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ARTICLE INFO ABSTRACT

Keywords: Catalytic fast pyrolysis of polyolefinic waste streams was investigated to recover valuable base chemicals at high
Pyrolysis selectivity. HZSM-5 zeolite with different properties, affected by Si/Al, mesoporosity, phosphorus stabilization,
Catalyst

and steaming, were tested and thoroughly characterized. Different feeds, catalyst/feed ratios and reaction
temperatures were evaluated in a micropyrolysis reactor coupled to two-dimensional gas chromatography. While
unmodified HZSM-5 rapidly deactivated, phosphorus-modified and steamtreated HZSM-5 showed almost no
deactivation due to its lower coking propensity during 130 runs with stable conversion towards Cs aliphatics
and high Cy-C4 olefins selectivity (~75%) using post-consumer mixed polyolefins. The performance of this direct
olefins production route with unprecedented high olefin selectivity was further evaluated in a plantwide context.
It was found that it requires ~37% lower energy input than the plastics pyrolysis followed by pyrolytic oil steam
cracking, while it results to at least a one order of magnitude lower environmental burden as compared to waste
incineration.
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1. Introduction Producing plastics from fossil recourses has a high carbon footprint due

to the energy-intensive production processes. In addition, polyolefins

Olefins (i.e., ethylene, propylene, and butenes) and aromatics (i.e.,
benzene, toluene, and xylenes) are key building blocks in the production
processes of many materials used in our daily lives. For the production of
thermoplastics (PE, PP, PET, PS, etc.), the International Energy Agency
forecasted an increased production of roughly 600 Mt of thermoplastics
in 2050, double the production level of 2010 [1]. To support this
increasing production of plastics, also the demand for the
above-mentioned base chemicals continues to grow [2]. To date, these
are primarily produced from fossil resources via steam cracking and to a
lesser extent as a by-product from fluid catalytic cracking [3-6].

are challenging to recycle mechanically since the end-of-life mixed
polyolefins waste is often contaminated with other plastics (PET, PS, PU,
PA, ...) and inorganics such as metals from pigments, fillers, or dirt
[7-10]. Besides being “downcycled” by mechanical recycling to lower
value products, their energy content is often valorized by incineration,
leading to further fossil-based CO, emissions [11]. Chemical recycling
via pyrolysis and steamcracking is seen as a promising technology for
the recycling of polyolefins to produce new plastics with identical
properties to virgin, fossil-derived plastics. This route involves the py-
rolysis of sorted plastic yielding ~80-90% transportable liquid with a
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broad carbon number distribution, ranging from C; to heavy waxes
having different structures [12,13], ii) decontamination of the liquid to
very low contaminant levels [14,15], and iii) steam cracking with a
~70% efficiency to monomers, i.e., C2-C4 olefins and monoaromatics
[11]. While carbon losses to coke are moderate (~0.5 wt%) during
steam cracking, the high furnace temperature of ~850 °C renders steam
cracking energy intensive and the high production of fuel gas (15-25%
[11,16]), which is combusted to provide the heat for operation, results
in high CO; emissions. Furthermore, at current crude oil prices (app.
$70/bbl, 07-2021) this approach is more expensive than directly using
fossil feeds and requires intensive processing to remove contaminants.
To date, with less than < 1% being recycled back to monomers [17],
there is a clear demand for more efficient monomer recovery develop-
ment. Within this work, the direct upgrading of polyolefin pyrolysis
vapors over a catalyst in the vapor phase was studied using modified
H-ZSM-5 zeolites. This integrated process comprises fewer steps
compared to the incumbent approach of pyrolysis, liquid product
de-contamination, and steam cracking, while the use of a catalyst allows
to operate at lower temperatures, which is expected to benefit process
efficiency [18-22]. By physically separating the pyrolysis and the
close-coupled catalytic upgrading e, the direct contact of non-volatile
inorganic contaminants with the catalyst was avoided. This can pre-
vent the poisoning of acid sites, as was reported when processing
ash-containing biomass in direct catalyst contact [22-25].

In the present work, HZSM-5 with high to medium Al density was
studied (Si/Al of 15-23) and mesopores were incorporated via a desi-
lication procedure [26-28], thereby creating hierarchical zeolites with
both micro-and mesoporosity. Since the mesopores are connected to the
micropores and the external surface of the crystallites, the micropore
diffusion pathway of reactants/products is shortened, thereby limiting
undesired secondary reactions [29-32]. For the proposed conversion of
polyolefin-derived pyrolysis vapors, which are ~70% Cp; of linear
hydrocarbons waxes, this may allow to improve the selectivity to olefins
since longer residence time within zeolite micropores increases the
probability of additional encounters with acid sites that can lead to
secondary reactions such as Diels-Alder, polymerization and coke for-
mation of the highly reactive olefins. Depending on the composition
(molecular weight) of the vapors, diffusion into micropores might be
hampered and for cracking of heavy feed or naphtha, increased light
olefin yields were reported after introducing mesoporosity to HZSM-5
[3,33]. This was explained by increased accessibility of bulky mole-
cules, which may then, after pre-cracking at acid sites located externally
or in the mesopores, diffuse further into the micropores and react to-
wards smaller products. Even after steaming the mesoporous and con-
ventional HZSM-5, the mesoporous version resulted in a higher yield of
light olefins [3]. A third benefit of incorporating mesopores may be that
when coke builds up over time under continuous operation, mesoporous
HZSM-5 tends to deactivate slower than its non-mesoporous counterpart
does. This aspect was shown for highly aromatic and oxygenated feeds
[28,34-36] but has to the best of our knowledge not yet been investi-
gated for upgrading of polyolefin-derived pyrolysis vapors.

The hydrothermal stability of HZSM-5 can be improved by the
addition of phosphorus [37-47]. While the phosphorus introduction
initially decreases the acidity compared to the non-treated HZSM-5 [41],
the phosphorus-modified HZSM-5 retains its acid sites to a higher level
after high severity steaming compared to the untreated zeolite due to
improved stability of framework aluminum species against deal-
umination [40,46-49]. Phosphorus loadings of ~1.5-2 wt% were re-
ported favourable for maximum retention of strong acid sites after steam
treatment of HZSM-5 with Si/Al ratios of 25-40 [37,40,50]. Advanta-
geously, the phosphorus modification also improves the selectivity to-
wards light olefins [37], and maximum selectivities for propylene during
alkene cracking were reported with weight loadings of ~2 wt% [51-53],
while higher loadings of ~3 wt% led to a clear drop in propylene
selectivity, e.g., for C4 olefin cracking the propylene yield increased
from 35 to 43 wt% using steamed versions of parent HZSM-5 and
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HZSM-5 modified with 1.8 wt% P, but it decreased to 31 wt% when the P
loading was 2.8 wt% [51]. Similarly, for the cracking of n-hexane,
n-decane, and naphtha, optimum P/Al ratios in the range of 0.4-0.7
were reported for optimum activity and hydrothermal stability, while
higher phosphorus loadings led to lower conversions due to reduced
accessibility [37,40,54]. The steam  treatment of the
phosphorus-modified HZSM-5 can further improve the selectivity to
light olefins, e.g., for butene cracking at 530 °C the propylene yield of
HZSMS-5 (Si/Al ~35) modified with 1.7 wt% P was 38% and it improved
to 43% after steaming the catalyst at 800 °C [51]. Since steam treatment
lowers the acidity of the catalyst, it can also reduce the coking pro-
pensity, and steamed P-modified HZSM-5 showed a lower rate of coke
formation than the parent HZSM-5 for n-hexane cracking [39] Another
motivation for steam-treating a catalyst are scale-up considerations. The
activity remaining in the zeolite that was steamed under high-severity at
800 °C can be regarded stable under the hydrothermal conditions pre-
sent during reaction and regeneration conditions, which are not ex-
pected to exceed 700 °C in catalytic plastic cracking processes.
Therefore, yields obtained with a steamed catalyst present a more
valuable estimate for the catalyst’s long-term productivity and selec-
tivity while yields obtained with a fresh catalyst would inevitably
change over time due to dealumination.

In this study, for the first time, we attempted to harness the benefits
of mesoporosity, phosphorus modification, and steam treatment of
HZSM-5 zeolites to maximize the recovery of Cy-C4 olefins from poly-
olefins via catalytic upgrading of pyrolysis vapors. The use of two-
dimensional gas chromatography provided detailed quantitative prod-
uct distribution using different virgin polyolefin types and post-
consumer mixed polyolefin (MPO), different catalysts, and different
operating conditions (temperature, catalyst/feed ratio). Lastly, also the
catalytic activity of a selection of the best performing catalyst during
repeated reaction/regeneration cycles, and the change in product dis-
tribution was studied. Furthermore, the catalyst performance was
evaluated in a plantwide context, focusing on the energy and carbon
footprints of such a catalytic process. The results were benchmarked
against other peer processes to highlight the significance of the current
catalyst impact. The combination of these different aspects shows the
enormous potential for industrial applications of the proposed route.

2. Methodology
2.1. Feedstock

Virgin LDPE and LLDPE were purchased from ExxonMobil (LDPE LD
150 Series and Exceed™ 1012HA), HDPE was obtained from Dow
(HDPE 25055E), and PP was provided by Borealis (HE125MO). The as-
received pellets were downsized using a cutting mill (FRITSCH). The
obtained powder was sieved to obtain a fraction with particle size < 300
um, 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. The rest fraction
roughly consists of ~2% PA, ~1% PET, ~1% PS, and ~5% non-
polymers such as metals/inorganics and paper/wood/food residue not
sufficiently removed by the cold-washing and pelletization process. The
cold-washed flakes were extruded with 400 um screens and high tem-
peratures (290 °C) into pellets. For the pyrolysis tests, the pellets were
downsized using a CryoMill to obtain particles < 300 pum. While virgin
polyolefins comprise ~100% volatiles when heated [55], MPO was
composed of 96.9% volatiles, 0.3 wt% fixed carbon, and 2.8 wt% ash
[56]. The elemental content of the different feeds was determined using
a Thermo Scientific FLASH 2000 analyzer, with more details provided in
prior work [56]. Based on its molecular formula, the elemental
composition of the high purity virgin polyolefins is calculated to 85.7%
C and 14.3% H, whereas the elemental composition of MPO was
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determined to 83.7% C, 14.2% H, 0.35% N, and 1.7% O on an ash-free
basis [56].

2.2. Catalyst preparation

As parent material, HZSM-5 with nominal SiO,/Al,03 ratio of 30 and
55 were obtained from Zeolyst International (sample code CBV 3024E
and CBV 5524 G), and transformed from the as-received ammonium
from to the proton form via calcination in dry air flow at 550 °C for 5 h.
These parent HZSM-5 are abbreviated with Z30 and Z55 in the
following. Mesopores were introduced into parent HZSM-5 via desili-
cation with NaOH solution followed by mild acid wash, as outlined in
earlier work [28], generating mesoZ30 and mesoZ55.

The desired content of phosphorus was added to mesoZ30, mesoZ55,
and Z55 using H3PO4 as the precursor. The desired amount of 85 wt%
H3PO4 (Merck) was diluted with purified water to prepare a solution 10
times the zeolite weight. Zeolite and H3PO4 solution were then mixed
and stirred for 2 h at room temperature. In a rotary evaporator, the
water was slowly evaporated during ~1 h from the suspension at 75 °C
while lowering the pressure to 100 mbar. Then, the residue was dried at
120 °C overnight and calcined in a flow of synthetic air by ramping the
temperature to 550 °C during 4 h and holding the final temperature for
4 h, producing samples P/mesoZ30, P/mesoZ55, and P/Z55.

For the steam treatment of P/mesoZ30, P/mesoZ55, and P/Z55, the
different zeolite samples (~2 g) were pelletized to obtain particles >
500 um and loaded in a quartz tube (ID = 23 mm, length 850 mm)
supported in between plugs of quartz wool. The quartz tube was placed
inside a vertical furnace with three controlled heating zones. The tem-
perature of the catalyst was monitored with two thermocouples
measuring inside the quartz tube at the start and end of the fixed bed. N2
was used as carrier gas at 30 g/h. After gradually increasing the tem-
perature of the furnace to reach a catalyst temperature of 500 °C (mild
steaming, suffix “ms”) or 800 °C (severe steaming, suffix “ss”), steaming
was initiated by feeding deionized H2O at 350 g/h into a preheater
operated at 350 °C, thus generating a stream with 95 vol% steam
introduced to the reactor. The steam treatment lasted for 300 min under
mild conditions and 240 min for the severe conditions while maintaining
the catalyst temperature at the setpoint + 10 °C. After steaming, the
samples P/mesoZ30-ms, P/mesoZ30-ss, P/mesoZ55-ss, and P/Z55-ss were
obtained. Since in the course of the investigation it was found that a high
aromatization activity remained for P/mesoZ30-ms after the mild
steaming (see Results section), the need for a severe steaming treatment
became apparent and no mildly steamed versions of P/mesoZ55 and P/
Z55 were prepared and tested.

2.3. Catalyst characterization

The PXRD patterns were measured with a Bruker D8 Advance pow-
der diffractometer in reflection mode using Cu Kal (A = 1.5406 108) ra-
diation. The diffractograms were measured between 3 and 90 degrees 26
and 0.038 step size. Details on the Ny physisorption [57] and Ar phys-
isorption were reported in earlier work [28]. Imaging of zeolite particles
with transmission electron microscopy (TEM) was achieved using a
Tecnai T20 G2 (acceleration voltage of 200 kV) [28]. The content of Si,
Al, and P content of the tested zeolites was analyzed according to the
methodology described in prior work utilizing XRF [23]. The acidity of
the catalysts tested in this work was analyzed by NH3-TPD using an
AutoChemll instrument (Micromeritics) as described in more detail in
the supporting information. Fourier Transform Infrared (FTIR) spectra
were recorded in transmission mode on a Bruker Tensor 27 instrument
equipped with an MCT detector, using 32 scans per spectrum and a
resolution of 4 cm™L. Samples were pressed into self-supporting pellets
of ~12 mg using a pellet die (ID = 13 mm) and placed into an vacuum
cell equipped with CaF; windows. Next, the samples were dried under
active vacuum (p < 107> mbar) up to 550 °C (10 °C/min) and held at
that temperature for 1 h. After drying, the cell was cooled down to
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150 °C and a spectrum was measured. Pyridine (redistilled, 99.9%,
Sigma- Aldrich) was introduced into the cell as vapor at a pressure of
~14 mbar, and was adsorbed for 30 min subsequent by 30 min of
evacuation whereafter a spectrum was measured of the adsorbed pyri-
dine. For quantification of the number of acid sites, the spectrum of the
dehydrated sample was subtracted from the spectrum obtained after 30
min of evacuation to obtain a difference spectrum. The absorption bands
at 1453 cm ™! and 1545 cm™! corresponding to pyridine adsorbed on
Lewis and Brgnsted acid sites, respectively, were integrated and cor-
rected for pellet mass and their apparent integral absorption coefficients
(2.22 emepmol ! for Lewis acid sites and 1.67 cmepmol ! Brgnsted acid
sites) to obtain the number of acid sites [58].

All solid-state NMR spectra were recorded on a Bruker AVANCE III
HD spectrometer operating at a magnetic field of 14.05 T equipped with
a 4 mm CP/MAS BBFO probe. 2Al MAS NMR spectra were acquired
with the one-pulse experiment using a 0.5 ps 1/6 excitation pulse and an
interscan delay of 0.5 s 2°Si MAS NMR spectra were acquired using a
4.75 ps 1/2 pulse and an interscan delay of 60 s 3!P MAS NMR spectra
were acquired using a 2.9 ps 1/2 pulse and an interscan delay of 60 s The
spinning frequency was 7 kHz for all spectra. High-power 'H decoupling
was employed during acquisition of all spectra. All ?’Al, 2°Si and 3'P
chemical shifts are reported relative to aqueous Al(H20)63+, TMS, and
85% H3PO4 at 0 ppm, respectively.

2.4. Micro-pyrolyzer and product analysis

The experiments were carried out using a single-shot tandem micro-
pyrolysis system (Rx-3050TR, Frontier Labs, Japan) coupled to two-
dimensional gas chromatography (GC) and a separate GC dedicated
for the 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 ~80 ms,
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. For the
present work, the pyrolysis reactor was operated consistently at 550 °C,
since pyrolysis temperatures of 500 °C or lower lead to significantly
broader volatilization profiles [56]. For each reaction, 0.4 + 0.02 mg of
ground material was loaded into a deactivated stainless steel sample cup
(Eco-cup SF) using a high precision balance and then dropped into the
preheated pyrolysis furnace. Helium as carrier gas purged the volatiles
into the second reactor, which contained a quartz tube loaded with the
catalyst fixed bed. The catalyst was secured between two quartz wool
plugs and placed inside the temperature-controlled isothermal zone of
the upgrading reactor (see Fig. S1), for which different temperatures
between 500 and 700 °C were studied in the present work. The catalyst
(100-300 pm particle size) was diluted in highly inert a-Al,O3 with a
low surface area of 0.04 m2/g. The dilution of the catalyst prevented
channeling or bypass flow and maintained similar bed lengths across
different catalyst loadings and catalyst densities [34].

The products exiting the upgrading reactor entered the GC x GC
oven and were firstly trapped in a column section cooled with liquid
nitrogen for 5 min while the GC oven was held at — 40 °C by cryogenic
cooling. Then, the cryo-trap was switched off and trapped vapors were
released in a refocused manner according to their boiling points while
heating the oven at 3 °C/min to 320 °C. Prior to entering the GC x GC
separation, the column flow was branched to reach a customized
multicolumn GC (Trace 1300) for light gas analysis. For the GC x GC
separation, a two-stage cryogenic modulator (liquid CO2) was posi-
tioned between the first and second dimension column (modulation time
5s). 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 product identi-
fication, a BenchTOF-Select™ (Markes, United Kingdom) was used,
scanning in a range of m/z = 20-600 at 70 eV. MS spectra were
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compared with the NIST library database (MS search 2.2). Data pro-
cessing was performed using GC Image software, and the yields of
products were calculated using the effective carbon number approach
[591.

The cryogenic trap did not trap light gases such as methane,
ethylene, and propylene. These three peaks could be well separated and
quantified using the FID detector. Once the cryotrap was switched off,
initially the C4 components (1-butene, 1,3-butadiene, n-butane, and 2-
butenes) eluted from the column and this was followed by the elution
of well-separated Cs, products. It is noted that any ethane and propane
in the products would co-elute with ethylene and propylene. However,
the yields of ethane and propane are deemed fairly low and therefore
only a small error and overestimation of the ethylene and propylene
yields is made. This is supported by several aspects. Firstly, the MS
identification of the product peaks showed a clear match with ethylene
and propylene. Secondly, the yield of C; and C4 alkanes was low (<1 wt
%), indicative of a low extent of “overcracking” and hydrogen transfer
due to the short vapor residence times and moderate upgrading tem-
peratures. Therefore, also the yield of ethane and propane can be ex-
pected to be minor. This is supported by results reported by other
researchers using a similar micropyrolyzer as used in the present work
and ex-situ catalytic upgrading of PE vapors over a HZSM-5 catalyst, as
these researchers reported a Cy, C3, and Cy4 olefinicity (=weight fraction
of olefins) of only 4%, 6%, and 3%, respectively [60]. Yields are reported
in wt% of feed, whereby the feed is inorganics-free. This is already the
case for virgin plastics, but for MPO, the feed contained an appreciable
amount of 2.8 wt% inorganics [56], and yields are therefore reported
based on the organic fraction of the feed. For simplicity, normalizing the
product yields determined by FID did not consider coke on the catalyst,
or minor amounts of hetero-atom containing light gases such as
CO/CO,. These combined losses to coke and heteroatom-containing
light gases amount to less than 5%. As an example, a reported yield of
80 wt% Ca-C4 olefins from normalizing may then, in reality, correspond
to only 76 wt%, if there would be a high coke yield and all heteroatoms
would be released as gases (not quantified). However, this is a conser-
vative estimation since the highest coke yields in the present work were
in ~1 wt%,; thus, in fact less than 5% relative error results by normal-
izing without taking coke and hetero-atom containing light gases into
account. The repeatability of the product analysis was confirmed by
randomized repetitions of selected tests throughout the test series. In
addition, the repeatability of the product analysis is illustrated based on
the results obtained from six reaction/regeneration cycles that yielded
nearly identical product distribution, and the uncertainty assessment
from these repetitions is summarized in Table S1.

Within this work the product yields are presented for CHa, ethylene,
propylene, 1,3-butadiene, and other C4 olefins (C4 =), C4 alkanes,

Table 1

Physicochemical properties of phosphorus modified and steam- catalysts in comparison unmodified parent versions. “ms” and “ss”

severe steaming.
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aromatics, the aromatic-free Cs-Cq; fraction, C;2-Co hydrocarbons, and
C21-C35 hydrocarbons. The grouping of the Cs, products facilitates the
interpretation of the results as the focus of the present work lies on the
production of light (C2-C4) olefins. For selected individual tests, the
complete yield structure involving all detected compounds detected by
GC x GC/FID is disclosed in Table S7.

Coke deposits on the catalyst were quantified after several runs
without regenerating the catalyst by oxidation using an elemental
analyzer or TGA.

3. Results
3.1. Catalyst properties

Table 1 summarizes the physicochemical properties of the studied
catalysts. Compared to the parent Z30 and Z55, the P/mesoZ30-ss and P/
mesoZ55-ss had increased mesoporosity. The mesoporosity was even
higher for mesoZ30 and mesoZ55 before their phosphorous modification
and steaming [28], but had decreased by ~0.05 cc/g for P/mesoZ30-ss
and P/mesoZ55-ss (Table 1). The presence of mesopores was visualized
using bright-field TEM (Fig. 1, Fig. S2). Mesopores appear well distrib-
uted throughout the zeolite particles for P/mesoZ30 (Fig. S2a+b) but
appear less homogenously distributed for P/mesoZ55, with sometimes
larger mesopores observed in the center of the zeolite particles
(Fig. S2c+d). This could have been the result of Al-zoning in the com-
mercial samples [61-63], with a more Al-rich rim that was less prone to
desilication. Considering the high level of mesoporosity developed in
P/mesoZ30, it is possible that the increased steaming severity at 800 °C
caused a partial collapse of the structure, leading to a decrease in mes-
oporous volume compared to the mildly steamed version (Table 1).
Further, it is noted that after P-modification and steaming, the micro-
pore volume had decreased from 0.13 cc/g to 0.07 cc/g, as determined
by N3 physisorption (Fig. S3) using the t-plot method. This is attributed
to the deposition of P inside the micropores, blocking of pore-openings
by extra-framework Al created by the phosphorus impregnation, and
steaming [40].

Prior to steaming, mesoZ30 already had a lower crystallinity (from
XRD analysis) compared to mesoZ55 since more harsh conditions were
required to achieve desilication of Z30 compared to Z55 [28], and
increased concentrations of NaOH solutions used in the desilication
result in decreased crystallinity [64,65]. The steam treatment did not
lead to a marked decrease in crystallinity (see Fig. 1 and Fig. S4), with
P/mesoZ30-ss and P/mesoZ55-ss showing 1% and 2% lower crystallinity
than P/mesoZ30 and P/mesoZ55 according to the integrated peak areas
in the range of 22.5-25.0° 20 (ASTM D 5758 — 01). Generally, the
crystallinity is not affected by steaming at moderate temperatures of

in suffix corresponds to mild and

Z30 P/mesoZ30-ms P/mesoZ30-ss Z55 P/Z55-ss P/mesoZ55-ss

Vmiero® [€C/g] 0.21 0.09 0.06 0.22 0.06 0.17
Viniero? [cc/g] 0.13 0.10 0.07 0.13 0.07 0.07
Vineso® [cc/g] 0.08 0.09 0.12 0.09 0.06 0.11
Viotal® at p/po = 0.99 0.35 0.27 0.32 0.31 0.30 0.43
BET area’ [m%/g] 416 352 357 423 401 349
Acidity® [mmol NH3/g] 0.88 0.48 0.15 0.65 0.10 0.09
Si/Alf 16.4 13.0 13.0 28.5 28.8 19.2
Framework Si/Al® n.d. n.d. 50 55.6 84 85
P/Al - 0.6 0.6 - 1.2 0.6
P loading (wt%) - 2.0 2.0 - 1.9 1.4
Brgnsted acid sites (mmolsg )8 0.26 0.08 0.03 0.26 0.05 0.02
Lewis acid sites (mmol-g’l)h 0.09 0.03 0.02 0.04 0.02 0.01
Brgnsted/Lewis acidity 3.0 2.5 1.7 6.5 4.7 1.3

adetermined using argon physisorption and NL-DFT method [28]; Pobtained from Ny physisorption and t-plot method; “obtained from N, physisorption and BJH
analysis of adsorption branch; Yobtained from Ny, physisorption; *determined from NH5-TPD in desorption range 100-600 °C; ‘Determined with XRF; *determined with

295i MAS NMR peak simulations; ffrom Pyridine-IR, baseline-to-baseline integration of 1545 cm ™% 8from Pyridine-IR, baseline-to-baseline integration of 1455 cm™;

-1,
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Fig. 1. Main catalyst characteristics summarized for P/mesoZ55.

450-650 °C while a severe decrease in acidity results [66-68]. After
steaming at 800 °C, decreases in crystallinity to 90-95% of the crystal-
linity determined for the P-modified sample were reported by other
researchers [53,69].

The phosphorus weight loading determined by XRF of the prepared
samples ranged from 1.4 to 2.0 wt%. This range was reported favourable
for maximum retention of strong acid sites after steam treatment [37,40,
50] and improved propylene selectivities in alkene cracking [51-53].

Ammonia-TPD characterization (Fig. S5) revealed that mild steam-
ing of P/mesoZ30 produced a catalyst with 55% acidity of the unmodi-
fied parent Z30. After an additional more severe steam treatment at
800 °C, the acidity reduced to 0.15 mmol NH3/g, corresponding to 18%
of the acidity of Z30. The severely steam-treated P/Z55-ss and P/
mesoZ55-ss had acidities of 0.10 and 0.09 mmol NHs/g, corresponding
to 16% and 14% of a parent Z55. It is noteworthy that lower phosphorus
loadings (1% instead of 2% for P/Z55 and 0.6 instead of 1.4% of P/
mesoZ55) led to 13-17% lower acidities after severe steam treatment,
confirming that the higher loading was more favorable for the retention
of acidity under high hydrothermal severity [37,40,50].

Comparing the hydroxyl region in the IR plot (Fig. S6a+b) demon-
strates clearly that the parent Z55 and Z30 contained a large amount of
Brgnsted acid sites (~3610 cm’l), that was severely diminished after
phosphorus modification and steaming. Furthermore, in the phosphorus
containing samples a new band was observed that was earlier attributed
to hydroxyl groups attached to phosphorus [37]. In line with the
reduced acidity determined by NH3-TPD, quantifying the Brgnsted and
Lewis acid sites after pyridine adsorption at 150 °C (Fig. 1, Fig. S7a+d)
confirms that after P-modification and steam treatment, the total
amount of Brgnsted and Lewis acid sites had decreased considerably,
particularly after the severe steam treatment at 800 °C. The loss in

Brgnsted acidity after P-modification and steaming is more pronounced
compared to the reduction in Lewis acidity, resulting in decreased ratios
of Brgnsted/Lewis acidity (Table 1).

As shown in Fig. S8, the as-prepared P/mesoZ30 and P/mesoZ55
showed AlO4 framework aluminum atoms (FAL) as a sharp peak at
~55 ppm in the Al NMR spectra [39,70,71]. While for HZSM-5
without P-modification, often a peak at O ppm is observed correspond-
ing to AlOs and AlOg extra-framework aluminum atoms (EFAL) [52,71].
For the P-modified sample, a broader peak is observed at — 7 ppm for
P/mesoZ55 and at — 9 ppm for P/mesoZ30. This peak was also observed
by other researchers for a HZSM-5 modified with 2 wt% P, and it
appeared at — 12 ppm for a P loading of 4 wt% [39], indicating an effect
of weight percentage on the peak position. A similar peak at — 9 ppm
was observed by Zhao et al. [52] for HZSM-5 with 1.5 and 2 wt% P and
these researchers attributed this resonance to AlOg coordinated to a
phosphorus atom. The broad resonance between 40 and 10 ppm
observed for the desilicated steam-treated samples (P/mesoZ55-ss and
P/mesoZ30-ss) is usually assigned to extra-framework penta-coordinated
AlOs, but has also been assigned to a variety of local
silico-aluminophosphate (SAPO) interfaces that formed when phos-
phoric acid binds with partially dislodged FAl species during the calci-
nation after P modification [39,72]. The signals between 50 and 40 ppm
are attributed to distorted framework or non-framework Al sites as a
result of the desilication and P-modification [70]. After the steaming
treatment at 800 °C, for both P/mesoZ30-ss and P/mesoZ55-ss there is a
clear decrease in the peak intensity at 55 ppm assigned to well-ordered
FAL species, with a corresponding increase in signal contribution be-
tween 20 and 30 ppm (Fig. 1). This agrees well with the observed in-
crease in framework Si/Al as determined by 2°Si MAS NMR, and shows
that the steam-treatment induces a dealumination of the zeolite
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framework [70,73]. The broader resonance at ~40 ppm seem to be less
affected by the steam treatment, in agreement with observations by
others [39,72,74].

31p NMR spectra (Fig. S9) show a broad response in a broad chemical
shift range between 0 and — 40 ppm due to the complicated environ-
ment of the phosphorus species in the samples [51]. After P modification
but prior to steaming, P/mesoZ30 showed a resonance at — 6 ppm,
attributed to the terminal phosphorus atoms in H4P307 species not
reacted with the framework aluminum [52,72,75,76]. The resonance at
around — 14 ppm may be attributed to the middle phosphorus atoms in

(a) . 115

steamed 5h@500 °C,
then 4h@800 °C

1-22.0

steamed 5h@500 °C
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polyphosphates [77]. After steaming, the signals at — 6 ppm, attributed
to P in H4P207 or terminal groups of polyphosphates non-attached to Al,
disappeared, while the signals at — 25, — 30, and — 39 ppm increased.
These may be attributed to AIPO4 or (SiO),Al(OP),4_, species, indicating
that phosphorus interacted with aluminate species during the steam
treatment [52]. A broad resonance centred around — 24 ppm was also
found by Van der Bij after steaming for a 2 wt% P/HZSM-5 and attrib-
uted to the formation of Al-O-P monodentate species [39].

31.6
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[ ]otherc,=
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Fig. 2. Yield structure from upgrading LDPE pyrolysis vapors. (a) Comparing effect of steaming severity when using P/mesoZ30-ms and P/mesoZ30-ss at a catalyst
temperature of 500 °C and a catalyst/feed ratio of 40. (b) Testing P/mesoZ30-ss at different temperatures and catalyst/feed ratios. Error bars are based on the

standard deviation from four repetitions. Legend in (a) also applies for (b).
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3.2. Catalyst screening for maximum Ca-Cy4 olefin yield

3.2.1. Noncatalytic Reference

Product yields when the second reactor contained no catalyst but
was either operated empty (at 375 °C) or filled with a-Al;03 (at 600 °C)
have been reported previously using LDPE and MPO as the feed [57]. An
example two-dimensional GC chromatogram illustrating the products
observed when conducting LDPE pyrolysis at 500 °C and passing the
vapors over a bed of a-Al,O3 at 600 °C is shown in Fig. S10 and an
exemplary yield structure for all individual compounds observed with
MPO feed are found in Table S7. For pyrolysis of different virgin poly-
olefins, ~0.1 wt% CO was detected, indicating the presence of a small
amounts of oxygen in the feed, and ~0.2 wt% oxygen in the feed was
also reported by others for virgin PE [78,79]. Using MPO as feed and
maintaining a-AloO3 at 600 °C produced 1.1 wt% CO3, 0.3 wt% CO and
0.04 wt% Hpy. The higher presence of carbon oxides is attributed to the
deoxygenation of PET contamination with a higher extent of decar-
boxylation over decarbonylation [60]. The higher yield of aromatics for
MPO (Table S2) was attributed to the presence of polystyrene while the
higher yield of Cs-Cy paraffins was attributed to the presence of PP,
which is known to yield highly branched aliphatics in this range. The
yield of the GC-quantifiable C;-C3s fraction was ~70 wt% using LDPE as
feed and ~80 wt% with MPO. The yield of Cy;, waxes, calculated by
difference in the mass closure, is in the same range with values reported
by others( ~50 wt% at 600 °C) [12]. The lower Co;, wax yield observed
for MPO compared to LDPE is attributed to the higher yield of aromatics
and, considering the increased yield of Cs-Cpo aliphatics, possibly
slightly enhanced cracking reactions facilitated by the inorganics pre-
sent in the MPO feed.

3.2.2. In-line catalytic cracking with catalysts steamed at different severity

Passing LDPE pyrolysis vapors through a mildly steamed P/mesoZ30-
ms catalyst at a reaction temperature of 500 °C completely converted the
Co1-C3s light waxes and produced ~70 wt% Cy-C4 olefins and 10 wt%
aromatics (Fig. 2a). However, after an additional, higher severity steam
treatment of the same catalyst at 800 °C, more Cs. aliphatics directly
derived from the thermal pyrolysis in the first reactor remained in the
product slate, and only ~50 wt% Cy-C4 olefins and ~5 wt% aromatics
were produced (Fig. 2a). The lower conversion is attributed to the lower
acidity of the more severely steamed P/mesoZ30-ss,. (Table 1). While
increased yields of aliphatics in the Cs-Cg range may be suitable for the
co-production of transportation fuels, the goal of the present work was
to maximize monomer recovery. By increasing catalyst temperature
and/or catalyst loading, the cracking severity using the severely
steamed P/mesoZ30-ss catalyst could be further increased (Fig. 2b),
producing close to 70% Cy-C4 olefins and 11 wt% aromatics at a cata-
lyst/feed ratio of 40 and a reaction temperature of 700 °C. However,
compared to using the mildly steamed P/mesoZ30-ms at an upgrading
temperature of 500 °C (Fig. 2a), which produced a similar overall yield
of Cp-C4 olefins, the distribution of the light olefins was different with
more ethylene and 1,3-butadiene and less propylene and other C4 olefins
produced when using P/mesoZ30-ss at 700 °C.

Even after phosphorus modification and steam treatment, P/
mesoZ30-ss showed a high aromatization activity at all temperatures and

Table 2
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catalyst/feed ratios with high concentrations of two and three-ring ar-
omatics present in the product slate (see Fig. S11). This is attributed to
the fairly high Al content of the SiO3/Al;03 = 30 starting material
resulting in a high density of acid sites. To proof this point, a mesoporous
HZSM-5 with a lower acid site density that was derived from desilication
of parent SiO3/Al;03 = 55 and subsequently modified with a similar P/
Al ratio of ~0.6 and subjected to severe steaming at 800 °C was tested.
And indeed, this P/mesoZ55-ss catalyst with lower acid site density
showed a more favorable yield structure, producing virtually no higher
Cy0+ aromatics (Figs. S12) while producing more propylene and C4
olefins (Table 2). Therefore, in the following, the P/mesoZ55-ss was
chosen as the best performing catalyst to study the effect of catalyst
temperature and using different feeds on the production of monomers.

With increasing reaction temperature, the yield of CHy4, ethylene,
1,3-butadiene, and aromatics increased while there was a decreasing
trend for Cs; aliphatics (Fig. 3). This was particularly pronounced be-
tween 600 and 700 °C, since the yield of benzene increased slightly from
0.9 wt% at 500 °C to 1.4 wt% at 600 °C but then more than doubled to
3.8 wt% at 700 °C. Similar trends are observed for ethylene and 1,3-
butadiene (Fig. 3). Also the yield of H first increased from 0.05 wt%
(500 °C) to 0.11 wt% (600 °C), and then jumped to 0.30 wt% at 700 °C.
H, yields often correlate with the yields of coke and aromatics (=coke
precursors) due to their lower H/C ratio compared to the feed. Inter-
estingly, propylene yield seemed less affected and likely even higher
catalyst temperatures (or higher activity in terms of higher acid site
density and/or strength) would have been needed to further crack
propylene. The results presented in Fig. 2 and Fig. 3 illustrate that the
catalyst/feed ratio and the catalyst temperature are important levers
that affect the proportion of the different monomers. In the envisioned
integrated catalytic fast pyrolysis process for direct production of
valuable base chemicals, this provides flexibility for plant operators to
favor the production of C4 olefins, ethylene, propylene, or aromatics
according to the highest market demand, all while keeping carbon losses
to CH4 and coke (see section Catalyst stability and coking tendency)
reasonably low.

3.2.3. Impact of feedstock composition on product distribution

For the best catalyst P/mesoZ55-ss the product yields were evaluated
for a whole range of potential feedstock compositions. As shown in
Table 3, the product yield distribution using different PE-types was
comparable, while there were also clear differences. In particular, from
LLDPE ~10 wt% more propylene was produced compared to LDPE. On
the other hand, upgrading of HDPE pyrolysis vapors produced the
highest yield of C4 olefins. Using PP as the feed resulted in a lower yield
of C4 olefins while Cs-Cy aliphatics were more prevalent. In contrast to
PE, these aliphatics comprised more branched isomers as a consequence
of the branched structure of PP and in agreement with findings from
literature [80-85]. The yield structure obtained from the synthetic
polyolefins mixture matched the expected composition of its constitu-
ents and ~85% monomers, i.e., ~80% C»-C4 olefins and ~5% aromatics
were produced. With MPO as feed, the monomer production was slightly
lower with 73 wt% C-C4 olefins and ~9 wt% aromatics, primarily
attributed to the higher aromatics content in the feed (from PET/PS
contamination), which are more difficult to crack. It is worth noting that

Product distribution using LDPE as feed and steamed phosphorous-modified mesoporous HZSM-5 obtained from parent materials with different SiO5/Al;03 ratios.
Catalyst temperature = 600 °C and catalyst/feed ratio = 80. Yields obtained with a-Al,O3 instead of catalyst shown as non-catalytic reference.

catalyst CH; Cy-Cy Ethylene  Propylene 1,3- Other C,4 alkanes Aromatics  Aromatic-free Cs- Cio- Ca1-
olefins Butadiene Cy= Ci1 Cao Css
none 0.5 8.2 3.0 2.7 0.5 1.7 0.8 1.9 14.3 20.5 53.7 *
(a-Al;03)
P/mesoZ30-ss 0.5 63.6 9.9 323 1.5 20.0 0.3 8.4 189 7.0 1.3
P/mesoZ55-ss 0.4 73.7 8.5 39.1 1.6 24.5 1.4 5.5 11.3 5.5 2.1

*determined by difference in mass closure
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Fig. 3. Yields obtained for a single run using LDPE as feed and P/mesoZ55-ss as catalyst at different catalyst temperatures. Catalyst loading was 32 mg and catalyst/

feed ratio = 80.

Table 3

Yields obtained for a single reaction with different feeds using P/mesoZ55-ss as catalyst at 600 °C and a catalyst/feed ratio of 80.
feed CH,4 Ca-Cy Ethylene Propylene 1,3- Other Cy Aromatics  Aromatic-free Cs- Cio- Co1-

olefins Butadiene Cy= alkanes Ci1 Cao Css
LDPE 0.4 73.7 8.5 39.1 1.6 24.5 1.4 5.5 11.3 5.5 2.1
LLDPE 0.4 83.6 5.6 51.0 2.2 24.8 1.1 4.2 7.7 2.7 0.3
HDPE 0.3 82.8 7.1 37.2 2.6 36.0 0.9 4.1 9.9 1.6 0.4
PP 0.7 70.0 11.2 37.9 1.4 19.5 0.6 6.8 13.3 8.0 0.5
Synth. Mix" measured 0.6 78.8 6.8 41.3 2.1 28.6 0.7 5.0 11.4 3.4 0.01
Theoretical 0.5 77.2 8.5 40.8 2.0 26.0 0.9 5.3 10.9 4.7 0.5
mixture”

MPO® 0.7 73.2 12.1 38.5 1.6 21.0 1.0 9.0 10.3 4.5 1.3

2 composition: 23 wt% LLDPE, 7.5 wt% LDPE, 29.5 wt% HDPE, 40 wt% PP;
b

calculated based on the yields observed with bare polymers and their content in the prepared physical mixture

¢ post-consumer mixed polyolefins after waste sorting, cold-washing, and pelletization

the co-produced Cs-C;; aliphatics (at ~10 wt%) and Cpo. products (at
~5 wt%) comprise primarily alkanes and therefore could be further
converted to monomers via steam cracking or recycling to the catalyst
reactor. Importantly, the pyrolysis-upgrading process provides higher
P/E ratios compared to steam cracking, e.g., while the P/E ratios in
steam cracking are ~0.65 and 0.53 for gas oil and naphtha, respectively
[16], in the present work P/E ratios of 1.3-1.6 were obtained at a
catalyst temperature of 700 °C and P/E ratios as high as ~8 resulted at a
catalyst upgrading temperature of ~500 °C.

It has to be acknowledged that also a microporous Z55 (without
desilication treatment) that was impregnated with 2 wt% P and steam-
treated at 800 °C (P/Z55-ss) showed a very similar yield distribution
as what was obtained with P/mesoZ55-ss (Table S3). As such, there was
no apparent benefit (in terms of improved monomer yields) of the added
mesoporosity when comparing the product yield structure obtained with
fresh, i.e., non-coked, microporous P/Z55-ss and hierarchical P/

mesoZ55-ss. If the time-on-stream of the catalyst would be very short
followed by catalyst regeneration—as is the case in fluid catalytic
cracking—P/Z55-ss will be the preferred catalyst formulation as it does
not require the additional treatment steps that are associated with
introducing mesopores to the parent, microporous zeolite. However, for
a longer time on stream—as would be the case in a fluid or fixed bed-
—the risk that large fractions of active sites inside the zeolite particle
centers become inaccessible upon coke deposits blocking pore mouths
may be higher in P/Z55-ss than in the hierarchical P/mesoZ55-ss.

3.2.4. Catalyst stability and coking tendency

In an attempt to study the deactivation of P/Z55-ss, repeated pyrol-
ysis vapor pulses (derived from HDPE) were passed through the catalyst
operated at 700 °C and a catalyst/feed ratio of 80, since a higher coking
propensity was expected at the increased cracking severity based on the
presence of aromatics as coke precursors (Fig. 3). However, no
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deactivation of P/Z55-ss was observed after passing 16 pyrolysis vapor
pulses over the catalyst, amounting to a cumulative feed/catalyst ratio
of 0.2 (Table S4). The accumulated coke yield was 1.0 wt%, corre-
sponding to a coke/catalyst loading of 0.2 wt%, or 5.1 ug coke/m?
catalyst. Advantageously, even at the 16th run a high selectivity to a
limited number of products was maintained, namely Cy-C4 olefins,
monoaromatics, and few Cs-Cyq aliphatics. These aliphatics were pri-
marily alkanes, in stark contrast to thermal pyrolysis where the products
contain a high concentration of a-olefins and di-olefins with unsatura-
tion at both ends of the linear chain (a,w-olefins). Despite the higher
catalyst temperature of 700 °C, the formed aromatics mainly comprised
monoaromatics (primarily benzene and toluene, and few alkylated
monoaromatics (Fig. S12). No higher two and three-ring aromatics were
observed, while these were already observed for P/mesoZ30-ss at a much
lower cracking severity (Fig. S11), i.e. at 600 °C and catalyst/feed ratio
=40 vs. 700 °C and catalyst/feed ratio = 80. This reiterates the
importance of using a catalyst with an acid site density lower than P/
mesoZ30-ss and preparing the catalyst from a starting material with
higher Si/Al, as was the case for Z55 Table 1), appears crucial in limiting
or even preventing the formation of higher aromatics.

Even at an 8 times lower catalyst loading (catalyst/feed ratio = 10)
and when repeating 21 runs, i.e., reaching a cumulative feed/catalyst
ratio of 2.1, no change in product distribution due to deactivation by
coking was observed (Table S5). Under these conditions, due to the
higher cumulative feed/catalyst ratio, more coke had accumulated on
the catalyst, amounting to 0.6 wt% of the catalyst weight and 16 pg
coke/m? catalyst. The coke yield, however, was only 0.3 wt% (vs. 1 wt%
described above for catalyst/feed ratio = 80 and cumulative feed/
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catalyst ratio = 0.2) due to the lower conversion at the lowered catalyst
loading.

Comparing the product distribution obtained with catalyst/feed ratio
= 80 (Table S4) and catalyst/feed ratio = 10 (Table S5) shows that at a
lower catalyst/feed ratio (corresponding to a shorter contact time), the
yield of Cj2 products was higher, while the higher catalyst/feed ratio
allowed to crack these. This resulted in ~10 wt% higher ethylene yields,
while also a small improvement (+ ~5 wt%) in propylene yield was
observed (Table S4 and Table S5). The yield of C4 olefins (excl. 1,3-buta-
diene), however, was lower at the higher catalyst/feed ratio, suggesting
that these may have cracked to ethylene or reacted further, e.g., with
ethylene and propylene forming aromatics during Diels-Alder reaction.
The higher yield of aromatics observed at the higher catalyst/feed ratio
agrees with the higher coke yield since aromatics are coke precursors. It
is worth noting that a high catalyst temperature such as 700 °C may
assist in thermally cracking the waxes and therefore effectively delay the
catalyst deactivation. A change in product distribution due to catalyst
deactivation by coke may therefore more easily be studied at a moderate
catalyst temperature and using a feed with a high coking propensity.
Therefore, in the next approach, MPO was used as a feed since its
contamination with other plastics such as PET, PS, and PA was expected
to form more coke on the catalyst than with virgin PE/PP [86,87].
Product yields as function of increasing run number were compared at a
catalyst temperature of 600 °C using 8 mg unmodified parent Z55 and
32 mg P/Z55-ss as catalyst. The difference in loading was required to
obtain a similar level of conversion over the fresh catalyst, since
P/Z55-ss had a lower acidity of 0.10 mmol NH3/g compared to Z55
(0.65 mmol NH3/g). It is noted that the number of acid sites loaded to
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Fig. 4. (a) Product yields for increasing run numbers using either 8 mg of the parent unmodified Z55 or 32 mg of P/Z55-ss. Yields are shown based on ash-free feed.
The fitted lines are guides to the eye. (b) Yields of C;5-Cy; n-paraffins, a-olefins, and a,w-diolefins. (c) C4 hydrogen transfer index.
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the reactor was still 58% higher using 8 mg Z55 compared to using
32 mg P/Z55-ss. Despite this difference, the yields were remarkably
constant during 130 runs when using P/Z55-ss while Z55 rapidly lost its
activity for converting Cs. aliphatics (Fig. 4). Likewise, there was a
steeper decline in the yield of Cy-C4 olefins, particularly propylene,
compared to the stable yield profiles obtained with P/Z55-ss. For both
catalysts, it is interesting to note an initial increase in propylene and Cy4
olefins, while ethylene and aromatics are highest for the first run and
then stabilize or decrease at a low rate with increasing run numbers. This
may be attributed to higher coking rates and/or overcracking of the
C3/C4 olefins over a fresh catalyst. The yields of CO, CO, and H, during
the deactivation studies shown in Fig. 4 were ~2 wt%, 0.6 wt%, and
0.1 wt%, respectively, approximately double the values observed with
a-Alp03. Considering the low coke yields (vide infra), this shows that the
maximum error made by normalizing the results without taking into
account carbon oxides, Hy, and coke is ~3%.

Comparing the deactivation behavior of P/mesoZ55-ss with P/Z55-ss
(Fig. S13) shows that initially there was a slight decline in C»-C4 olefins
using P/mesoZ55-ss, and after that, both catalysts displayed rather stable
operation. This indicates that only the initialization behavior of these
catalyst is different. To draw conclusions on stability, future studies
should monitor the product yields over time for continuous and longer
operation until there is a steep decline in activity observed.

The catalytic upgrading significantly decreased the yield of higher
a-olefins and @, w-diolefins (unsaturation in the alpha and end position)
compared to the thermal reference case (Fig. S10). This can be explained
by the higher reactivity of a-olefins and dienes since the end-chain
unsaturation provides high electron density and little steric limita-
tions, thereby facilitating reaction with acid sites. While for Z55 the
selectivity to n-paraffins rapidly declined with increased run number at
the expense of a-olefins and dienes, the selectivity to n-paraffins
remained high and only at run number 130 some dienes were observed
in the product slate (Fig. 4b). Alkanes may potentially also result from
hydrogen transfer reactions, and there was a decreasing trend in the C4
hydrogen transfer index (HTI) (Fig. 4c)—defined as the combined yields
of iso-butane and n-butane divided by the total yield of C4 alkanes and
alkenes [88,89]. Generally, however, the extent of hydrogen transfer is
quite low in the ex-situ vapor phase upgrading since hydrogen transfer as
an exothermic reaction with a slow reaction rate is not favoured by the
high reaction temperature and short reaction time [90]. For in-situ
catalytic upgrading with the polymer melt in direct contact with the
catalyst, higher HTI values of ~0.2-0.4 were reported when using
HZSM-5 in fluid bed reactors [91,92].

Even though a lower amount (8 mg) of Z55 was loaded to obtain a
similar initial conversion of C;3; products as with 32 mg of P/Z55-ss,
after 130 runs the coke yields using 8 mg Z55 was very similar with
0.17 wt% compared to 0.20 wt% using 32 mg P/Z55-ss. This clearly
demonstrates the higher coking propensity of the unmodified parent
Z55, particularly apparent when comparing the coke deposited per
surface area, which was 8 pg/m? using P/Z55-ss and 27 ug/m? for the
parent Z55. This can explain the faster loss in activity observed for the
parent Z55 (Fig. 4). Finally, it is worth noting that for catalysts that were
steam-treated under high severity (800 °C), there was no loss in activity
apparent for repeated cycles of reaction (at 600 °C) and oxidative
regeneration (at 700 °C), as shown in Table S6.

3.3. Plantwide process evaluation

The performance of the studied catalytic pyrolysis of plastic waste
streams to valuable base chemicals was further evaluated in a plantwide
context. Particularly, the energy and carbon footprint of the direct cat-
alytic process studied in the present work at a catalyst temperature of
600 °C (=Case 1) were estimated and compared against the conven-
tional two-step counterpart (Case 2) comprising pyrolysis of the plastic
waste streams followed by pyrolytic oil steam cracking. To this end,
detailed process flow diagrams (PFDs) of the reaction section were
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developed for both cases and optimized with respect to heat minimi-
zation. Beside fossil-based heating (provided by fired heaters), electri-
cally conductive heating (applied by electrified heaters) was also
considered in the analysis. The latter constitutes a modern and efficient
alternative that can (potentially) fully run on renewable electricity,
thereby, preventing direct CO, emissions sourced by fuel combustion
[93]. The respective PFDs after application of heat integration are pre-
sented in the supplementary material (Fig. S14-Fig. S17).

The following analysis was performed on the basis of i) the feed: 1 kg
of plastic waste; polyethylene was considered as a model compound and
ii) the final product: 1 kg of high value chemicals (HVC) comprising a
mixture of ethylene (CyH4), propylene (CsHg), benzene (CgHp),
hydrogen (Hj) and butadiene (C4Hg) to facilitate a fair benchmarking
over other peer processes.

3.3.1. Energy footprint

A heat integration targeted to the reactors’ energy duty minimization
(i.e. catalytic reactor, pyrolyzer and steam cracker) was initially per-
formed. A detailed description of the heat integration approach is given
in the supplementary material. The energy footprints by means of total
energy demand of the studied (Case 1) and conventional (Case 2) pro-
cesses are presented in Fig. 5. Both fossil-based (Fig. 5a) and electrically
conductive heating (Fig. 5b) alternatives are included while the
contribution of each process step to the total energy demand is also
presented in the supplementary material (Figs. S18 and S19). The former
heating alternative always resulted in a higher total energy demand than
the latter in both process cases. The reasoning lies in the higher heat
losses occurring in the heating elements which subsequently drive the
heater efficiency: 65.6% [94] and 95% [95] are representative efficiency
values for the fired and electrified heaters, respectively. Although mul-
tiple heat exchangers are placed in series to further minimize the heat
losses in the flue gas when fired heaters are used (Fig. S14 and S16), the
high operating temperatures (usually higher than that of the flue gas) do
not always allow for high heat integration potential. Notably, no flue gas
is present when electrified heaters are used.

Collectively, 3.9 kJheat/Kgplastics (7.4 kJhear/kgrvc) and 6.4 kJhear/
Kgplastics (11.9 kJhear/kguvc) are required for Case 1 and Case 2,
respectively, when fossil-based heating is applied, whereas 3.0 kJ¢./
Kgplastics (5.7 kJe1./kgnvc) and 4.3 kel /Kgplastics (8.0 kJer./kgnvc) are
required for Case 1 and Case 2, respectively, when electrically conduc-
tive heating is applied. Overall, in the studied process (Case 1), the
energy duty is about 38% lower than in the conventional counterpart
(Case 2) when fired heaters are employed and about 30% lower when
electrified heaters are employed, showing that plastics cracking and
catalytic upgrading integrated in one unit can lead to significantly
reduced energy inputs.

3.3.2. Carbon footprint

Herein, a preliminary ex-ante life cycle assessment focusing on the
process carbon footprint (expressed in kg CO,-eq./kg) was performed on
the basis of the energy demand that was reported in the previous section.
The foreground data (i.e. energy demand) was linked to background
data from the ecoinvent v3.6 database [96]. Background processes (i.e.
electricity and heat supply) were mostly representative of European
market (heat and electricity supply). The cut-off system model was
applied [97]: the waste stream impacts were fully ascribed to the waste
producer but the treatment activity impacts were attributed to the party
that is in charge of the waste stream valorization since there is an eco-
nomic interest (chemicals production). Following this reasoning, the
plastic waste stream was considered burden-free while the energy de-
mand associated to the treatment activity was charged on the fore-
ground processes (Case 1 and Case 2). The catalyst synthesis carbon
footprint was neglected [98].

The carbon footprint of both the studied (Case 1) and conventional
(Case 2) processes considering fired heaters running on natural gas and
electrified heaters running on grid, solar and wind harvested electricity
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is shown in Fig. 6 (Fig. 6a: with reference to feed; Fig. 6b:with reference
to product). Both processes attain the highest carbon footprint (even
higher than that of fossil-based heat as energy source) when grid elec-
tricity is utilized as energy source; specifically, 0.36 kg CO2-eq./Kgplastics
(0.68 kg CO2-eq./kgnvc) and 0.51 kg COz-eq./kgpastics (0.95 kg CO»-
eq./kgnvc) for Case 1 and Case 2, respectively. Although a mix of fossil
fuels and renewable sources is considered in grid electricity generation,
the unitary impact of grid electricity gets higher than that of fossil-based
heat after applying the conversion efficiency (0.42 kg CO2-eq./kWhgig
el. versus 0.27 kg COz-eq./kWhyeat). Yet, both processes attain signifi-
cantly low carbon footprint when renewable electricity solely drives the
heaters: about 80% lower environmental burden is attained when solar
harvested electricity is utilized instead of grid electricity. In case of wind
harvested electricity utilization, the lowest carbon footprint is attained:
0.03 kg CO2-q./kgplastics (0.05 kg CO2-eq./kguyc) and 0.04 kg CO,-eq./
kgplastics (0.07 kg CO2-eq./kgnvc) for Case 1 and Case 2, respectively.
The unitary impact of solar harvested electricity is about two times the
wind harvested one since higher environmental burden is imposed along
the life cycle of a photovoltaic panel as compared to that of a wind
turbine.

Next, a process benchmarking from an environmental perspective
was conducted. The traditional plastic waste incineration (Fig. 6¢) and
naphtha steam cracking (Fig. 6d) were considered as benchmarks.
Fig. 6¢ shows the environmental impacts of Case 1 and Case 2, as po-
tential plastic waste valorization processes, in comparison to that of
incineration. The functional unit for this comparison was 1 kg of plastic
waste valorization, while a gate-to-gate approach was applied. Fig. 6d
shows the environmental impacts of Case 1 and Case 2, as alternative
processes for HVC synthesis, in comparison to naphtha steam cracking.
The functional unit for this comparison was 1 kg of HVC synthesis, while
a cradle-to-gate approach was applied. The carbon footprint value of the
incineration process was calculated based on the plastic waste com-
bustion reaction, assuming polyethylene as the main plastic waste
stream (Table S8) and the carbon footprint value of the naphtha steam
cracking was obtained from literature data [99] after considering an
intermediate value (1.1 kg CO5-eq./kgnyc) between world-average and
state-of-the-art processes.

Both Case 1 and Case 2 constitute far more sustainable (plastic
waste) valorization process alternatives than the traditional incinera-
tion, regardless the primary energy source utilized (Fig. 6¢). At least an
order of magnitude lower carbon footprint can be attained when fired
heaters running on natural gas are employed whereas, notably, two
orders of magnitude lower carbon footprint can be attained if the fired
heaters are replaced to electrified heaters running on wind harvested
electricity. In all scenarios, the studied catalytic process (Case 1) results
in the lowest possible environmental burden (Fig. 6¢).

Fig. 6d shows the same trend when Case 1 and Case 2 are proposed
for HVC synthesis. At least 45% and 15% reduction in the carbon foot-
print of Case 1 and Case 2, respectively, is attained when HVC are
produced by plastic waste in fired heaters than oil-based naphtha in
thermally driven steam crackers. Although a higher amount of energy is
required to melt and crack the long carbon chains of the plastic waste as
compared to naphtha steam cracking, a lower environmental impact is
attained eventually. This is ascribed to the fact that plastic waste that
serves as carbon source is burden-free, unlike oil-based naphtha which
accounts for almost 30% of the total carbon footprint [99]. Remarkably,
the environmental burden drops to an order of magnitude lower values
upon switching to electrified heaters. Again, the proposed catalytic
process (Case 1) results in the lowest possible environmental burden.

We note that an alternative to the proposed in-line catalytic cracking
of pyrolysis vapors would be the thermal cracking, either directly in the
pyrolysis reactor at higher temperatures, or operating the pyrolysis
reactor at moderate temperatures (~500 °C) followed by thermally
cracking the generated waxes in a downstream thermal cracking reactor.
However, this approach requires high temperatures of ~750 °C to
obtain light olefin yields of ~70% and is therefore characterized by
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increased energy demand and increased yields of CH4 and ethylene at
the expense of propylene [100-106]. Using a catalyst in the present
work for vapor-phase upgrading allows obtaining at least 10 wt% higher
propylene yields than what has been reported under thermal conditions.

Future work should study the heat integration of the proposed pro-
cess to determine if the combustion of CH4 and coke will provide suf-
ficient process heat in continuous operation. Coke yields from upgrading
polyolefins pyrolysis vapors are considerably lower than FCC cracking of
heavy feed, where the combustion of the ~5-10 wt% of coke produced
[107] provides enough heat to run the process (but also entails high
unavoidable CO, emission). This was already recognized for steam
catalytic cracking of naphtha at ~700 °C, for which the coke deposition
was deemed too low to produce by combustion the catalyst temperatures
required in the reactor [54]. Lastly, it is worth noting that it might be
possible lowering the total costs and environmental footprint even
further by producing the ZSM-5 zeolite from mining waste streams
[108].

4. Conclusion

Unprecedently high olefin yields were obtained with a phosphorous-
modified conventional and mesoporous HZSM-5 zeolite. They were
demonstrated to be suitable catalysts for producing valuable base
chemicals from different virgin and post-consumer waste polyolefins.
After steam treatment at 800 °C, the acidity of the catalysts was reduced
to ~0.10-0.15 mmol NHs/g, resulting in a lower activity. However,
these catalysts can be considered stable under reaction and regeneration
conditions which are not expected to exceed 700 °C in the process of
cracking plastics pyrolysis vapors. Varying the catalyst/feed ratio be-
tween 10 and 80 and the catalyst temperature between 500 and 700 °C
affected the proportion of different monomer products. This provides
great flexibility for plant operators to steer the product slate towards the
highest market demand and maximize C4 olefins, ethylene, propylene,
or aromatics production, all while keeping carbon losses to CH4 and coke
below 1.5% and 1%, respectively.

The yield structure obtained from a synthetic polyolefins mixture of
LLDPE, LDPE, HDPE and PP matched the relative contributions of the
single polymers, and an extremely high monomer yield of 84 wt%, i.e.,
79 wt% Cp-C4 olefins and 5 wt% aromatics was obtained. When using
post-consumer MPO feed, the monomer yield was slightly lower with
74 wt% Cy-C4 olefins and 9 wt% aromatics, and this is attributed to the
higher aromatics content in the feed from PS and the presence of some
PET.

While parent HZSM-5 rapidly deactivated and showed a high coking
propensity (27 pg of coke /m? catalyst), HZSM-5 that was modified with
2 wt% P and steam treated at 800 °C showed almost no deactivation
during 130 runs with stable conversion of Cs aliphatics and high C,-C4
olefins selectivity with a much lower coke deposition of 8 ug/m?

Finally, the studied catalytic process constitutes a sustainable alter-
native process for plastic waste valorization since it leads to about an
order of magnitude (0.3 versus 3.1 kg CO2-eq./kgplastics) lower envi-
ronmental burden than the current practice of incineration. In addition,
it constitutes an excellent paradigm of circular economy by closing the
carbon balance upcycle: plastic wastes are transformed to fresh building
blocks (i.e. HVC) which can further be used for new polymers produc-
tion, while this cycle can (theoretically) be repeated numerous times,
hence avoiding downcycling issues observed in mechanical recycling.
Future investigations should be directed to study the techno-economics
and scale-up of the presented single-step process to benchmark it against
steam cracking of pyrolysis-derived liquids.
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