and has been studied using different reactor types [57–61]. Advantageously, the pyrolysis and 

catalytic reactor temperature can be controlled independently, and even more importantly, it will mitigate 

the poisoning of acid sites by alkaline inorganics present in the real postconsumer waste, as was observed 

when processing ash-containing biomass [48,54,62]. The upgrading in the vapor phase also protects the 

catalyst from direct contact with asphaltenes/heavy waxes and the deposition of metal/char fines 

physically blocking pores. This configuration has a good potential for scale-up [18] but has been 

investigated to a minimal extent for FCC catalysts and FCC additives to the best of our knowledge. Only 

Onwudili et al. [18] investigated the ex-situ upgrading of polyolefin vapors from a mix of HDPE, LDPE, 

PP, PS, and PET at 500 °C over a E-Cat at 600 °C, reporting a fairly low yield of 21 wt% C2-C4 olefins. 
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Therefore, the primary goal of the present work was to investigate if a higher recovery of light olefins 

can be achieved by using steamed FCC catalysts and HZSM-5 additives as catalysts and operating at high 

catalyst/feed ratios and high catalyst temperatures of 600 and 700 °C. Steaming the catalysts under high 

severity prior to catalytic testing was done to limit the formation of coke, and, to facilitate scale-up 

considerations since the low activity remaining in an E-Cat or a catalyst steamed under high-severity can 

be regarded stable for the reaction conditions of polyolefins vapor upgrading. Therefore, the yields 

reported in this work will provide a more valid estimate for the yields that could be obtained in long-term 

operation with equilibrated catalysts compared to testing fresh catalysts. To summarize the objectives of 

the present work: 

1) Testing of different steam-treated industrial FCC-type catalysts, HZSM-5 additives, and a 

commercial operated E-Cat containing HZSM-5 additive for the in-line (=ex-situ) upgrading the 

pyrolysis vapors derived from virgin PE and quantitatively comparing the product yields amongst 

the different catalysts. 

2) Relating the product selectivities and yields to the catalyst properties and feed properties.  

3) Investigating the effect of catalyst/feed ratio and catalyst temperature. To distinguish thermal from 

catalytic cracking, tests were also performed replacing the catalyst with highly inert low surface 

area α-Al2O3.  

4) Using real (=contaminated) mixed polyolefin (MPO) feed to investigate the effect of catalyst 

deactivation by coke using the catalyst with the highest selectivity towards light olefins. 
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Table 1. Summary of studies investigating FCC-based catalysts with direct feed-catalyst contact (in-situ CFP) 

Ref Feed 

Pyrolysis 

and 

catalyst 

T [°C] 

Reactor 
contact 

time 

Catalyst/ 

Feed 

ratio 

Catalyst 
H2 

[wt%] 

CH4 

[wt%] 

C2-C4 

Olefins 

[wt%] 

Ethylene 

[wt%] 

Propylene 

[wt%] 

C4 

Olefins 

[wt%] 

Aromatics 

[wt%] 

C5-11 

(excl. 

aromatics) 

[wt%] 

C12+ 

[wt%] 

coke 

[wt%] 

[46] LDPE 515 fluid bed 

medium 

(10 s)  1.7 E-Cat 
0.1 

2.1 26.8 1.5 12.4 12.9 8.9 24.6 5.5 9.2 

[47] 
HDPE 450 fluid bed medium  6.0 fresh FCC 0.002   21.8 1.8 11 9 2.8     13.3 

HDPE 450 fluid bed medium  6.0 E-Cat 0.001   31.51 0.61 9.8 21.1 0     1.3 

[63] 

LDPE dissolved 

in Toluene 500 

riser 

simulator 

reactor 

medium 

(12 s)  173 E-Cat 

n.d. 

n.d.  23.9 ~2 8.4 14       10 

[64] 

40 wt% HDPE, 27 

wt% LDPE, 33 

wt% PP 450 fluid bed medium 3.3 E-Cat 

n.d. 

<0.01 28.2 0.4 11.3 16.5 2.5 50.9 n.d. 2.9 

[45] 

38 wt% HDPE, 24 

wt% LDPE, 30 

wt% PP, 7% PS, 

1% PVC 460 fluid bed medium 3.3 E-Cat 

n.d. 

<0.01 24 0.2 8.2 15.6 2.7 50.6 n.d. 3 

[65] 

34 wt% HDPE, 30 

wt% LDPE, 34 

wt% PP 390 fluid bed medium 5.0 E-Cat 

n.d. 

0.1 38.2 1.3 16.4 20.5 0.8 32.2 n.d. 3.6 

[52] HDPE 475 

spouted 

bed short 60a 

steamed 

FCC 
n.d. 

0.23 6.5 0.9 2.4 3.2 5.8 23.1 54.4  <1 

[66] HDPE 500 

spouted 

bed short  30a 

E-Cat + 

50 wt% 

bentonine 

n.d. 

  23 1 8 14 5 48 15 NA 
aper minute
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2 MATERIALS AND METHODS 

2.1 Plastics Preparation and Characterization  
Virgin LDPE Resin was obtained from ExxonMobil (LD150AC). Since the product was in 

pellet-form, it was pulverized using a cutting mill (FRITSCH). The obtained powder was sieved 

to obtain a fraction with particle size <300 µm which was used for the micropyrolysis tests to avoid 

mass and heat-transfer limitations. The post-consumer mixed polyolefinic waste (MPO) was 

prepared by cold-washing of sorted polyolefinic waste, with an approximate composition of 75 

wt% PE, 16 wt% PP and 9 wt% rest, whereby the rest roughly consists of 2% PA, 1% PET, 1% 

PS, and 5% non-polymers. A CryoMill was used for pulverizing the MPO pellets to obtain particles 

<300 µm for the pyrolysis experiments. 

The elemental CHNS/O composition of the milled MPO feedstock was analyzed nine times 

using a Thermo Scientific FLASH 2000 analyzer. 2-3 mg of sample was combusted in pure oxygen 

at 960 °C. Carbon is oxidized to CO2, hydrogen to H2O, sulfur to SO2, and nitrogen is converted 

to nitrogen oxides which are then reduced over a copper catalyst to nitrogen by eliminating oxygen. 

The gas products are separated by gas chromatography coupled with a thermal conductivity 

detector (GC-TCD). The oxygen content was calculated by difference under consideration of any 

moisture (not the case for the polyolefin materials) and inorganics. 

In addition, for the MPO feed the content of volatiles, fixed carbon, and inorganics (=ash) was 

determined by thermogravimetric analysis using a Netsch STA 449F3 instrument following similar 

procedures described for biomass feeds [67,68]. About 40 mg of sample was loaded in an alumina 

crucible and the temperature was first ramped to 105 °C at 10 °C/min in nitrogen atmosphere (100 

ml/min) and held at that temperature for 40 min in order to remove any moisture. The content of 

volatiles was determined as the final weight loss when heated in N2 from 105 to 900 °C at 10 

°C/min and holding the final temperature at 900 °C for 20 min. To determine the fixed carbon 
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content, nitrogen was replaced by air and the temperature held at 900 °C for 30 min in order to 

combust the fixed carbon. The remaining mass after combustion of fixed carbon was considered 

ash.  

To verify the ash content determined by TGA, according to ASTM D2584, D5630, and ISO 

3451 methods, ~4 g of the ground virgin LDPE and MPO material were placed in two porcelain 

crucibles calcined in a muffle furnace at 600 °C under airflow. The remaining ash was 

gravimetrically determined. 

2.2 Catalyst Preparation and Characterization 
The E-Cat (FCC catalyst containing a physically mixed HZSM-5 additive) provided by 

TotalEnergies was subjected to calcination for 5 h at 550 °C to remove potential contaminants 

such as S-containing organics and combust any remaining carbonaceous deposits remaining from 

the commercial operation [64]. The content of HZSM-5 additive in the E-Cat was between 5% and 

10%. 

Two HZSM-5 additives and FCC formulations were provided by W.R. Grace & Co.-Conn (abbr. 

GRACE). These formulations had been steamed for 4 h at 815 °C by the manufacturer and were 

used directly as provided. GRACE Catalysts Technologies provided the analysis of catalyst 

properties such as ABD@1000, DI@1000, the total specific surface area (SA), the surface area of 

the matrix (SA-MX), the surface area of the zeolite (SA-ZE), and the elemental composition. In 

addition to the steamed catalysts, an unsteamed version of the high HZSM-5 content additive was 

provided. The Zeolite surface area was determined using nitrogen physisorption according to 

ASTM D4365. The acidity of the catalysts tested in this work (incl. the refinery E-Cat) was 

analyzed by NH3-TPD using an AutoChem II instrument (Micromeritics). To summarize the 

procedure, ~300 mg of steamed catalysts material (~100 mg for unsteamed catalyst) were loaded 

in a U-shaped quartz tube supported on quartz wool. The loaded catalyst material was initially 
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pretreated by heating to 600 °C at 20 °C/min (final temperature hold time 30 min) in He flow to 

remove moisture. Then, the catalyst temperature was cooled to 100 °C under He flow, before 

admitting NH3 (4% NH3 in He) over the catalyst for 30 min. Weakly physisorbed NH3 was flushed 

with pure He (60 mL/min) for 120 min, before starting the temperature-programmed NH3-

desorption (10 °C/min) while recording the desorbing NH3 using a thermal conductivity detector 

(TCD). The response of the TCD detector was calibrated against different NH3 concentrations in 

the gas to allow for quantification of the desorbed NH3. Deconvolution of the desorption profile 

by Gaussian peak fitting was done using Origin 2018 software. 

The coke deposition on the catalysts from single experiments amounted to less than 10 µg and 

therefore could not be accurately determined via the in-house available thermogravimetric and 

elemental analysis techniques. However, since for two catalysts the deactivation was investigated 

passing pyrolysis vapors from a large number of sample injections over the catalyst, significantly 

more coke had deposited for these tests . To quantify the carbon deposited on the catalyst, the 

catalyst was then transferred into tin capsules and subjected to elemental analysis as described in 

section 2.1.  

2.3 Micro-Pyrolyzer 
 The pyrolysis tests were performed using a micro-pyrolyzer (Rx-3050 TR, Frontier Lab., Japan) 

coupled to both two-dimensional gas chromatography (GC) and a separate GC dedicated for 

analysis of light gases. 60 mL/min of He was used as the carrier gas in the micropyrolyzer, 

resulting in a catalyst contact time of ~0.08s, while at the point of reaction, the pressure of the GC 

inlet and inside the reactors was ~2.7 bara. The column flow was set to 2.1 mL/min. 400±20 μg of 

ground material was loaded with a high precision balance (±1 μg) into deactivated stainless steel 

sample cups (Eco-cup SF) and then dropped into the preheated pyrolysis furnace (550 °C). The 

carrier gas constantly purged volatiles into the second reactor, which contained a quartz tube with 
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the catalyst bed supported between quartz wool plugs. The products exiting the upgrading reactor 

entered the GC and were trapped inside the GC × GC oven by a cryo-trap (MJT-1035E) cooled 

with liquid nitrogen. The cryo-trap was held for 5 min and then switched off. During that time, the 

GC oven was held at -40 °C by cryogenic cooling. As soon as the cryo-trap was switched off, the 

column temperature increased to the oven temperature and trapped vapors were released in a 

refocused manner according to their boiling points. Downstream the cryo-trap, part of the column 

flow was branched to reach a customized multicolumn GC (Trace 1300) for light gas analysis. The 

oven temperature of the GC × GC was held at -40 °C for 8 minutes, followed by heating at 3 

°C/min to 320 °C. A two stage cryogenic modulator (liquid CO2) was positioned between the first 

and second dimension column (modulation time 5 s). The 1st dimension column was a non-polar 

RTX-1 PONA (50 m, ID = 0.25 mm) and the 2nd dimension column was a polar BPX-5 column (2 

m, ID = 0.15 mm). The effluent from GC x GC separation was analyzed by FID for product 

quantification. The FID response was determined by dosing different amounts of iso-butane (5%, 

balance He). For some tests, fluoranthene was used as an additional internal standard, which was 

loaded downstream the catalyst, separated by a plug of quartz wool, allowing the fluoranthene to 

desorb without contacting the catalyst upon heating the catalyst reactor under He flow [69]. GC 

Image software was used for data processing and based on the FID response for the internal 

standard the yields of all other products was calculated using the effective carbon number approach 

[70]. For selected tests, a BenchTOF-Select™ (Markes, United Kingdom) was used utilizing a 

scanning range of m/z = 20–600 at 70 eV to identify the products spectra with the NIST library 

database (MS search 2.2). 

The mass closure for non-catalytic tests was relatively low (~55 wt%) since only light waxes 

could be quantified with the GC while heavy waxes (>C36) were outside the GC range. For catalytic 
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upgrading, higher mass closures in the range of 80-110% resulted. Since no or only minor amounts 

of light waxes up to C35 were detected when using the catalysts, for a better comparison the yields 

from catalytic tests were normalized without taking into account potentially minor amounts of 

heavy waxes (outside the GC range) and catalytic coke, which was determined to be minor (~1 

wt% or lower) for all catalysts. 

2.4 Test Conditions 
2.4.1 Yield Tests 

0.4±0.02 mg of LDPE (<300 µm) was pyrolyzed at a fixed pyrolysis temperature of 550 °C. A 

constant bed volume was maintained by dilution with low-surface area α-Al2O3 (0.04 m2/g, Final 

Advanced Materials Sàrl) to maintain a constant contact time despite differences in catalyst 

loading and density. Thermal reference tests were performed using the bare α-Al2O3 without 

catalyst at the upgrading temperatures of 600 and 700 °C investigated in this work. Catalyst 

loadings of 16, 32, and 60 mg were investigated, corresponding to catalyst/feed ratios of 40, 80, 

and 150. 

2.4.2 Deactivation Tests 

To study the deactivation of the steamed and unsteamed version of the high HZSM-5 additive 

by coking, MPO (see section 4.1) was used as feed. Similar to previously described single 

experiments with LDPE, 0.4±0.02 mg accurately weighed and pyrolysis at 550 °C with the catalyst 

reactor operated at 700 °C. The deactivation was achieved by repeatedly passing pyrolysis pulses 

over the catalyst, thereby simulating a continuous feeding. In order to accelerate the deactivation 

investigation, a full GC × GC analysis was only performed after every ~25th or 50th pyrolysis vapor 

pulse. For the pyrolysis vapor pulses in between these full GC × GC analyses, the catalyst was 

maintained at its working temperature, but a shortened GC oven program was run that maintained 

the oven at 150 °C during the reaction and then quickly heated the GC oven to 320 °C to clean the 

columns. The deactivation study was performed using 60 mg of the steamed catalyst and 6 mg of 
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the unsteamed catalyst due to the much higher activity of the unsteamed version. In total, 155 × 

0.4±0.02 mg of pyrolysis vapors from the MPO feed were passed over each catalyst. 

3 RESULTS 

3.1 Feed Properties 
The virgin LDPE feed contained C (85 wt%) and H (15 wt%), similar to what has been reported 

by other researchers for LLDPE (85.8 wt% C and 14.2 wt% H) [71]. On the other hand, the cold-

washed MPO contained appreciable amounts of N and O. The origin of these heteroatoms are 

attributed to N-containing polyamide and O-containing PET contaminations in the MPO. In 

addition, there were apparent differences between the virgin PE and the MPO in terms of their 

volatiles, fixed carbon, and ash/inorganics content. While virgin PE contains no fixed carbon and 

ash—in line with observations by others [19]—the MPO comprised 0.3 wt% fixed carbon and 2.8 

wt% ash (Table 3, Fig. S2). The higher content of fixed carbon compared to the virgin PE sample 

could have resulted from contamination with Carbon Black filler material since the pellets were 

dark grey; in addition, the contained PET contamination has a high tendency for the formation of 

fixed carbon formation with values of ~18 wt% reported [71] and also PS has a higher coking 

potential compared to PE/PP [72,73]. The MPO ash was white and visible when subjecting a larger 

sample amount to calcination at 600 °C in a muffle furnace (Figure 1). The ash-test in a muffle 

furnace and the proximate analysis using TGA indicated the same level of inorganics (2.8 wt%). 
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Table 2. Elemental composition on an inorganics-free basis. 

  C % H % N % O % 

LDPE 85.7a 14.3a 0 0 

MPO 83.7 0.22b 14.2 0.12b 0.35 0.03b 1.71  0.21b 

aDue to the high purity of the virgin sample, the elemental compositions was calculated based on its molecular formula; bstandard 

deviation from ninefold analysis 

Table 3. Analysis of volatiles, fixed carbon, and inorganics content 

  LDPE MPO 

Volatiles (wt%) 100 96.9 

Fixed carbon (wt%) 0 0.3 

Ash (wt%) 0 2.8 

 

 

 
Figure 1. Inorganics remaining after heating ~4 g of ground sample to 600 °C in the muffle furnace 

3.2 Catalyst Properties 
Table 4 summarizes the textural properties, chemical composition, and acidity of the different 

steamed catalysts. The catalysts had an apparent bulk density of 0.7-0.8 and a Davison Index, 

which is a measurement of attrition rate between 2 and 5. The HZSM-5 additives contained ~13 

wt% P2O5 and the FCC formulations contained ~2 wt% rare earth oxides (RE2O3). FCC 

formulation D had about twice as much matrix surface area than the FCC formulation C, and a 

four times higher ratio of zeolite surface area to matrix surface area (Z/M). The latter ratio is an 

important parameter to determine how much of the cracking is done by the external vs. internal 

acid sites. 

The total acidity of the steam-treated catalysts can be regarded as fairly low; e.g., the high 

HZSM-5 content additive had only about ~10% of the acidity observed in a freshly calcined pure 

HZSM-5 (Si/Al ~40) [56]. This can to some extent be explained by the dilution of zeolite in the 
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less acidic matrix, but mostly, to the high-severity hydrothermal treatment, which decreases the 

acidity of the zeolite component via dealumination [36,74]. As a result, the acidity of the high 

HZSM-5 content additive decreased to 15% acidity of its initial acidity (Table 4). The steamed 

FCC formulations had a higher acidity of 0.08-0.13 mmol NH3/g compared to the steamed HZSM-

5 additives (0.03-0.06 mmol NH3/g). In this regard, it is worth noting that the FCC catalyst 

formulation contained rare earth (La), since the stabilizing La3+ ions prevent dealumination of the 

zeolite Y component in the FCC catalysts [75]. 

From the desorption profiles (Figure S3) and the contribution of acid sites with different strength 

determined by Gaussian peak fitting (Table S1), it can be seen than all steamed catalysts have a 

high contribution (>80%) of very weak (NH3 desorption at ~175 °C) and weak (NH3 desorption at 

~250 °C) acid sites. For the steamed HZSM-5 additives, 95% comprise very weak and weak 

acidity, while the FCC and E-Cat very weak and weak acidity make up 84-86% of the catalysts’ 

acidity. The unsteamed HZSM-5 additive showed the highest proportion (22%) of medium and 

strong acid sites. Olazar et al. [52] reported that the FCC catalyst that was steamed at similar 

temperature (816 °C) but slightly longer (8h) than in the present work (4h at 815 °C) had only 7% 

of the acidity of the fresh FCC catalyst. As expected, amongst the steamed catalysts used in the 

present work, the additive with the higher ZSM-5 content in the formulation showed a higher 

acidity (0.056 mmol NH3/g) compared to the lower HZSM-5 content additive (0.034 mmol 

NH3/g). In addition, the surface area was higher for the additive with the higher HZSM-5 content. 

This demonstrates that despite the high-severity steaming, the phosphorus-stabilized zeolite did 

not lose activity completely since a complete amorphization, i.e., loss in crystallinity, would have 

resulted in a loss of microporosity and therefore surface area [36,37,41,76].  

Table 4. Catalyst properties 
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  Al2O3 Na2O P2O5 RE2O3 

Surface 

area 

Matrix 

surface 

area (M) 

Zeolite 

surface 

area (Z) Z/M Acidityc 

  wt% wt% wt% wt% m2/g m2/g m2/g - 

mmol 

NH3/g 

Steamed additive A (medium 

ZSM-5 content)a 27.5 0.11 12.6 - 140 n.d. n.d. n.d. 0.03 

Steamed additive B (high ZSM-

5 content) a 19.8 0.07 13.3 - 198 n.d. n.d. n.d. 0.06 

Unsteamed Additive B a 21.4 0.05 13.5 - 180 n.d. n.d. n.d. 0.40 

Steamed FCC formulation C a 46.8 0.3 - 1.98 203 39 164 4.2 0.08 

Steamed FCC formulation D a 

(higher matrix SA) 50.4 0.29 - 1.99 180 84 96 1.1 0.13 

E-Cat (FCC+HZSM-5 additive)b n.d. n.d. n.d. n.d. 153 28d 126d n.d. 0.07 
aprovided by W.R. Grace & Co.-Conn, bprovided by TotalEnergies after refinery operation, cNH3-TPD profiles provided in the 

supplemental information, Fig. S3 dby t-plot method from N2 physisorption data 

3.3 Product Yields 
3.3.1 Non-Catalytic Conditions  

The pyrolysis temperature in the present work was 550 °C, since pyrolysis temperatures of 

500 °C or lower lead to significantly broader volatilization profiles (Fig. S1). For LDPE and MPO 

feed, three thermal reference tests were carried out: i) operating the upgrading reactor empty at a 

temperature of 375 °C, high enough to avoid condensation of heavy vapor phase waxes and low 

enough to initiate thermal cracking, and ii) and iii) replacing all catalyst with α-Al2O3 and 

operating the reactor at 600 ׄ°C and 700 °C, respectively. Compared to operating the reactor empty, 

at 600 °C with α-Al2O3 there was an increased contribution of C1-C4 light products and aromatics. 

As expected, the thermal cracking effect was more pronounced when increasing the upgrading 

reactor temperature to 700 °C. Similar observations were made using MPO as feed; however, the 

higher yield of aromatics compared to using LDPE as feed is noteworthy (Table 5). This is 

attributed to PET and PS contamination, e.g., when operating the second reactor empty at 375 °C 

the styrene yield was 1.1 wt%. Using MPO as feed and maintaining α-Al2O3 at 600 °C produced 

1.1 wt% CO2, 0.3 wt% CO and 0.04 wt% H2. The presence carbon oxides is attributed to the 

deoxygenation of PET, with a higher extent of decarboxylation over decarbonylation [19]. In 

addition, typical products from the pyrolysis of PP [77–80] could be detected, such as 2,4-

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



17 

 

Dimethyl-1-heptene (1.7 wt%), explaining a higher fraction of C5-C11 compared to LDPE. As 

expected from the presence of heteroatoms indicated by the elemental analysis, also oxygen and 

nitrogen-containing products we detected amongst the pyrolysis products. Examples include 

benzophenone and caprolactam (1.2 wt%), the latter being clear evidence of the polyamide 

contamination [79] in the mixed polyolefin feed. Other compounds include squalene and Cholesta-

3,5-diene, the former likely being a residue from cosmetic products or used as additive, e.g. 

squalene was found in PP [81]. Lastly, a few long chain (C14-C18) acids, nitriles, and amides were 

detected, likely stemming from various animal and vegetable fats and oils or used as additives 

[81], which due to their low solubility in water were not removed by the cold-washing 

pretreatment.   

Coke was below the detection limit for tests with α -Al2O3, and similarly, H2 yield was very low 

(0.03 wt%). For catalytic tests at 600 °C, the hydrogen yield increased to ~0.1 wt% (from 0.03 

wt% with -Al2O3), and for tests at 700 °C it further increased to ~ 0.3 wt%. H2 yields often 

correlate with the yields of coke and aromatics (=coke precursors) due to their lower H/C ratio 

compared to the feed. 

It has to be acknowledged that the mass closure for non-catalytic tests was only ~55 wt%. This 

can be attributed to the fact that only the light waxes could by quantified with the GC while heavy 

waxes (>C36) were outside the GC range. Estimating the yield of C21+ waxes at a pyrolysis 

temperature of 550 °C by difference in the mass balance closure indicates about 60 wt% C21+ 

waxes, which agrees with reports by other researchers stating ~50 wt% at 600 °C and ~69 wt% at 

500 °C (75 wt% for PP) [82]. 
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Table 5. Yields (wt%) of main products from non-catalytic pyrolysis of LDPE and MPO at a pyrolysis temperature of 550 °C and different thermal 

reference conditions for the upgrading reactor.  

feed 

 

  

 Upgrading 

reactor 

Upgrading 

reactor 

Temperature 

[°C] 

CH4 
C2-C4 

olefins 
Ethylene Propylene 

1,3-

Butadiene 

Other 

C4= 

Aromatics 

(PAH)b 

Aromatic-

free C5-

C11 

C12-

C20 

C21-C35 

(measured) 

C21+ (by 

difference) 

LDPE 

Empty 375 0.2 2.9 1.0 1.1 0.2 0.6 0.0 () 13.1 24.0 14.6 60 

α-Al2O3 600 0.4 7.7 3.0 2.5 0.5 1.3 2.8  () 12.3 19.5 29.8 57 

α-Al2O3 700 1.1 29.8 12.9 7.7 3.0 6.0 2.9  () 21.6 13.0 8.7 31 

MPO 

Empty 375 0.5 2.9 0.9 1.2 0.2 0.6 1.9  () 17.7 16.0 14.9 58 

α-Al2O3
 a 600a 0.6 9.3 3.0 3.0 0.7 1.7 5.0  () 15.5 22.3 32.8 45 

α-Al2O3 700 0.9 30.4 11.1 8.8 3.0 6.4 5.4  () 24.6 17.5 12.8 20 
aunder these conditions, 1.1 wt% CO2, 0.3 wt% CO and 0.04 wt% H2 were produced; bnumber before the brackets shows the total yield of aromatics, i.e., monoaromatics + 

polyaromatic hydrocarbons, and the yield in brackets indicates the yield of polyaromatic hydrocarbons 
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3.3.2 Catalytic Cracking at Moderate Severity 

At a catalyst/feed ratio of 40:1 and a catalyst temperature of 600 °C, there was a clear effect of 

the catalysts on the product distribution compared to the thermal reference using pure α-Al2O3; 

particularly, a shift towards lighter products , and a significant increase in the yields of C2-C4 

olefins and aromatics (Table 6) was observed. The definition of C2-C4 olefins includes ethylene, 

propylene, C4 butenes (iso-butene/1-butene, and cis/trans 2-butene), and 1,3-butadiene. CH4 yields 

were low for all catalysts (≤0.5 wt%), indicating that thermal and catalytic over-cracking was still 

limited at 600 °C, likely due to the low acidity and absence of very strong acid sites in the 

steamed/equilibrated catalysts. The additive with high HZSM-5 content showed the highest C2-C4 

olefin selectivity of 53 wt%, while only 41 wt% was obtained with the medium ZSM-5 content 

additive. The increased activity of steamed additive B (high ZSM-5 content) compared to steamed 

additive A (medium ZSM-5 content) can be reasonably explained by the higher number of acid 

sites of additive B (0.06 NH3/g) compared to additive A (0.03 NH3/g). 

The FCC catalyst formulations obtained a higher yield of C5-C11 aliphatics than the additives, 

with maximum values of ~42 wt% achieved using the FCC formulation with a higher matrix 

surface area. The FCC formulations generally showed higher conversions of the larger C12+ 

products compared to the HZSM-5 additives. FCC catalysts are designed for converting large 

molecules present in crude oil. The Y-zeolite component in FCC catalysts is known to have a 

larger pore opening of 0.8 nm compared to ZSM-5 (0.5 nm). In addition, steaming of the FAU 

type Y zeolite at high temperatures can create mesoporosity in the Y-zeolite while steaming does 

not lead to appreciable creation of mesopores in ZSM-5 [83,84]. As a result, the pore structure of 

FCC catalysts may have allowed for better accessibility and conversion of waxes compared to the 

HZSM-5 additives. In addition to differences in pore size distribution, the steamed FCC 

formulations had a higher acidity of 0.07-0.13 mmol NH3/g compared to the steamed high HZSM-
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5 content additive with 0.06 mmol NH3/g (Table 4). Therefore, the improved conversion of larger 

C12+ aliphatics may be the combined result of better accessibility and the higher number of acid 

sites available for reaction. 

A physical mixture of the Grace FCC catalyst and the HZSM-5 additive produced ~2 wt% more 

light olefins (predominantly propylene) and ~5 wt% more aromatics than the yields expected 

theoretically based on the product distribution obtained with the bare catalysts (Table 4). Mixing 

of FCC catalyst and HZSM-5 additive may have allowed synergetic effects favoring aromatization 

reactions. This is, because the FCC catalyst is more effective in converting the larger molecules to 

smaller ones, but it does not contain pore sizes that are selective for the formation of 

monoaromatics. Large molecules have difficulties diffusing into the shape-selective micropores of 

the ZSM-5 additives, and therefore, the pre-cracking of the larger molecules with the more acidic 

FCC catalyst formulations in the mixture seemed helpful to produce smaller molecules that could 

diffuse into the micropores of the ZSM-5 additive and undergo aromatization reactions. This is 

also supported by the observation that the yield of propylene, an important product from the 

hydrocarbon-pool mechanism [85–87], was 2.0 wt% higher with the physical mixture compared 

to what would have been expected theoretically based on using the bare HZSM-5 additive B and 

FCC formulation C. The observations are in line with high yields of aromatics obtained with the 

E-Cat, which is a physical mixture of FCC catalyst and 5-10% HZSM-5 additive. Doubling the 

amount of E-cat catalyst loading increased the C2-C4 olefins yield from 45 to 47 wt% and the 

aromatics yield from 11 to 16 wt% while decreasing the yield of products in the C5-C20 fraction, 

suggesting that these higher products were further catalytically cracked to C2-C4 olefins. 

Importantly, the increased catalyst contact time did not lead to a marked increase in CH4, which 

again is attributed to the low acidity of the equilibrated catalyst compared to a fresh one.  
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While HZSM-5 is known to favor aromatization based on its pore size, it is interesting to note 

that the FCC catalysts obtained higher yields of aromatics compared to the HZSM-5 additives, 

both at 600 °C and even more so at 700 °C (next section). Possible explanations for this observation 

could be the higher acidity of the FCC catalysts compared to the HZSM-5 additives (Table 4), and 

that there was an important effect of pre-cracking the larger molecules in the matrix. The high 

ZSM-5 additive may have produced less aromatics compared to the medium ZSM-5 content 

additive because for the same catalyst loading less matrix was available to pre-crack the vapors 

and the uncracked chains could not diffuse into the pore channels of the catalyst. The higher yields 

of C12+ products compared to the medium ZSM-5 content catalyst further support this theory 

(Table 6 and Table 8). In addition, the coking propensity tends to correlate with higher yields of 

aromatics since they are coke precursors. Generally, higher coke yields resulted from using the 

FCC catalysts and it is well known that the Y-zeolite contained in FCC catalysts contains a high 

density of acid sites, active for cracking and aromatization. In addition, even the matrix component 

itself was shown to be active for aromatization [27].  

With respect to functionalities of higher straight chain aliphatics, the catalytic upgrading 

significantly decreased the yield of α-olefins and diolefins with the unsaturation in the alpha and 

end position () compared to the thermal reference case (Figure 2). A comparison of the C12-C27 

functionalities summarized in aC2-C4 olefins includes ethylene, propylene, C4 butenes (=sum of 

iso-butene/1-butene, and cis/trans 2-butene), and 1,3-butadiene; bnumber before the brackets 

shows the total yield of aromatics, i.e., monoaromatics + polyaromatic hydrocarbons, and the yield 

in brackets indicates the yield of polyaromatic hydrocarbons 
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Table 7 shows that di-olefins were converted completely, and also the yield of alpha-olefins was 

severely reduced from 15 wt% (thermal) to 1-2 wt% with the different catalysts. A minor 

difference was observed for the yield of n-paraffins, with ~1 wt% higher yields using the HZSM-

5 additives and ~2 wt% lower yields using the different FCC catalyst formulations. The 

observation can be explained by the higher reactivity of α-olefins and dienes since the unsaturation 

at the end of the chain provides high electron density and little steric limitations, thereby 

facilitating their reaction with protonated acid sites, followed by the formation of carbocations and 

beta-scission. Alkanes may potentially also result from hydrogen transfer reactions; however, since 

the combined yield of iso-butane and n-butane was fairly low (1 wt%) compared to the yield of 

C4 olefins (16-22 wt%), the extent of hydrogen transfer is deemed minor. 
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Figure 2. Products obtained from passing LDPE pyrolysis vapors over (a) α -Al2O3, and (b) E-cat (=FCC + 

HZSM-5 additive) at 600 °C.
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Table 6. Yields (wt%) obtained for a single run at a catalyst temperature of 600 °C using virgin LDPE as feed for the pyrolysis reactor (550 °C) 

Catalyst 
catalyst/feed 

ratio 

cumulative 

feed/catalyst 
CH4 

C2-C4 

olefinsa 
Ethylene Propylene 

1,3-

Butadiene 

Other 

C4= 

C4 

Alkanes 

Aromatics 

(PAH)b 

Aromatic-

free C5-

C11 

C12-

C20 

C21-

C35 

Steamed additive A 

(medium ZSM-5 content) 
40 0.025 0.5 40.4 4.3 18.5 1.3 16.3 0.8 10.9 (1.6) 28.1 15.9 3.4 

Steamed additive B (high 

ZSM-5 content) 
40 0.024 0.4 50.6 5.3 24.2 1.6 19.5 0.8 6.6 (0.9) 23.9 14.7 3.0 

Steamed FCC formulation 

C 
40 0.024 0.3 34.7 2.4 13.3 0.5 18.5 0.9 12.3 (1.7) 41.6 8.6 1.6 

Steamed FCC formulation 

D (high matrix SA) 
40 0.024 0.4 37.9 2.8 14.2 1.1 19.8 0.6 10.6 (1.1) 42.5 7.7 0.2 

Steamed FCC formulation 

C + Steamed additive B 
40 0.024 0.3 44.6 4.0 20.5 1.0 19.1 1.0 14.4 (2.6) 30.6 8.2 0.9 

E-Cat (FCC+HZSM-5 

additive) 
40 0.025 0.4 45.4 2.9 19.5 0.9 22.1 0.5 10.9 (1.1) 36.4 6.1 0.4 

E-Cat (FCC+HZSM-5 

additive) 
80 0.012 0.4 47.0 3.6 21.2 1.2 20.9 1.0 16.0 (2.6) 28.8 5.9 1.0 

aC2-C4 olefins includes ethylene, propylene, C4 butenes (=sum of iso-butene/1-butene, and cis/trans 2-butene), and 1,3-butadiene; bnumber before the brackets shows the total yield 

of aromatics, i.e., monoaromatics + polyaromatic hydrocarbons, and the yield in brackets indicates the yield of polyaromatic hydrocarbons 
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Table 7. Yields of C12-C27 α,-diolefins, α-olefins, and n-paraffins obtained for a single run at a catalyst/feed ratio of 40:1 and catalyst temperature 

of 600 °C using virgin LDPE as feed for the pyrolysis reactor (550 °C). 

Catalyst 
Yield of C12-C27 α,-

diolefins (wt%) 

Yield of C12-C27 

α,olefins (wt%) 

Yield of C12-C27 n-

paraffins (wt%) 

α-Al2O3 6.5 14.7 6.7 

Steamed additive A (medium ZSM-5 content) 0 1.8 7.6 

Steamed additive B (high ZSM-5 content) 0 1.4 7.8 

Steamed FCC formulation C 0 1.1 4.7 

Steamed FCC formulation D (high matrix SA) 0 1.0 4.8 

E-Cat (FCC + HZSM-5 additive) 0 0.8 5.1 
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3.3.3 Catalytic Cracking at High Severity 

Increasing the catalytic cracking severity by increasing the catalyst/feed ratio from 40:1 to 

150:1 and the catalyst temperature from 600 to 700 °C further shifted the product distribution 

to lighter products (Figure 3) and led to 2-4 times higher yields of CH4 (Table 8) using the 

steamed FCC and HZSM-5 additives. Even higher CH4 yields of 2.7 wt% resulted using the 

E-Cat. This can be attributed to a greater extent of “overcracking” and possibly also to an 

increased content of metals such as nickel, vanadium and sodium that had accumulated on 

the E-Cat from upgrading fossil feed in the refinery operation. This is also indicated by the 

fact that not only the C12-C20 compounds, still present at appreciable yields at the lower 

cracking severity (Table 6), were significantly reduced, but there was also an apparent 

decrease in the C5-C11 aliphatics fraction, especially when using the FCC catalysts (Table 8).  

This higher activity of the FCC catalysts for converting the more difficult to crack C5-C11 

aliphatics is likely a result of their higher acidity compared to the HZSM-5 additives (Table 

4). For both HZSM-5 additives and FCC catalysts, the higher cracking severity conditions 

allowed to boost the yield of C2-C4 olefins by an additional ~16 wt%, while at the same time 

also the yield of aromatics increased by 4-12 wt% (Table 6 and Table 8). In the carbon 

number (C#) distribution shown in (Figure 3), this is visible by the high contributions of C# 

= 7 (toluene) and C# = 10 (naphthalene and alkylated benzenes) at the increased catalytic 

temperature. Within the C2-C4 olefin fraction, particularly the yield of ethylene saw the most 

substantial increase by more than 10 wt% (Figure 3). An increase in aromatics with higher 

temperatures was also observed by Artetxe et al. [88] for inline upgrading of HDPE-derived 
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pyrolysis vapors with an agglomerated HZSM-5 catalyst at 450 and 500 °C, reporting 10 and 

12 wt% aromatics, respectively. It is noted that under thermal pyrolysis conditions, increasing 

the pyrolysis temperature favors the formation of poly aromatic hydrocarbons (PAH) since 

monoaromatics are precursors to PAH. As an example, Ki-Bum Park et al. [89] reported 16 

wt% monoaromatics and 5 wt% PAH at a pyrolysis temperature of 654 °C, and 13 wt% 

monoaromatics and 9 wt% PAH at a pyrolysis temperature of 732 °C using LDPE as the 

feedstock. For using PP as the feedstock, the yield of monoaromatics increased from 10 to 

13 wt% and the yield of PAH increased from 2 to 12 wt% when increasing the pyrolysis 

temperature from 621 to 768 °C [90]. In the present work, at a catalyst temperature of 600 

°C, the proportion of PAH in the aromatics yield was 10-18% for the different catalysts 

(Table 6), and it was 3-13% at a catalyst temperature of 700 °C (Table 8). This suggests that 

the extent of condensation of monoaromatics to PAH was minor, likely due to the short 

catalyst contact time and absence of strong acid sites (Figure S3, Table S1). 
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Figure 3. Carbon number (C#) distribution from upgrading LDPE-derived pyrolysis vapors over α-

Al2O3, steamed additive with high ZSM-5 content, and steamed FCC with high matrix SA at a catalyst 

temperature of 600 °C (black) and 700 °C (red). 
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Table 8. Yields (wt%) obtained for a single run at a catalyst temperature of 700 °C and a catalyst/feed ratio of 150:1 using virgin LDPE as feed for the pyrolysis 

reactor (550 °C) 

Catalyst CH4 
C2-C4 

olefinsa Ethylene Propylene 
1,3-

Butadiene 

Other 

C4= 

C4 

alkanes 

Aromatics 

(PAH)b 

Aromatic-

free C5-

C11 

C12-C20 C21-C35 

Steamed additive A (medium 

ZSM-5 content) 0.9 57.3 14.8 23.3 6.0 13.1 0.6 15.7 (1.8) 20.3 3.4 1.8 

Steamed additive B (high 

ZSM-5 content) 1.1 69.3 18.5 22.3 10.4 18.1 0.2 11.8 (1.4) 14.5 2.6 0.6 

Steamed FCC formulation C 2.1 49.3 10.0 14.8 6.6 17.9 1.0 23.2 (2.9) 22.6 0.9 0.8 

Steamed FCC formulation D 

(high matrix SA) 1.3 58.2 20.2 19.4 7.3 11.3 0.9 22.6 (3.0) 16.1 1.0 0.0 

E-Cat 2.7 69.1 22.9 30.7 4.1 11.4 1.1 18.6 (0.6) 6.9 1.2 0.3 
aC2-C4 olefins includes ethylene, propylene, C4 butenes (=sum of iso-butene/1-butene, and cis/trans 2-butene), and 1,3-butadiene 
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3.4 Deactivation Tests for HZSM-5 Additive  
At both moderate and severe cracking conditions, the additive with high HZSM-5 content 

obtained the highest yield of C2-C4 olefins (see Table 6 and Table 8), closely followed by the E-

Cat. Therefore, the change in product distribution during deactivation was studied further using 

the HZSM-5 additive. MPO was used as a feed instead of virgin LDPE since MPO is more relevant 

from an industrial point of view and more coking was expected using MPO instead of the virgin 

PE feed. This is mainly due to the contamination with other plastics such as PET and PS, which 

have a higher coking potential compared to PE/PP [72,73]. Since the steaming pretreatment had 

severely reduced the catalyst’s acidity (Table 4), the comparison was deemed fairer by lowering 

the catalyst loading of the fresh catalyst to 6 mg so that a similar initial conversion of C12+ products 

was obtained compared to using 60 mg of steamed catalyst (Figure 4b and d). When an increasing 

amount of pyrolysis vapors was processed over the steamed catalyst, a sight decrease in ethylene 

(from 22-19 wt%) and propylene (from 31 to 26 wt%) resulted (Figure 4a). For the unsteamed 

catalyst (Figure 4c), the decrease in ethylene was less pronounced (21 to 18 wt%) compared to 

the decrease in propylene (25 to 17 wt%). This is attributed to the fact that at 700 °C, a reasonably 

high contribution (~12 wt%) of total ethylene yield is attributed to thermal cracking, while only 

~7 wt% of propylene was produced under thermal cracking and therefore the decline in propylene 

yield due to catalyst deactivation was more pronounced. Similarly, for the unsteamed catalyst, the 

decline in butadiene yields was minor (from 6.5 to 5.3 wt%) due to a high contribution of butadiene 

from thermal cracking while the decline in 1-butene/isobutene yield (combined peak in 

chromatogram) was more pronounced. Interestingly, for the steamed catalyst, the yield of other C4 

olefins (1-butene/isobutene, and cis/trans 2-butene) increased slightly initially, before decreasing 

eventually at a high run number of ~160, while the yield of aromatics appeared to show the 

opposite trend (Figure 4a). Similarly, the yield of propylene increased slightly from ~30 wt% for 
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run #1 to 31 wt% for run #27 and #55 before eventually starting to decline (run #104, 28 wt%; run 

#157, 26 wt%). This observation may be attributed to coking.  

While for steamed and unsteamed catalysts the yield of aromatic-free C5-C11 compounds 

increased with an increasing amount of vapors processed over the catalyst, the unsteamed catalyst 

produced about twice as much C5-C11 aliphatics compared to the steamed version. This may result 

from stronger acid sites present in the unsteamed version, active in trans alkylation and 

isomerization (Table S1). The aromatics yield was higher using the steamed catalyst, while it was 

fairly low ~5 wt% and constant using the unsteamed version. Importantly, the steamed catalyst 

showed fairly constant conversion of C12-C35 products, while there was a evident decline in the 

conversion of C12-C35 products observed using the fresh catalyst (Figure 4b vs. d). This is 

attributed to the higher coking rate using the fresh catalyst. 

The quantification of the coke that had accumulated on the steamed and unsteamed catalysts 

corresponded to a coke yield of 0.74 wt% and 0.12 wt%, respectively. At first it may seem 

unexpected that the unsteamed catalyst had lower coke yields owing to its higher acidity, but it 

should be kept in mind that the catalyst loading was only 1/10th of the steamed catalyst. For the 

steamed and the unsteamed versions, the coke load per coke-free catalyst [w/w] amounted to 0.008 

and 0.012, and the coke load per catalyst surface area was 40 µg/m2 and 68 µg/m2, respectively. 

This shows that the unsteamed catalyst had a 71% higher coking propensity. This higher coking 

propensity is expected based on the overall higher acidity of the unsteamed catalyst and its higher 

content of medium-strong acid sites (Table 4, Table S1). This comparison assumed that the carbon 

deposition on the α-Al2O3 used as diluent can be neglected since the surface area of the diluent in 

the fixed bed amounted to less than 1% of the catalyst surface area. 
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With the progressed loss in activity due to coking observed for the unsteamed catalyst, 

particularly the yield of higher α-olefins and α,end-diolefins increased (Figure 5). Note that the 

chromatographic method only allowed a proper separation between dienes, α -olefins, and 

paraffins until C27.  

 
Figure 4. Product yield profiles as function of the number of catalytic pyrolysis tests: (a) and (b) steamed, 

and (c) and (d) unsteamed. One run # corresponds to 0.4 mg of MPO being pyrolyzed. Yields are shown 

based on inorganics-free feed. The fitted lines are guides to the eye.  
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Figure 5. Yields of C12-C27 dienes, α-olefins, and paraffins. Minor yields of beta-olefins, iso-

olefins/paraffins at much lower selectivities compared to the three main product groups not shown. 

4 DISCUSSION 
Commercially it is of interest to maximize propylene yields and this is often achieved by utilizing 

additives and/or increasing the severity of the process by increasing the catalyst-to-feed ratio 

and/or the reaction temperature. To the best of our knowledge, in traditional FCC processing of 

resid or VGO as feed the yields of propylene hardly exceed ~22 wt% [32,91–93]. In the present 

work, significantly higher propylene yields were obtained by upgrading pyrolysis vapors from 

virgin PE and even more so from real post-consumer MPO waste. Under the assumption that the 

energy demand of a mixed polyolefin pyrolysis-to-light-olefins process is roughly comparable to 

standard FCC operation, this demonstrates the potential of the technology. The process operates 

at temperatures lower than naphtha steam cracking and requires fewer processing steps than first 

producing an intermediate pyrolysis oil, de-contaminating the intermediate oil by multi-stage 

hydrotreatment, and then steam-cracking it for the production of light olefins and aromatics. While 

for steam cracking the propylene to ethylene ratio (P/E) ranges from 0-1.4 [94], in the catalytic 

pyrolysis approach at a catalyst temperature of 700 °C the P/E ranged from 1.0-1.6 for the different 
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catalysts studied in present work, and at 600 °C the P/E ratio was much higher with values ranging 

from ~4-6. 

Advantageously, the carbon losses to coke and CH4 are kept low with ~1 wt% each using 

steamed high HZSM-5 content additives, which is lower compared to what has been reported for 

E-Cats (Table 1) and much lower compared to steam cracking. Considering optimistic efficiencies 

of 80% + 75% for pyrolysis and steam cracking steps starting from sorted polyolefin waste [95], 

a maximum monomer recovery of ~60% could be achieved. In contrast, the proposed in-line 

catalytic upgrading bears the potential to recover ~90% of monomers taking into account the 

recovered C2-C4 olefins, aromatics, and considering that the obtained naphtha range aliphatics 

could subsequently be fed to a steam cracker to be convert to light olefins and aromatics as well 

(with 75% efficiency). 

In the proposed two-stage pyrolysis-upgrading process, most inorganics contaminants are 

expected to remain in the char fraction inside the pyrolysis reactor, which can be periodically 

removed. Even if traces of organometallic inorganics would volatilize, the issue could be addressed 

by passing the vapors through a hot gas filter and tuning the matrix in FCC-type catalyst 

formulations to be more robust against inorganic contaminants and trap these. The choice of 

catalyst and operating conditions offers an excellent flexibility in steering the product distribution; 

instead of maximizing the recovery of C2-C4 olefins, refineries may also opt to steer the process 

towards the high recovery of aromatics (up to ~23 wt% observed in present work), or aim for a 

high recovery in naphtha-range aliphatics (up to 42% observed in present work). 

5 CONCLUSIONS 
Upgrading polyethylene pyrolysis vapors over steam-treated FCC and HZSM-5 additive 

catalysts at 600 °C clearly decreased the yield of C12+ products while increasing the yield of C2-C4 

olefins (plus ~25-40 wt%), aromatics (plus ~10-15 wt%) and naphtha-range aliphatics (plus ~10-
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25 wt%). Advantageously, the yields of CH4 remained fairly low for all catalysts (<0.5 wt%) and 

similar compared to thermal reference tests using highly inert α-Al2O3. FCC catalyst formulations 

obtained higher yields of C5-C11 aliphatics (up to 42 wt%) and lower yields of C12+ products 

compared to the HZSM-5-containing additives, indicating their higher activity for converting 

heavier products. For a physical mixture of FCC catalyst and HZSM-5 containing additive, higher 

yields of aromatics (plus ~3 wt%) and light olefins (plus ~5 wt%) resulted compared to what would 

have been expected theoretically. The highest yield of aromatics (17 wt%) was produced using a 

refinery E-Cat with 5-10% HZSM-5 additive, while the highest C2-C4 olefin selectivity of 53 wt% 

was obtained using a bare steam-treated additive with high HZSM-5 content. With this catalyst, at 

higher catalyst loading and temperature (700 °C), the light olefin yield reached almost 70 wt% 

(18% ethylene, 22% propylene, 10% 1,3-butadiene, and 18% other C4 olefins). Similarly high light 

olefin yields with even higher propylene yields of up to 31 wt% could be obtained when processing 

real post-consumer mixed polyolefin waste instead of virgin PE because of the presence of PP. 

Finally, the stability against deactivation was investigated for both the steamed and the fresh 

HZSM-5 additives, whereby the loading of the fresh catalyst was reduced to obtain a similar initial 

conversion of C12+ products. While the steam-treated HZSM-5 additive showed a slow decline in 

C2-C4 olefins and maintained the conversion of C12+ aliphatics, the fresh catalyst deactivated faster, 

apparent by a more rapid decline in C2-C4 (particularly propylene) and a breakthrough of 

unconverted C12+ compounds.   

Overall, the research results show a great potential for the in-line upgrading of polyolefin vapors 

with FCC-type catalyst formulations and bare HZSM-5 additives to recover base chemicals such 

as C2-C4 olefins, aromatics, and naphtha-range aliphatics at high selectivity.  
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Considering that the pre-steamed and equilibrated catalyst formulations are stable against further 

exposure to steam at moderate reaction temperatures, introducing steam during the reaction may 

allow to further reduce coke formation and limit the formation of aromatics, thereby potentially 

slowing down deactivation by coking. Future investigations should also be directed to study the 

life-cycle-assessment and techno-economic analysis of the presented single step catalytic 

conversion of plastic waste for comparison with the energy-intensive steam cracking of pyrolysis-

derived liquid.  
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