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Abstract

Catalytic pyrolysis of plastic wastes is a promising way for their conversion into valuable
products. By modulating the catalyst properties and operating conditions, it is possible to
direct the product distribution to obtain oils that may be suitable both as fuels and as
chemicals. However, the efficient and safe removal of the halogens, often contained in
plastic wastes, remains as a great challenge. In this work, the catalytic behaviour of ZSM-
5 zeolites in the pyrolysis of a real chlorinated plastic waste of the electric and electronic
equipment sector (WEEE), consisting of PE with about 3.4% of PVC, was investigated.
To that end, three zeolite samples with different acidity and accessibility were synthesized
and assayed. A thermal pre-treatment was applied to the plastic waste at 350 °C, which
allowed a chlorine removal of 87 % from the WEEE feedstock. The pyrolysis tests were
carried out in a downdraft fixed-bed stainless steel reactor, with a catalyst/feedstock ratio
of 0.2, at temperatures of 600 °C and 450 °C in the thermal and catalytic zones,
respectively, of the reaction system. In comparison with thermal pyrolysis, that mainly
produced waxes, the product distribution changed considerably by contacting the
pyrolysis vapours with ZSM-5 zeolites, leading to a strong enhancement in the yield of
oil and gases. The largest yield of oil (about 60 wt.%), having a concentration of
monoaromatics (mainly BTX) above 50 wt.%, was attained over the desilicated ZSM-5
sample. Regarding chlorine distribution, about 90 % was accumulated in the char fraction,
probably captured by the inorganic components present in the raw WEEE waste. Coke
was the second fraction in terms of Cl concentration, followed by wax and oil, whereas
this halogen was almost not detected in the gases. The lowest concentration of Cl in the
oil was attained with the desilicated zeolite, with a value below 90 ppm, which could

facilitate the subsequent processing of this stream in refinery units.
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1. Introduction

Within the current problem of the management of plastic wastes, those coming from
electrical and electronic devices (e-wastes or WEEE) are becoming of increasingly
concern. The consumption of this type of equipment has augmented significantly in recent
years as they contribute to high standard of living and their large-scale production makes
them affordable to a large part of society. However, they are usually short-lived products,
hence, they quickly turn into wastes that are featured by a high heterogeneity and

complexity, which add further challenges to the current waste management systems [1,2].

Current options for the management of plastic wastes include mechanical and chemical
recycling, incineration and, as final option, disposal to landfills [2—4]. In fact, future
schemes are being approved in many countries to reach zero-landfilling systems. Within
chemical recycling, pyrolysis has been widely explored as an interesting alternative to
produce fuels and/or other valuable chemicals from those plastics that cannot be
mechanically recycled. Pyrolysis involve the thermal decomposition of plastics in
absence of oxygen at temperatures in the range of 400-600 °C, typically producing up to
four fractions: gas, liquid (oil), wax and a carbonaceous solid (char). Optimising the
reaction conditions, and in the presence of a catalyst (catalytic pyrolysis), the yield of oil
can be maximised. The role of the catalyst is twofold: a) to boost the cracking reactions,
allowing a higher depolymerisation of the feedstock and b) to drive the reaction system
towards the formation of valuable compounds (e.g. monoaromatics) [3]. Among the
catalysts investigated up to now, zeolites exhibit excellent performance due to their
unique acidity and pore architecture [5,6]. In particular, ZSM-5 zeolite is recognised as
one of the most remarkable catalysts due to is high cracking activity and relatively low

coke generation [6,7].

Both porosity and acidity of ZSM-5 can be modified to modulate their activity, selectivity
and resistance to deactivation. ZSM-5 zeolite possesses the MFI framework, having 10-
membered rings and sinusoidal and straight intersecting channels with about 5.5 A size.
Such a micropore dimension is beneficial in terms of preventing deactivation by coke
deposition and promoting the production of pyrolysis oils formed by light components.
However, bulkier molecules typically present in plastic primary pyrolysis vapours cannot
access to the active sites located in such micropores, hence, their conversion is limited to
the external surface of the zeolite. In this regard, the development of hierarchical zeolites,

with bimodal micro- and mesoporosity, has been a breakthrough in the field of polymers



cracking [5,8,9]. In particular, hierarchical ZSM-5 has revealed enhanced performance in
the catalytic pyrolysis of polypropylene [8] and polyethylene [10—12]. On the other hand,
the population and coordination of Al atoms in the MFI structure affect the strength and
types of the zeolite acid centres (Lewis or Brgnsted), having an important impact on the

cracking activity [12,13].

One of the most commercially used polymers is PVC, whose high chlorine content (about
57 wt.%) represents a strong challenge for the viability of pyrolysis as valorisation route.
Thus, oils produced by pyrolysis of PVC-containing plastics usually present a variety of
chlorinated compounds, which make their use and further processing very difficult.
Thermal decomposition of PVC occurs according to two characteristic stages: i) low-
temperature dehydrochlorination of the polymer forming HCI and polyene chains and ii)
high temperature decomposition of the latter producing gases, oil, wax and char. On the
contrary, other plastics (PE, PP, PS) usually undergo thermal decomposition in a single-
stage process [14,15].

A number of research works have been published about the pyrolysis of PVC-containing
plastic mixtures [16-22], focusing their efforts on understanding the thermal degradation
mechanism [16,18]. Besides, other articles have investigated the mass yields of the
different products, concluding that the product distribution greatly depends on the
operating conditions and, in particular, on the polymers mixture composition [15,21,22].
However, just a few works have studied the chlorine distribution among the pyrolysis
products, showing that not all the Cl is removed in the form of HCI [19-21]. In this regard,
Miskolczi et al. investigated the thermal pyrolysis of plastic waste mixtures of
HDPE/PP/PS with PVC, concluding that the CI content in the oil increased considerably
with the PVC share (0.5-3 wt.%), reaching values over 2,000 ppm [21]. On the other
hand, Bhaskar et al. [19] reported that chlorine distribution among the pyrolysis products
varied strongly depending on the polymer mixture composition.

Therefore, pyrolysis of PVC-containing polymer mixtures produces oils with significant
concentrations of organochloride compounds, hence, a dehydrochlorination step would
be required before the oils can be commercially employed or processed in refinery units
[23]. In this regard, Bhaskar et al. claimed the production of highly dechlorinated oils
from a two-step thermal pyrolysis process of a simulated polymer mixture (PE/PP/PS)
that included 10 wt.% PV C, whereas the chlorine concentration in the liquid fraction from

a single-step pyrolysis was 390 ppm [20]. The impossibility to attain a chlorine-free oil



in single-step pyrolysis was attributed to the formation of chlorinated hydrocarbons by
reaction between the released HCI and the olefinic hydrocarbons produced from
PP/PS/PE. In a similar way, Ucar et al. achieved up to 98 % of dechlorination with a two-
step thermal pre-treatment (30 min at 250 °C, followed by 1 h at 350 °C) of a simulated
polymer mixture containing 5 wt.% PVC [23].

On the other hand, several materials, such as zeolitic catalysts [24-26], ordered
mesoporous materials [26], clays [27] and natural limestone [28] have been employed
for the catalytic conversion of PVC-containing plastic mixtures. Thus, Lin et al. [26]
explored the effect of operating conditions and catalyst type, such as zeolites (HZSM-5,
HUSY) or mesoporous materials (MCM-41), during the pyrolysis of a real post-consumer
polymers mixture (PE/PP/PS) containing 1 wt.% PVC. However, little attention has been
paid on the distribution of halogen compounds, typically present as additives (BFRs) or
as intrinsic composition of the polymer (PVC) during the pyrolysis process. In one of
these works, authors have evaluated the effect of ZSM-5 zeolite on the mass balances and
Cl distribution during different configurations of catalytic pyrolysis using simulated
PVC-containing plastic mixtures [25]. However, to the knowledge of the authors, there
are no examples of catalytic pyrolysis of real plastic waste (containing PVVC) employing
zeolites as, in which, apart from the mass balances and oil composition, the evaluation of

the ClI distribution has been investigated.

In this context, the current work investigates the catalytic pyrolysis of a real PVC-
containing plastic waste (WEEE), with special focus on the chlorine distribution among
the different products and, in particular, on its concentration in the oil fraction. Thereby,
the feedstock has been firstly subjected to a dehalogenation thermal pre-treatment
followed by a catalytic conversion step using a variety of ZSM-5 samples showing
different acid sites concentration and accessibility. The results obtained here demonstrate
that this combination is an efficient strategy for the production of an oil fraction with a
significant yield and having a Cl content low enough to be finally processed in refinery

units to produce both transport fuels and chemicals.



2. Materials and Methods
2.1. WEEE plastic sample

Waste plastic coming from the disposal of electric cables was supplied by R.Ed.EI. srl,
Italy. Prior to its utilisation, it was reduced in size and sieved to get particles in the range
0.5-1 mm.

2.2. Catalysts preparation

The syntheses of ZSM-5 zeolites were carried out using precipitated silica gel (SiO2 100
%, Merck) as silica source, tetrapropylammonium bromide (TPABr 98%, Fluka) as
structure directing agent, aluminium hydroxide (Al(OH)s 98%, Fluka) as Al source,
sodium hydroxide (NaOH 97 %, Carlo Erba Reagenti) and ultrapure water. The gel

composition was the following:
1 SiO2 - x Al203 - 0.08 NazO - 0.08 TPABr - 20 H20 1)

where the stoichiometric coefficient of aluminium (x) was varied to obtain Si/Al ratios
equal to 11 and 25 (0.044 and 0.020, respectively).

The detailed procedure applied for the synthesis has been reported elsewhere [29,30]. The
reactant mixture was stirred for 2 h at room temperature and then transferred to a Teflon-
coated stainless-steel autoclave where it was heated up to 170 °C in static conditions. The
crystallisation time depended on the value of x (8 days for x = 0.044 and 4 days for x =
0.020). After cooling down the reactor, the solid was recovered by filtration, washed with
distilled water and calcined in a tubular oven at 550 °C for 8 h (heating rate of 5 °C/min).
The resulting zeolite, with Na* as counter-ion, was ion-exchanged twice with an aqueous
solution of NH4ClI (1 M, pH = 5.5) at 80 °C for 2 h. The solid was then filtered and dried
overnight (90 °C). Finally, the zeolite in NH4"-form was thermally treated at 550 °C for 8
h (5 °C/min) to remove the ammonia and to obtain the final H*-form. The synthesised
samples were labelled as ZSM-5 (11) and ZSM-5 (25), according to their theoretical Si/Al

ratio.

For the synthesis of the hierarchical ZSM-5, the H*-form of ZSM-5 (25) was desilicated
by using a 0.1 M solution of NaOH [31]. This treatment was carried out under stirring
with a solution-to-solid ratio of 20 ml/g at 65 °C for 60 minutes. At the end of the reaction,

the suspension was filtered and the solid was ion-exchanged two consecutive times (1 M



NH4Cl, 80 °C, 2 h). Afterwards, the solid was calcined at 550 °C for 8 h (heating rate =5
°C/min) to obtain the H*-form of this material, named as ZSM-5 (25) Des.

Prior to the catalytic tests, all the prepared zeolites were pelletised, grinded and sieved to

obtain a particle size range of 180 — 250 um.
2.3. Dechlorination treatments

Pre-treated WEEE samples were obtained via thermal dechlorination in a downdraft
stainless-steel reactor (16 mm internal diameter and 400 mm length). About 5 g of plastic
were loaded inside the reactor and then the system was purged with nitrogen to ensure an
oxygen-free environment. Afterwards, the sample was heated up to 350 °C with a heating
rate of 10 °C/min, then keeping the final temperature for 30 min. The flow of nitrogen
was set as 50 ml/min during the whole procedure. The outgoing vapours were passed
through a condensation system refrigerated at 0-4 °C, consisting of a first flask to
condense the organics and a series of two water-containing flasks (2 x 100 ml) for HCI
solubilisation. The non-condensable gases were finally collected and quantified by means
of a closed water-containing column, in which the liquid was replaced by the gases and

accumulated in a graduated cylinder.

Apart from the thermal dechlorination pre-treatment, an additional experiment was
employed to elucidate whether inorganic chlorine (e.g. salts) is present in the raw WEEE
plastic. It was based on washing the raw plastic waste (WEEE) with MilliQ-H.0 at a
H>O/WEEE ratio of 20 ml/g of plastic. The mixture was stirred for 15 min plus 30 min in
ultrasonic bath. After that, the washing water was analysed by lon Chromatography (IC).

2.4. Plastic pyrolysis tests

Thermo-catalytic pyrolysis experiments were run in a downdraft fixed-bed stainless steel
reactor with thermal and catalytic zones independently heated by two electrical furnaces.
The schematic diagram of the experimental setup is reported elsewhere [32]. The internal
temperatures were monitored by two K-type thermocouples placed in the char bed
(thermal zone) and in the catalyst bed (catalytic zone). The two regions inside the reactor

were physically separated by metallic tubes/plates and quartz wool.

All reactions were carried out at 600 °C in the thermal zone, atmospheric pressure and,
by using a 100 ml/min nitrogen flow as carrier and purging gas. In the catalytic pyrolysis
assays, the catalyst-to-feedstock (C/F) ratio was equal to 0.2 and a temperature of 450 °C

was set on the catalytic zone.



Once the reactor reached the targeted temperatures, the sample was made to fall by
opening the feeding valve. The reaction occurred through the formation of solid char,
which was retained in the thermal zone, and primary pyrolysis vapours, that passed
through the catalyst bed (if any) before exiting the reactor. At the end of the reaction,
solid products (i.e., the char and the coke-containing catalyst) were independently
collected for further characterisation. Oil, wax and gaseous fractions were collected by
means of the condensation system and the water-containing column described in the

previous section, respectively.
2.5. Analytical techniques

Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) analysis was
applied to measure the Al content in the prepared catalysts, as well as the chemical
composition of the raw plastic ash. For the latter, the WEEE plastic was previously burned
in a static oven up to 900 °C in air flow, with a holding time of 30 min. For each ICP-
OES analysis, a known amount of solid sample was first digested in an acidic solution of
nitric and hydrofluoric acids (2:1 in volume), using an Anton Paar Multi-wave 3000
microwave. The obtained solution was then analysed employing a Perking EImer Optima

7300AD instrument, feeding 1.5 ml/min of sample in 15 ml/min of argon as carrier gas.

The crystallinity of the zeolite catalysts, as well as of the polymers in the WEEE sample,
was evaluated by powder X-Ray Diffraction analyses, employing a Philips X’Pert PRO
diffractometer (Cu Ko radiation A = 1.5406 A, 40 kV, 30 mA). All the spectra were
recorded in the 20 range of 5 — 70°.

The morphology of the zeolite particles was investigated by means of a Field Emission
Scanning Electron Microscopy (FE-SEM) model JEOL JSM-7900F (1.0-2.0Kv;
detectors: Lower Electron Detector (LED) and Upper Electron Detector (UED)).

The textural properties of the investigated catalysts were determined by nitrogen
physisorption at 77 K using an ASAP 2020 instrument from Micromeritics. Before the
analysis, each sample was degassed at 350 °C under vacuum for 6 h. The specific surface
area was estimated by applying the Brunauer, Emmett and Teller (BET) equation [33].
Both the microporous volume and surface area were calculated by the t-plot method,
using the Harkins and Jura equation [34]. The mesopore size distribution was determined
by applying the Barrett—Joyner—Halenda (BJH) model to the adsorption branch of the

isotherm.



Quantification of Brensted and Lewis acid sites of the catalysts was carried out by
adsorption of deuterated acetonitrile (CD3CN) on their surface followed by FT-IR
analysis in a Nicolet iS 10 — FTIR Spectrometer (Thermoscientific, USA), with 4 cm
optical resolution and a DTGS detector. For each measurement, about 25 mg of sample
was pressed into a disk of 1.3 cm radius and then heated at 400 °C (heating rate = 10
°C/min, holding time = 2 h) and outgassed up to 107 torr. CDsCN was subsequently
adsorbed on the activated sample at 30 °C for 30 min and the excess of basic probe was
finally removed by vacuum evacuation at 10 torr for 10 h [35,36]. The FT-IR spectra
were recorded in the range 4000 — 400 cm™ and analysed by deconvolution through Peak
Fit software, by using Gaussian curves and extinction factors of 2.05 and 3.60 cm/umol
to calculate the concentration of Bransted and Lewis acid sites at 2325 and 2297 cm™,

respectively [37].

Aluminium coordination in the zeolite samples was studied by 2’Al Magic Angle
Spinning solid state Nuclear Magnetic Resonance (MAS NMR) on a Bruker Avance IlI
spectrometer, supported with a 3.2 mm MAS probe, at 11.7 T. Spectra were recorded at
room temperature at 15 kHz MAS. RF fields of 50 kHz and 40 kHz were used for the 2’ Al
n/12 pulse, followed by 26 ms acquisition. The number of scans accumulated was 10240,
with a 1 s inter-scan delay. The 2’ Al chemical shift was externally referred to an aqueous
solution of aluminium nitrate. NMR spectra were analysed by deconvolution with
Gaussian functions, and the curve areas were used to estimate the ratio between

framework and extra-framework aluminium species.

The chlorine content in the raw and dechlorinated WEEE plastic, as well as in the
pyrolysis products, was determined by oxidative combustion in a calorimetric bomb
(AOD 1 Decomposition System by IKA), followed by lon Chromatography (IC),
according to DIN/EN 14582 and DIN 51527 standards. The IC chromatograph was a 30
Compact IC Flex from Metrohm having a Polyvinyl alcoholic with quaternary
ammonium groups column (Metrosep A Supp 7 - 150/4.0) as stationary phase and using

a sodium carbonate solution as eluent.

The ultimate analysis was performed on a Thermo Scientific FLASH 2000 CHNS/O

micro-elemental analyser. The oxygen content was calculated by difference.

TG, DTG and DSC curves of the raw WEEE and the pre-treated samples were performed
using a thermobalance (TA Instruments Q600 SDT) heating the sample up to 800 °C at



10 °C/min and maintaining this temperature for 10 min in nitrogen flow. Proximate
analysis, as well as the coke determination in the spent catalysts, were performed by using
the same thermobalance in air flow. Volatile matter was quantified from the weight loss
of sample heated from room temperature to 900 °C in Ar atmosphere (flow rate of 100
ml/min). The coke deposited on the spent catalysts was calculated from the weight change
of the samples after combustion up to 850 °C using an air flow of 100 ml/min and a
heating rate of 10 °C/min.

FT-IR analysis of raw and dechlorinated WEEE plastic was performed by using a Nicolett
6700 equipped with a diamond ATR crystal and a DTGS TEC detector. The spectra were
collected in 550 — 4000 cm™ range, with an optical resolution of 4 cm™, and by acquiring

64 scans.

The composition of the oil fraction was evaluated by PIONA analysis using a Gas
Chromatograph Agilent 7890A, equipped with a CP-Sil PONA CB GC Column (100 m,
0.25 mm, 0.50 pum) and a Flame lonisation Detector (FID). The samples were previously
diluted in carbon disulfide (1 wt.%) and the equipment was calibrated with a multi-

standard containing 360 different molecules in the range C4 — Cis.

Pyrolysis gases were analysed in a dual channel Agilent CP-4900 Micro Gas
Chromatograph, equipped with a Thermal Conductivity Detector (TCD) and using a He
flow and two separation columns: molecular sieve (Molsieve 5 A) and HayeSep A,
respectively. Besides, it was calibrated for different concentrations of Oz, Hz, CO, COy,
CHa, C2H4, C2Hs, CsHs, C3Hs, C4Hg, and C4Hio.

From the experimental weight of each fraction (i), total mass balances were closed on the

amount of plastic fed, according to the equation (2):
Mass yield; (%) = [Mass;(g)/ Plastic Fed (g)] * 100 (2)

For all the tests, the mass balances were closed over 95 %. High Heating Value (HHV)
was calculated according to an empirical correlation valid for solid, liquid, and gaseous

fuels, reported elsewhere [38].
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3. Results and discussion
3.1. Catalyst characterisation

A total of three ZSM-5 zeolite samples were synthesised and thoroughly characterised,
previous to their evaluation in the catalytic pyrolysis of the WEEE plastic waste. Two of
such zeolites were prepared varying the Si/Al molar ratio (11 and 25), in order to evaluate
the role of acidity in the overall catalytic pyrolysis process. The third sample was obtained
from ZSM-5 (25) by means of a desilication treatment to introduce some mesoporosity

in the intrinsically microporous zeolite.

Wide-angle XRD analyses (Figure 1A) revealed the characteristic pattern of MFI-type
zeolites, denoting both good crystallinity and without detectable proportions of
amorphous phase, even in the desilicated sample. ICP-OES analyses corroborated that
their Si/Al ratios were very close to that of the starting synthesis gel (Table 1). Just in the
case of ZSM-5 (25) Des, a slightly lower value was reached compared to that of the
parent zeolite due to the partial dissolution of the silica during the post-synthesis

treatment.

2T Al MAS NMR analyses were carried out for the three zeolites to check whether all the
aluminium was effectively incorporated in the zeolite framework. Figure 1B illustrates
the resulting spectra, together with the calculated proportions of Al as framework (Al'Y
at 54 ppm) and extra-framework (AIV' at 0 ppm) species [39,40], as well as the Full Width
at Half Maximum (FWHM) of Al'Y. As expected, most of the Al atoms are in the form of
tetrahedral sites incorporated into the zeolite structure, although for the three samples the
presence of a certain amount of extra-framework species is detected, which are probably
extracted during the calcination process. The proportion of extra-framework aluminium
(estimated as % relative area of the NMR peaks) increases with the Al content, following
the trend: ZSM-5 (25) (8.0 %), ZSM-5 (25) Des (11 %) and ZSM-5 (11) (17 %). The
FWHM value of the framework Al peak is also higher for the sample with the lowest
Si/Al ratio. This widening denotes changes in the T-O-T angles (T being Al or Si) and,
therefore, a higher heterogeneity in the tetrahedral aluminium environment. It is
remarkable that desilication induces structural changes in ZSM-5 (25), not only extracting
more aluminium species, but also leading to the highest distortion of the framework Al
environment, as denoted by the widest FWHM peak at 54 ppm.
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Figure 1. Wide-angle XRD patterns (A) and 2’Al MAS NMR spectra (B) of the ZSM-5
zeolites employed in the catalytic pyrolysis of WEEE. Within Fig. B the Full Width at
Half Maximum (FWHM) of Al'Y and the relative area of the NMR peaks are given.

N2 adsorption-desorption isotherms determined at 77 K, as well as BJH mesopore size
distributions, are shown in Figure 2. In addition, Table 1 summarizes the main textural
properties calculated from them, with values of Sget typical of MFI zeolites (about 400
m?/g). Desilication by alkaline treatment of ZSM-5 (25) zeolite induces a significant
change in the shape of the isotherm, enhanced adsorption appearing at intermediate-high
relative pressures. Moreover, a wide hysteresis loop, with almost parallel adsorption and
desorption branches, can be observed for sample ZSM-5 (25)_Des, which is typically

associated to open mesopores on the outer surface [41]. This fact is also reflected in the
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BJH pore size distribution that evidences the presence of non-uniform mesopores with
sizes in the range 50-200 A and by the increase in the external/mesopore surface area.
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Figure 2. N2 adsorption-desorption isotherms at 77 K (A) and BJH mesopore size
distribution (B) of the ZSM-5 zeolites employed in the catalytic pyrolysis of WEEE.

Table 1. Textural properties and Si/Al ratios of the ZSM-5 samples.

Si/AlI2

SBET®  Smic® Sext-mes®  Viot® Vmic® Vext-mes®
sample (momop) (F19) (MP/G) (melg) (emg) (emg)  (cmPlg)
ZSM-5 (11) 10.9 399 312 87 0.201 0.121 0.080
ZSM-5 (25) 23.6 418 283 135 0.233 0.114 0.119
ZSM-5 (25)_Des 21.7 407 241 166 0.281 0.099 0.182

@ Determined by ICP-OES.
b BET specific surface area. ©

Calculated by t-plot method.

d Estimated at p/po = 0.98. ¢ Calculated by difference, Viot - Vimic.
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The effect of desilication applied to ZSM-5 (25) zeolite as generator of a secondary
porosity was also corroborated by means of Scanning Electron Microscopy. As it can be
seen in Figure 3, both the parent and desilicated zeolites are formed by spheroidal
aggregates of interconnected crystals with the typical MFI coffin-shaped morphology.
The voids existing within the aggregates of crystals may contribute with some
mesoporosity in all samples, as observed in the textural properties of Table 1, this effect
being more pronounced for the desilicated ZSM-5. At higher magnifications, some
differences between both samples become evident in the SEM images. Thus, the crystals
of the parent ZSM-5 (25) have a smooth external surface, while those of the desilicated
zeolite show some roughness due to the partial dissolution of framework Si species.

Figure 3. SEM images of ZSM-5 (25) and ZSM-5 (25) Des zeolite samples at different

magnifications.

In addition to textural properties, the acidity of the three zeolites was examined. In
particular, the proportion of Lewis and Brgnsted acid sites was determined by means of
FT-IR analysis of the acetonitrile preadsorbed on the surface of the zeolites. The resultant
values are presented in Table 2, while the FT-IR spectra and the deconvoluted curves are
included in the Supporting Information (Figure S1). As expected, the highest total
concentration of acid sites corresponds to ZSM-5 (11) and the lowest to ZSM-5 (25).
However, both types of acidic sites do not keep proportionality between the samples, but
Lewis ones increase to a greater extent at lower Si/Al ratios, which is consistent with the
concentration of extra-framework Al species detected by 2’ Al MAS NMR, in ZSM-5 (11)

14



higher than in ZSM-5 (25). It is remarkable that the desilicated zeolite exhibits the largest
amount of Bregnsted acidity. Despite there is an decrease in the Si/Al ratio and a higher
percentage of extra-framework Al of this sample, they do not seem to fully justify the
sharp increase in the Brgnsted acidity. In this sense, an increase of Brgnsted acidity has
been reported previously and attributed to a partial reinsertion of previously extracted Al
into zeolite framework positions close to the vacancies generated during desilication and,

therefore, having a higher accessibility [41].

Table 2. Bransted and Lewis acidity of the ZSM-5 zeolite samples.

Sample ZSM-5 (11) ZSM-5 (25)  ZSM-5 (25)_Des
Bronsted AS (umol/gcar) 488 378 523
Lewis AS (umol/gcaT) 253 95 154
B/L ratio 1.93 3.98 3.4
Total AS (umol/gcarT) 741 473 678

3.2. Properties of the raw and pre-treated WEEE waste

Firstly, in order to determine whether inorganic chlorine was present in the raw WEEE
plastic, it was washed with H>O-MilliQ. lon Chromatography (IC) analysis of the
washing-water showed an almost negligible ClI concentration (about 8 ppm of Cl referred
to the weight of the plastic waste). This result reveals that the WEEE sample was not
exposed to density separation methods using aqueous Cl salt solutions neither

contaminated with any inorganic Cl source.

Once discarded the existence of inorganic chlorine in the WEEE sample, the effect of
thermal dechlorination pre-treatment on the composition, structure and thermal properties
of WEEE was assessed.

Figure S2 illustrates the XRD analyses of the WEEE plastic and that corresponding to the
pre-treated feedstock. The peaks centred at 260 of 22°, 24° and 36° correspond to the PE
inter planner spacings of 4.132, 3.707 and 2.481 A, respectively, which fit to the (110),
(200) and (020) lattice planes. These data indicate that the WEEE waste contains
crystalline PE with orthorhombic structure [42]. In addition, a broad band centred at 20 =
20.4° denotes also the occurrence of amorphous PE phases [43]. According to literature,
PVC shows XRD peaks at 20 = 17° and 24.5°, but they are hardly distinguished in Figure
S2 as they overlap with signals of the PE polymer, which is predominant in the WEEE
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waste. Moreover, no significant differences can be appreciated between the XRD patterns
of the WEEE feedstock before and after the thermal pre-treatment at 350 °C, indicating
that the latter does not affect to the ratio of crystalline/amorphous phases in the PE

polymer.

Proximate and elemental analysis of both raw WEEE and pre-treated samples were
performed to determine their chemical composition, which are summarised in Table 3.
Proximate analyses of the samples were pretty similar, as both materials lose about 97 —
98 wt.% of volatiles with a remaining ash content below 3 wt.%, which corresponds

probably with inorganic additives incorporated to the polymers.

Table 3. Proximate and ultimate analyses of raw and thermally dechlorinated WEEE.

Proximate Analysis (wt.%0) Elemental Analysis (wt.%0)

Trace ., HHV
metals® (MJ/kg)

Sample  Volatiles® FixedC®> Ash/ C H N CI

Raw 1.95
WEEE 97.2 0 2.8 [78.0 13.3 0.0 +0.48 09 40 424
Pre-treated 0.26
WEEE 97.6 0 24 182.0 141 0.0 +0.04 09 12 451

2 Quantified by TGA at 900°C in Ar; ° Calculated by difference; ¢ Measured by combustion in a muffle
furnace at 900°C; ¢ Analysed by AOD/IC; ¢ Measured by ICP-OES of ashes.

Regarding the ash composition of WEEE sample, Table 4 summarizes the main elements
that were detected, showing that the feedstock contains significant amounts of Ti, Si and
Ca, followed by Cu, Al, Na, Mg and Zn. These inorganic components can be related
mainly to the incorporation of fillers and additives (such as TiOz, SiO, and CaO) to the
polymers for improving their properties. Nevertheless, contamination of the plastics

during their use can also contribute to some of these inorganic species.

Table 4. ICP-OES analysis of ash from WEEE plastic sample.

Trace Metal Concentration (ppm) | Trace Metal  Concentration (ppm)
Ti 3,360.1 Zn 117.9

Si 2,041.0 Sn 82.7

Ca 2,020.5 K 58.6

Cu 5715 Fe 49.9

Al 372.8 B 48.3

Na 263.5 P 46.6

Mg 168.3 Pb 34.5
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The CI content of the WEEE sample, measured by AOD-IC (Table 3), was 1.95+0.48
wt.%, which is assumed to arise mainly from the presence of PVC in the WEEE plastic
(with a proportion at about 3.44+0.85 wt.%), the remaining polymer corresponding to PE.
The relatively large standard deviation in the determination of the Cl content can be
assigned to the high heterogeneity of the raw plastic waste even after milling. Regarding
the pre-treated sample, its Cl content was reduced significantly reaching a value of
0.2620.04 wt.% of CI. This result would correspond with about 87 % efficiency in the
removal of Cl during the thermal pre-treatment. However, this number should be assessed
carefully, as it implies that the pre-treated WEEE feedstock still contains a relatively high
concentration of Cl (0.26 wt.%, i.e. 2,600 ppm), hindering its further processing. This
finding agrees well with previous literature works that also identified the Cl presence after
mild thermal treatment of PVC-containing materials [28,44-46]. Thus, McNeill et al.
suggested that a small amount of hydrogen chloride could be retained by the polymer
once polyenes are present giving rise to chlorinated hydrocarbons [47]. On the other hand,
different authors have suggested that PVVC can suffer photo-oxidation during its lifetime
[48,49], leading to the formation of oxygenated Cl-containing groups (photoproducts),
such as acyl chloride, B-chlorocarboxylic acid, o,d-dichloro ketone and B-chloro
anhydride [49]. These species could be responsible for the remaining Cl in the pre-treated
material. In this way, the presence of oxygen (4.0 and 1.2 wt.%) in both raw and pre-
treated samples could be considered an indication of the photo-oxidation suffered by the
polymers (PE and PVC) contained in this real WEEE plastic waste during their lifetime

(as cables).

Figure 4(A) displays the TG/DTG analyses of both the raw WEEE plastic and the pre-
treated sample under inert atmosphere. The occurrence of a peak at about 284.4 °C in the
DTG curve of the raw plastic waste is a clear indication of the PVC presence, being
originated by the release of HCI. From several repetitions of the TG measurements, an
average weight loss between 200 and 350 °C of 3.36+0.9 wt.% has been obtained, which
would correspond to a PVC content in the raw WEEE of 5.8£1.5 wt.%. Although this
value is somewhat higher than that obtained from the AOD-1C measurements (3.44+0.85
wt.%), it can be considered a reasonable result taking into account the great heterogeneity
of the raw plastic waste and the small amount of sample (10-20 mg) employed in the TG
tests. Moreover, elimination of additives and oxygenated compounds generated by

photo-oxidation processes can be interfering during this weight loss stage at temperature

17



below 300°C. Pan et al.[50] detected also other compounds (e.g. 1,3-butadiene or
benzene) released at this temperature range from PVC, leading to an overestimation of
the PVC content. Accordingly, for the rest of the work, the Cl (and PVC) contents

estimated from the AOD-IC analyses have been considered as more accurate.
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Figure 4. Thermal characterization of raw WEEE (black solid) and pre-treated (red dash)
feedstocks under inter atmosphere: TG and DTG curves from thermogravimetric analysis

(A) and Heat Flow from differential scanning calorimetry (B).

According to the literature, the second step of PVC thermal decomposition occurs
between 400 and 520 °C trough the cracking of C—C bonds in the remaining polymeric
solid. However, this transformation cannot be distinguished in the TG curve of Figure 5
as it overlaps with the PE decomposition [44,51,52]. Thus, the peak maximum of this step

for both samples is placed at around 477-480 °C, which matches well with the PE thermal
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cracking [53]. On the other hand, the pre-treated feedstock does not show any relevant
weight loss below 400 °C, which, a priori, would suggest that a high dechlorination degree
has been achieved during the pre-treatment. These differences between raw and pre-
treated plastic sample are also appreciated in Figure 4(B). In this sense, the endothermal
degradation of the PVVC and the release of HCI can be clearly observed in the raw sample
spanning a range of temperatures between 275-375 °C. This signal is practically absent
in the pre-treated plastic waste, denoting again that no PVC fragments remains in this

material.

Figure 5(A) displays the FT-IR analyses of both raw WEEE and thermally pre-treated
samples. Both spectra are almost a copy of the fingerprint of PE (as it represents > 95
wt.% of the raw sample), showing the absorption bands corresponding to C-H stretching
at 2849 and 2916 cm™, CH; bending at 1472-1462 cm™, CH; rocking at 730-717 cm?,
and a small band at 1379 cm™ related to CHs bending. Most of the bands associated to
the C-ClI stretching (840-637 cm™) in pure PVC [54] are not obvious in the raw WEEE
sample due to the small share of PVC. The absorbance band at 1726 cm™ detected in the
inset of FT-IR spectra of the raw WEEE residue is observable in the spectra of
commercial PVC resins [55,56]. It is usually attributed to hydrogen bonded C=0 groups
of different acrylic processing aids used as promoters to modify PVC properties
(plasticisation, fusion temperature, melt rheology modification or lubrication, among
others). However, such band fully disappears after thermal pre-treatment of the sample,
in agreement with the reduction observed in the oxygen concentration of the pre-treated
sample. On the other hand, the inset in FT-IR spectra of the pre-treated sample shows that
a small signal at 1625-1650 cm™ emerges, which could be ascribed to the C=C bonds

formed as a consequence of dechlorination of PVC [56].

In order to discern with more clarity the changes in P\VVC composition induced by the pre-
treatment, particles identified in the raw WEEE waste as being mainly composed by this
polymer were manually separated and analysed by FT-IR before and after the thermal
pre-treatment (Figure 5(B)). The main absorption bands in the raw sample agree rather
well with those of pure PVC [46,56,57], demonstrating that the isolated particles mainly
consists of this polymer. After the thermal pre-treatment most of the bands associated to
the presence of chlorine disappear, including those at 2970 cm™ (C-H stretching of CHCI)
and 1255 cm (C-H deformation of CHCI). In addition, other typical bands of PVC, not
directly related with chlorine, such as 1100-1070 cm™ (C-C stretching) and 966 cm™ (CH:
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rocking), disappear, whereas a new band at 1625 cm™ (C=C bond stretching) arises due
to the formation of vinyl groups during the PVVC dechlorination [46]. On the other hand,
the band attributed to hydrogen bonded C=0 groups (1726 cm™), arising mostly from
PVC plasticisers, is more noticeable than in the raw WEEE, being also fully disappeared
after the thermal pre-treatment [56,57]. Furthermore, the PVC-containing sample before
and, especially after the thermal treatment, shows also a broad band at = 3500 cm™ due
to the ambient hydration of the sample [57].
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Figure 5. FT-IR spectra of raw WEEE and pre-treated feedstocks (A), and of particles

intentionally isolated from raw and pre-treated mainly composed of PVVC (B).
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3.3. WEEE catalytic pyrolysis tests

The three ZSM-5 samples were tested as catalysts for the conversion of the WEEE plastic
using an ex-situ configuration, in which the plastic is first thermally decomposed in the
upper part of the reaction system and the so generated vapours are then passed through
the zeolite bed, being catalytically upgraded. The temperatures selected for the
thermal/catalytic zones were 600 and 450 °C, respectively. In addition, a pure thermal
test, with no catalyst, was performed as reference. The following product fractions were
collected: char (solid product remaining in upper part of the reactor), coke (carbonaceous
residue deposited on the catalyst), wax (solid fraction recovered at the exit of the reactor),

oil (liquid phase recovered by condensation) and gases.

The product distribution per fraction obtained in these tests is represented in Figure 6. In
all cases, the char yield was very similar (about 8 — 9 wt.%), which is an expected result
as this fraction is accumulated in the thermal zone of the reactor, i.e., before entering into
contact with the catalyst. In the thermal test, the largest product corresponded with the
wax fraction, whereas just minor amount of oil and gases were generated. Wax is assumed
to be formed by a random cracking mechanism occurring at any point in the polymeric
chains [5]. This product distribution sharply changed in the presence of the ZSM-5
catalysts that led to a strong enhancement in the yield of oil and gases. Moreover, for two
of the samples (ZSM-5 (25) and ZSM-5 (25) Des), the wax fraction completely
disappeared, denoting the high activity of these materials for further cracking long-chain
hydrocarbons into lighter components. Nevertheless, a significant proportion of wax
(about 30 wt.% yield) was still present among the catalytic pyrolysis products when using
the ZSM-5 (11) sample. This result indicates the lower activity of this sample, which can
be assigned to a combination of factors, such as its higher content of extra-framework Al
species and its higher share of Lewis acid sites, which are expected to exhibit lower
intrinsic cracking activity in comparison with the Brgnsted acidity. Moreover, this sample
iIs more prone to coke formation and, therefore, to suffer catalyst deactivation. On the
other hand, a remarkable result is that the oil becomes the predominant phase for the other

two zeolite samples, reaching yields over 60 wt.%.
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Figure 6. Thermal and catalytic pyrolysis of pre-treated WEEE: product distribution per
fractions. Reaction conditions: 600/450 °C (thermal/catalytic zone); C/F ratio = 0.2.

Figure 7 provides the yield of the different components, mainly hydrocarbons, detected
in the gaseous stream. Minor amounts of CO2 and CO are present in the gases, which is
consistent some oxygen still remaining in the pre-treated plastic waste, whereas hydrogen
Is produced in very low amounts, and mainly in the catalytic tests as the ZSM-5 zeolite
promotes dehydrogenation reactions. Nevertheless, the highest impact derived from the
presence of the catalysts is noticed in the formation of light hydrocarbons, inducing a
sharp increase in the yield of both gaseous olefins and paraffin yields, due to the extension
of end-chain cracking reactions [5,58]. In contrast, the production of methane is little
affected, showing that the latter is formed mainly by thermal processes. ZSM-5 (11) leads
to lower yields of both light olefins and paraffins compared to the other two zeolite

samples, confirming the lower cracking activity of the former.
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Figure 7. Thermal and catalytic pyrolysis of pre-treated WEEE: mass yield of the gaseous
products. Reaction conditions: 600/450 °C (thermal/catalytic zone); C/F ratio = 0.2

Figure 8(A) illustrates the whole product distribution of hydrocarbons, in terms of
selectivity, for the two zeolite catalysts showing the highest activity. Very similar profiles
are obtained in both cases, consisting of a bimodal distribution with two peaks. The first
one is placed at Cz— C4, being related to end-chain cracking reactions catalysed mainly
by the strong Bransted acid sites of the ZSM-5 zeolites. The second peak is observed at
Cs, with a significant share also of Cs and C7 hydrocarbons. Based on previous works of
polyolefin catalytic cracking [5,58,59], Ce — Cg components can be related with the
occurrence of secondary transformations of the light olefins produced in the primary
cracking reactions that, subsequently, undergo the
oligomerisation/cyclisation/aromatisation pathway. This is confirmed by the PIONA
analyses of the oil fraction (Figure 8B), which denote that aromatic hydrocarbons are by
large the major components of the liquids obtained by catalytic pyrolysis of the WEEE
plastic waste. Thus, the content of mono-aromatic hydrocarbons (mainly BTX) in the oil
fraction is over 50 wt.% for both zeolites. This is a remarkable result as these compounds
can be used for the formulation of gasoline-range fuels due to their high RON number, as
well as raw chemicals. This last option would be of high interest as it would imply the

chemical recycling of the plastic waste instead of just energy recovery.
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Since the plastic feedstock still contains a significant amount of CI (about 0.26 wt.%)
even after the pre-treatment at 350 °C, an important fact is how this halogen is distributed
among the different fractions of the pyrolysis process. In this way, it must be noted that
the presence of Cl concentrations in the oil over 100 ppm may preclude the further feeding
and processing of this fraction in refinery facilities. Accordingly, the halogen content of
all the pyrolysis fractions has been quantified by AOD-IC technique, the results so
obtained being summarised in Table 5. The overall Cl mass balance is closed in the range
91.4 — 117.7 %, which can be considered a relatively accurate result taking into account
the heterogeneity of the raw plastic waste, formed by a mixture of PE and PVC, which
leads to a significant dispersion in the determination of its Cl content. In all tests, the char
fraction accumulates most of the chlorine, which may be related to the presence of some
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inorganic components, like Ca-containing compounds, that are known to be able of
forming the corresponding chlorides. The next fraction in terms of Cl content is the wax,
followed by the oil and, finally, the gases. In fact, the Cl detected in the gases as HCI is
practically negligible. In this way, it must be taken into account that, during the thermal
pre-treatment applied to the feedstock, a large part of the ClI originally contained in the
raw plastic waste has been already removed as HCI.

Table 5. Cl distribution in the pyrolysis fractions determined by AOD-IC (referred to the

average Cl content of the pre-treated WEEE plastic waste).

Cl Balance (wt.%)

Sample

Wax Qil GasP Char Coke Total
Thermal 5.2 0.0% 0.2 93.9 0.0 99.3
ZSM-5 (11) 14.4 8.7 0.1 91.6 2.8 117.7
ZSM-5 (25) - 4.5 0.1 91.3 2.9 98.8
ZSM-5 (25)_Des - 1.7 0.2 85.2 4.3 91.4

2No oil was recovered.
b Chlorine in the gases, collected in water traps.

The relative concentration of Cl in the different fractions is represented in Figure 9. Char
presents Cl concentrations above 20,000 ppm, showing a significant variation among the
experiments, which can be again assigned to the great heterogeneity of the raw plastic
waste. The following fraction in terms of CI concentration is the coke deposited on the
catalyst, the highest value being observed for the desilicated zeolite. This finding suggests
that the presence of mesoporosity in this material favours the trapping of bulky CI-
containing species, which in contrast is more difficult to take place on the other two
zeolites. The rest of the Cl is distributed between the wax and the oil fractions. In the last
case, remarkable differences are observed between the three zeolite samples, the lowest
value being obtained over ZSM-5 (25) Des, which can be related to the good
performance of this material for trapping Cl-containing species within the carbonaceous
matter deposited on the catalyst. As a consequence, the oil produced with this sample
shows a CI content below 100 ppm, which is the limit usually imposed by refineries to

process this type of streams.
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The picture coming from these results is that the Cl remaining in the WEEE plastic waste
after the thermal pre-treatment is released during the pyrolysis process mainly in the form
of bulky Cl-containing species that, therefore, tend to be accumulated in the heavier
fractions, such as char and coke. Moreover, if any HCI is formed during the pyrolysis
process, it should be fast captured by the mineral matter contained in the char, hence
almost no HCl is detected in the produced gases. Finally, the oil dechlorination degree of
the ZSM-5 zeolites seems to be directly related with their external/mesopore surface area

since it may favour the trapping of the bulky Cl-containing compounds.
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Figure 9. Thermal and catalytic pyrolysis of pre-treated WEEE: Cl concentration in the
different fractions. Reaction conditions: 600/450 °C (thermal/catalytic zone); C/F ratio =

0.2

4. Conclusions

The thermochemical processing of a real chlorinated plastic waste from the electric and
electronic equipment sector (WEEE) into valuable products has been evaluated by
catalytic pyrolysis over ZSM-5 zeolites. This waste comes from the recovery of electric
cables and consists of a PE/PVC mixture (about 3.4 wt.% PVC) in addition to both
organic and inorganic additives.

The effectiveness of the WEEE feedstock thermal pre-treatment herein employed (350
°C for 30 minutes) was evaluated, resulting in a chlorine removal of 87% in the form of
HCI, which also caused a significant reduction in its oxygen content. It is envisaged that
the possible photo-oxidation suffered by the WEEE plastic wastes during their lifetime
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could hinder to reach a total dehydrochlorination of the feedstock during this mild thermal
pre-treatment.

The pre-treated sample was pyrolysed in a downdraft fixed-bed reactor to evaluate the
catalytic performance of three ZSM-5 zeolite samples showing different properties in
terms of acidity and accessibility. Thermal pyrolysis produces mainly waxes, while the
catalytic tests using the ZSM-5 samples significantly altered the products distribution,
allowing the conversion of the wax fraction into oil and gases. The desilicated ZSM-5
sample exhibited a convenient combination of acidity and accessibility, thanks to the
additional mesoporosity created by the desilication post-treatment, being the material
producing the largest oil yield (about 60 wt.%). Interestingly, the concentration of
monoaromatics (mainly BTX) in this oil was over 50 wt.%, opening the way for its use
in the formulation of raw chemicals in addition to fuels.

The chlorine distribution in the pyrolysis products was assessed in detail as the pre-treated
WEEE feedstock still contains a significant amount of Cl (about 2,600 ppm). About 90%
of the Cl is retained in the char fraction probably due to the presence in the ash of
inorganic components that may act as halogen traps. Moreover, a relatively high
concentration of Cl is also detected in the coke deposited on the catalyst, followed by the
wax and oil fractions, whereas almost no chlorine is detected in the gaseous fractions.
These results suggest the presence of heavy Cl-containing compounds. The lowest
concentration of Cl in the oil was attained with the desilicated zeolite, with a value of 88

ppm, affording its further upgrading and processing in refinery units.
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