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High impact polystyrene (HIPS) is a two-phase polymeric material that consists of a free polystyrene (PS)
matrix and rubber particles. HIPS occupies a substantial portion of plastic waste. Even though HIPS waste
could potentially be employed as an efficient feedstock for the recovery of the styrene monomer via
pyrolysis, several challenges must be overcome first, like the low styrene yield (<50%) and the generation
of char due to the presence of rubber. To tackle these challenges, a green fractionation process using
ethyl acetate (EtOAc) as an efficient solvent to separate rubber from the free PS matrix in HIPS is envi-
sioned, which is carried out under mild conditions. The subsequent pyrolysis of the fractionated sample at
300 °C led to a 20% increase in styrene selectivity compared to the pyrolysis of untreated HIPS. Moreover,
the revalorization of the rubber particles was accomplished by ethenolysis metathesis, in which after 4 h
at 100 °C, polybutadiene was split to produce 1,5-hexadiene as a major product (60% yield) and isolated
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1. Introduction

Plastics are among the most commonly used materials in
modern society, with their production rapidly increasing during
the past decades from 2.3 million tons in 1950 to 367 million
tons in 2020." As a consequence, the amount of plastic waste
keeps rising: in Europe alone, 29.5 million tons of plastic post-
consumer waste are collected yearly.* Since recycling rates remain
low, a sizeable fraction of all plastic waste ends up in landfills, or
is simply discarded in nature,® with about 8 million tons of
plastic waste ending up in the oceans each year.?

It is easy to understand why plastics are a major environ-
mental concern, since their accelerated growth has such a
severe negative impact. Among the variety of plastic waste gen-
erated, a large fraction originates from polystyrene-based
materials,® as they represent around 7% of the global plastic
market share.” Within the types of polystyrene (PS), high
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PS, which was further thermally degraded, achieving a styrene selectivity of 70%.

impact polystyrene (HIPS) corresponds to 30-40% of the world-
wide PS production, finding applications in packaging, con-
tainers, appliance parts, household items and electronic
equipment.®*™? Actually, the waste produced by electronic
equipment, known as “waste electrical and electronic equip-
ment” (WEEE), reached 59 million tons by 2022, with HIPS
representing 42% of all WEEE.">'* Current valorization tech-
niques for polyolefins (including PS) involve pyrolysis reac-
tions, perhaps the most common approach,'® metathesis reac-
tions, like ethenolysis,'® hydrogenolysis over metal catalysts,"”
hydrocracking over bifunctional catalysts,'® among others.
However, in all of these systems, there is still room for growth
and further upgrading before industrial implementation."”
HIPS is a two-phase material consisting of a free polystyrene
matrix and rubber particles, which contain micron-sized polybu-
tadiene (PB) particles (3-10 wt% of the total material), sur-
rounded by covalently grafted PS."*"** The role of the PB particles
is to enhance the mechanical properties of the polymer (a
method known as rubber toughening), which provides the HIPS
with higher impact strength, elongation at break, and fracture
toughness. Moreover, the improved polymeric material also
shows a different behavior under heat, light, and irradiation.>*
Due to the high PS content in HIPS, this waste stream could be
considered as an obvious feedstock to recover the styrene
monomer in a closed-loop process. However, in almost all efforts
to thermally recycle HIPS, the styrene selectivity and yield are
lower than in the thermal degradation of pure PS samples.>® >

This journal is © The Royal Society of Chemistry 2024
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This can be attributed to the presence of the PB particles, which
contribute to the formation of char nuclei during the thermal
degradation process and affect the thermal decomposition
mechanism, decreasing in turn the styrene yield.>>>> A possible
solution to this problem could be the separation of the rubber
particles from the free PS matrix before the pyrolysis process. In a
lab context, such fractionation can be carried out employing the
Ruffing technique. In this method, HIPS is dissolved in toluene,
mixed at 60 °C for two hours and centrifuged at the same temp-
erature for one hour.’® It is important to note that the Ruffing
technique is in fact an analytical technique and it would, most
likely, not be suitable for potential large scale applications.
Besides the Ruffing technique, additional methods have been
developed,®**° some of them employing high temperatures
(210 °C),*” others, large amounts of solvents (mixtures of toluene/
methyl ethyl ketone),*® high centrifugation speeds (20 000-27 000
rpm, 70 min) and/or low temperatures (=17 °C).>* However, the
harsh conditions of these processes, in addition to the use of
non-green solvents, also render them inapplicable in potential
large scale applications.

Moreover, even after the fractionation, a crucial consider-
ation is how to valorize the rubber particle fraction. In this
sense, ethenolysis, defined as cross metathesis with ethylene,
is a 100% atom efficient, green reaction, which can be per-
formed at relatively low pressure and temperature. It can be
used to split long unsaturated carbon chains or to produce
a,0-dienes from cyclic olefins.”* Ethylene can be produced
from ethanol, which can be obtained from biomass.***?
Ethenolysis of PB has been effectively performed using homo-
geneous Grubbs catalysts, as demonstrated by Watson and
Wagener.** Hence, we envisage that this reaction could be
used to depolymerize the PB in the rubber phase while leaving
the PS intact for a subsequent degradation process.

In this work, we aim at the total revalorization of HIPS,
enhancing styrene recovery by solvent pre-fractionation and
upcycling of the PB phase. To this end, ethyl acetate is used as
an efficient green solvent for the isolation of the free PS matrix
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from the rubber phase in HIPS, which was complemented by
computational studies modeling the interaction of the PS, PB,
and the rubber phase (PB with grafted PS) with ethyl acetate
and other possible solvents. After isolating large amounts of
free PS from HIPS, the effect of the pre-fractionation process
on the selectivity to styrene in the thermal degradation of PS is
evaluated. The valorization of the rubber phase is achieved
using ethenolysis metathesis, where the grafted PS is separated
from the rubber phase and further thermally degraded, while
the PB is split to produce a,n-dienes in the presence of ethyl-
ene gas and a Grubbs catalyst. A summary of the proposed
approach is presented in Scheme 1.

2. Experimental

2.1. Materials

Commercial pellet-type HIPS was provided by a styrenics man-
ufacturer (8.5 wt% PB, 3.3 wt% of mineral oil, 500 ppm zinc
stearate and 500 ppm stabilizer Irganox 1076). The commercial
PS sample, denoted PS-192 (where 192 stands for M,, = 192 kDa),
was purchased from Sigma Aldrich. Ethyl acetate (EtOAc, Fisher
chemicals) was used as the pre-fractionation solvent, while sol-
vents such as benzene (Carl Roth), toluene (Fischer Chemicals),
xylene (Fischer Chemicals), tetrahydrofuran (THF, Sigma Aldrich),
methyl ethyl ketone (MEK, Acros Organics) and chloroform
(CHCIg, Fischer Chemicals) were also evaluated. For the ethenoly-
sis metathesis, ethylene and nitrogen gases were supplied by Air
Liquide, the Grubbs M202 catalyst and CDCl; were purchased
from Sigma Aldrich, and methanol (MeOH, Fischer chemicals)
was used as anti-solvent to precipitate the PS. Toluene (Fischer
Chemicals) was used as an internal standard to quantify the ethe-
nolysis products. All the proton nuclear magnetic resonance
("H-NMR) experiments were conducted in CDCl;. Finally, the
liquid composition percentages, after the thermal degradation of
the PS samples, were determined by gas chromatography (GC),
using mesitylene (Alfa Aesar) as internal standard.
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Scheme 1 Summarized description of the HIPS revalorization process presented in this work.
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2.2. Pre-fractionation process: isolation of the free PS from
HIPS samples

In a Nalgene polypropylene (PPCO) 250 ml bottle, 10 g of HIPS
and 200 ml of EtOAc were added and stirred for two hours.
The dispersion was then centrifuged at 10 000 rpm for 15 min
at room temperature, and subsequently, a first large portion of
the supernatant solution (160 ml) was poured into a 1000 ml
glass beaker, leaving 40 ml of the supernatant solution in the
Nalgene bottle. An additional amount of EtOAc (150 ml) was
used to re-disperse the leftover supernatant solution (contain-
ing the rubber phase and remaining PS), and after 1 h of stir-
ring the sample was centrifuged again at 10000 rpm for
15 minutes at room temperature. The two supernatant solu-
tions were then combined in the glass beaker for evaporation
of the solvent, while the (solid) rubber phase was kept in the
Nalgene bottle. The two phases were placed in an oven at
70 °C overnight before "H-NMR and Fourier-transform infrared
spectroscopy (FTIR) analyses. After every fractionation cycle,
8 g of the free PS (denoted as PS-1) and 2 g of the rubber
phase (PS plus grafted PB) were isolated.

2.3. Ethenolysis: PS recovery from the rubber phase and
revalorization of PB

The rubber phase (120 mg) was stirred for 1 h at 60 °C, in 6 ml
CDCl;, to ensure the fine dispersion of the polymer before
being transferred to a stainless steel reactor (total volume
15 ml), together with 7 mg of Grubbs catalyst M202 and a stir-
ring bar. The headspace of the reactor was first flushed with
N,, then with ethylene three times, before being pressurized to
8 bars of ethylene and placed in a pre-heated heating block at
100 °C. Reaction starts at the moment the reactor reaches the
desired temperature (15 minutes) and is conducted for 4 h.
After reaction, the reactor was cooled down in a water bath and
an aliquot of the product mixture was analyzed by "H-NMR
(using toluene as internal standard), gas chromatography-
mass spectrometry (GC-MS) on an Agilent 6890N GC instru-
ment, equipped with a HP-5 MS column, coupled to a 5973N
mass spectrometer and GC on a Shimadzu GC-2010 instru-
ment equipped with a CP-SIL 5 CB column and FID detector.
The remainder of the crude liquid product was transferred to a
glass vial to recover the PS employing 8 ml of methanol
(MeOH) as anti-solvent. The precipitated PS was recovered by
centrifugation (3500 rpm for 5 minutes) and washed two times
with MeOH before drying overnight at 70 °C. The obtained PS
powder (denoted PS-2) was weighed and characterized by
'"H-NMR and FTIR. On average, 65 mg of dried PS-2 were
obtained per reaction cycle.

2.4. Thermal degradation: styrene recovery from HIPS and PS
samples

The plastic samples (10 g) were thermally degraded in a pyrol-
ysis reactor equipped with a water cooling system (Fig. 1 and
Fig. S1 ESIf). The reaction was carried out at 300 °C (heating
rate 2.5 °C min~") under continuous N, flow (1 ml min™") for
1 h, under mechanical stirring at 300 rpm. The gaseous pro-
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1 10 15

Fig. 1 Reactor for the pyrolysis of polystyrene: (1) nitrogen flow regula-
tor, (2) nitrogen gas cylinder, (3) nitrogen flow tube, (4) heat jacket, (5)
reaction vessel, (6) Pt-100 thermocouple, (7) stirring mechanism, (8)
water-cooling system, (9) two-loop eurotherm temperature control
system, (10) power supply, (11) water supply, (12) heated tube (T =
80 °C), (13) stainless steel condenser, (14) condenser cooler using ethyl-
ene glycol/water mixture (T = 1.6 °C), (15) cooling pump and ethylene
glycol/water mixture reservoir.

ducts were removed from the reactor and collected in the con-
denser (1.6 °C). After reaction, the energy supply was stopped
and the reactor was cooled down until 70 °C. The liquid pro-
ducts were recovered from the condenser, weighed and ana-
lyzed by GC-MS on an Agilent 6890N GC instrument, equipped
with a HP-5 MS column, coupled to a 5973N mass spectro-
meter and GC (using mesitylene as internal standard) on a
Shimadzu GC-2010 instrument equipped with a CP-SIL 5 CB
column and FID detector. The solid residue remaining in the
reactor was collected with EtOAc, dried until constant weight
and analyzed by "H-NMR and GC-MS. The liquid yield, solid
residue, and gasses/losses percentages were calculated accord-
ing to eqn (1)—(3). To determine the composition of the gasses/
losses, a 1 L Tedlar bag was connected to the ventilation line
throughout the reaction (Fig. 1), and the content of each bag
was analyzed on a Shimadzu GC-2014 instrument equipped
with a SH-I-1MS column and an FID detector.

mass of liquid
mass of starting material

Liquidyield(%) = (1)

. . residue mass
Solid residue(%) = - — X100 (2)
mass of starting material

Gasses/losses(%) =
mass of starting material — mass of liquid — residue mass

T T x 100
mass of starting material

(3)

2.5. Characterization of the polymeric materials

PS-192, the phases obtained from the pre-fractionation (PS-1,
rubber phase), and the ethenolysis products, were analyzed by

This journal is © The Royal Society of Chemistry 2024
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"H-NMR spectroscopy in a Bruker 400 MHz or 600 MHz instru-
ment. Analysis of the "H-NMR spectra allowed the determi-
nation of the wt% of PS and PB in the HIPS sample (ESIT).
FTIR spectra of PS-192, PS-1, PS-2 and the rubber phase were
collected in an Agilent Cary 630 ATR-FTIR spectrometer in atte-
nuated total reflectance (ATR) mode. Finally, the molecular
weights of PS-1, PS-2 were determined by employing an Agilent
gel permeation chromatography (GPC) instrument equipped
with a PL 1110-6500 column, calibrated with commercial
PS standards ranging from 162 Da to 364 kDa.

2.6. Interaction of the solvents with PS, PB and PS-grafted PB
polymeric chains: computational studies

Molecular dynamics simulations were performed using
GROMACS v2021.3 and the OPLS-AA force field,*™*” whereby
extra dihedral parameters were generated by LigParGen.*8™°
The simulations for solubility prediction were performed
according to a procedure outlined in a previously published
benchmark study; for clarity the setup is briefly outlined here
as well.”* The PS and PB polymer chains were composed of
200 backbone atoms, i.e. 100 and 50 monomers, respectively.
This polymer length was confirmed to provide a good compro-
mise between computational efficiency and reliable polymer
behavior. A PS-grafted PB chain was made by attaching a PS
chain of 100 monomers onto a PB chain of 50 monomers (200
backbone atoms each).’* The solvate module implemented in
GROMACS was used to solvate the polymer chains in a pre-
equilibrated solvent box with dimensions 24.50 A x 24.50 A x
24.50 A, while periodic boundary conditions were applied in all
directions. The simulation boxes were then relaxed through a
steepest descent energy minimization for 10000 steps, after
which they were equilibrated during a 2-step procedure. First, a
100 ps NVT simulation was performed at 298.15 K, followed by
another 100 ps NPT simulation at 298.15 K and 1.0 bar. A simu-
lation step of 1 fs was used throughout and the Berendsen ther-
mostat and barostat were applied with a time constant of 0.2 ps
for the former and a coupling constant of 1.0 ps for the latter.*®
Finally, a production run was performed in the NPT ensemble for
20 ns for the PS and PB and 30 ns for the grafted PS with a time-
step of 2 fs, while applying constraints on all bonds using the
LINCS algorithm.”® The temperature was fixed at 298.15 K using
the extended-ensemble Nose-Hoover scheme with a 2.0 ps time
constant, while the pressure was controlled at 1 bar using the
Parrinello-Rahman coupling method with a time constant of
5.0 ps.>">” Non-bonded interactions were calculated using van
der Waals and coulombic (through the particle-mesh Ewald sum-
mation) terms with a cutoff of 1.3 nm. Snapshots were collected
every 100 ps and the last 10 ns of the simulation were used for
post processing.

3. Results and discussion
3.1. Pre-fractionation process

Solvent screening. Since the usual procedures for HIPS frac-
tionation serve analytical purposes, and are most likely not

This journal is © The Royal Society of Chemistry 2024
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suitable for upscaling,®®*° our initial target was to isolate the
free PS from the rubber phase by applying milder conditions
than those usually employed and a green solvent for potential
large scale applications. The choice of a solvent that is able to
selectively dissolve a polymer constitutes an extremely impor-
tant topic since polymers are among the most ubiquitous
materials.’®>® Membrane science, microlithography, plastic re-
cycling, drug delivery and tissue regeneration are exemplary
fields that are strongly dependent on the polymer dis-
solution.’® Rationalizing the behavior of polymers in specific
solvents helps improving and optimizing the desired physical
properties of the material according to the application.*®
However, understanding the dissolution of polymers is not a
simple task as it is governed by multiple factors. In general,
two types of transport processes occur during the dissolution
of a solvent  diffusion and chain
disentanglement. When a polymer interacts with a
thermodynamically favored solvent, diffusion of the solvent
into the polymer takes place.’® This results in the plasticiza-
tion of the polymer and consequently, the swollen part of the
polymer forms a gel-like layer between the glassy polymer layer
and the solvent (as presented in Fig. 2).>° After some time, the
polymer dissolves as the chain disentanglement progresses.>”

Therefore, in a HIPS fractionation process, it is essential to
use a solvent that is able to selectively dissolve PS (but not PB
or the rubber phase). Overall, PS is soluble in aromatic sol-
vents, terpenes (limonene, terpinene, phellandrene, etc.) and
several oxygenated solvents like ethers, esters or ketones.®® On
the other hand, the rubber phase consists of PS-grafted PB. On
its own, PB is soluble in ethylbenzene or toluene but poorly
compatible with oxygenated solvents,®" while solvents such as
cyclohexane, methylcyclohexane, benzene and toluene are suit-
able for styrene butadiene rubbers (SBR).®* Considering this,
the usage of a green oxygenated solvent would possible lead to
HIPS fractionation. It is also important that a low boiling
solvent is selected because during evaporation, thermal degra-
dation of the polymer could take place at high temperatures.®®
Hence, EtOAc emerged as a green solvent choice due to its low
boiling point (77 °C), good affinity for PS,*° relatively low tox-
icity and low cost.®® Its pre-fractionation performance was
compared to that of other organic solvents such as benzene,
toluene, xylene, tetrahydrofuran (THF) and methyl ethyl
ketone (MEK). Table 1 shows that with EtOAc, the highest
purity of the free PS phase can be obtained. 'H-NMR was
employed to determine the wt% of PB remaining in each

polymer:
58,59

Solvent layer | Gel-like polymer layer | Glassy polymer layer

~¢ Mo &
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\QQ;‘,;@ 8
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Fig. 2 Representation of the polymer dissolution process.>®
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Table 1 Composition of the supernatant isolated from HIPS after the
fractionation using different organic solvents®

PS (wt%) PB (wt%)
CHCl; 92.0 8.0
THF 92.2 7.8
Xylene 93.7 6.3
Toluene 94.3 5.7
Benzene 94.3 5.7
MEK 98.5 1.5
EtOAc 99.3 0.7

“1 g of HIPS dispersed in 20 ml of solvent, stirred overnight, and cen-
trifuged at room temperature. The analysis of the supernatant and the
subsequent determination of the wt% of each phase were done by
"H-NMR. Composition of HIPS is 91.5% (PS) and 8.5% (PB).

specific phase. The calculation of the polymer composition
was achieved using the integrals of the aromatic PS protons
and the vinylic PB protons since they are the most distinctive
signals, and do not overlap with other peaks (Fig. S2-S9 ESIf).
The nominal value for the total PB content of the initial HIPS
sample equals to 8.5 wt% and it is used as a comparison point
to determine the fractionation efficiency.

Only with EtOAc and MEK, two distinct phases were
obtained after centrifugation (Fig. S10 ESIY), while with the
other solvents, almost full dissolution of the HIPS is observed
(Fig. S11 ESIf), and only a negligible amount of the rubber
phase is separated. This could be linked to the affinity of both
polymers (PS, PB) for the aforementioned solvents. In view of
this, we decided to first study such affinity by the Hansen solu-
bility sphere model (HSP), one of the well-known models
employed in polymer chemistry,®* to at least partially explain
the higher fractionation efficiency obtained when the process
is carried out employing EtOAc (and MEK) as solvents.

Polymer-solvent interactions and molecular dynamics simu-
lations. Considering HIPS as a mixture of PS and SBR, the R,/
R, values for each of polymer were estimated and are presented
in Table 2.>*%° In general, the lower the R,/R, value, the higher
the affinity of the solvent with the polymer, and an R,/R, value
close to or higher than 1.0, indicates low affinity. Analyzing the
values from Table 2, it is understandable that solvents like
CHCI;, xylene, toluene and benzene will dissolve both the PS
and the SBR, since all of the R,/R, obtained are well below 1.0,

Table 2 R./R, calculated using the Hansen solubility parameters
according to the HSP model®

Solvent R./R, (PS) R./R, (SBR) R./R, (PB)
CHCl; 0.30 0.46 0.38
THF 0.44 0.91 0.91
Xylene 0.40 0.37 0.22
Benzene 0.47 0.58 0.49
Toluene 0.38 0.34 0.30
MEK 0.48 1.05 1.16
EtOAc 0.52 0.92 0.91

“The values are calculated using the Hansen solubility parameters
from Table S1, ESL.{
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which consequently leads to the full dissolution of the HIPS.
Conversely, based on the R,/R, values, EtOAc and MEK effec-
tively dissolve PS, but poorly dissolve SBR, which corresponds
to the two distinct phases obtained after centrifugation during
the fractionation experiment. An unexpected result is obtained
when employing THF as fractionation solvent. Based on the
R./R, values, THF is expected to preferentially dissolve the PS
phase. However, under the studied fractionation conditions,
THF fails to effectively separate the two polymer phases. While
this contradiction is expected considering the model’s several
assumptions,®® it motivated us to pursue computational
studies to obtain a deeper understanding of the behavior of
the polymer phases in the different studied solvents.
Molecular dynamics simulations were performed to assess
the solvation behavior of PS, grafted PS (SBR) and PB in THF,
xylene and EtOAc. Only these three solvents were considered to
keep the computational cost reasonable. For each of these
systems (9 systems in total), the relative solvent accessible
surface area (rSASA) was calculated, which was shown to be a
reliable proxy for solvation free energies in a previous work.”
The solvent accessible surface area is the surface area of the
polymer that is in contact with the solvent; it is routinely calcu-
lated from molecular dynamics trajectories by rolling a sphere
over the van der Waals surface of the target molecule. As such,
solvent accessible surface area gives an idea about the confor-
mation of the polymer chain, as a smaller value indicates a
more collapsed structure with less exposure to the solvent. The
rSASA is calculated as the ratio between the average solvent
accessible surface area throughout the simulation and the
maximum solvent accessible surface area observed for the
polymer chain of interest across the different solvents. By defi-
nition, a value close to 1 represents a polymer chain that
prefers to be in full contact with the solvent, while a lower
value indicates that the polymer is trying to reduce its contact
with the solvent by collapsing on itself. The results for the
investigated systems are shown in Table 3. It can be seen that
generally all three polymers are well dissolved in the three con-
sidered solvents with only slight differences between them.
Overall, THF shows a slight preference to dissolve PB and SBR
over PS, while xylene shows similar dissolution behavior for
the three considered polymers. EtOAc, on the other hand,
shows a preference to dissolve PS over PB and SBR. In Fig. 3,
the solvent accessible surface area is visualized for PB and PS
in EtOAc. It can be seen that PB clumps together at the left
outer end of the chain, while PS remains in full contact with
the solvent. Note that the surface of PS displays lumps along

Table 3 Relative solvent accessible surface area (rSASA) calculated
using the Hansen solubility parameters according to the HSP model®

Solvent rSASA (PS) rSASA (SBR) rSASA (PB)
THF 0.87 0.91 0.93
Xylene 0.93 0.92 0.92
EtOAc 0.92 0.88 0.89

“Avalue close to 1 indicates good solubility behavior.

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Visualization of the polymer surface in contact with the solvent for PB (A) and PS (B) in EtOAc, as calculated from molecular dynamics

trajectories.

its backbone as a result of its phenyl side chains, while PB is
linear with a smoother surface as a result. Importantly, the
harsh conditions needed to separate these polymers suggest
that solubility and separation are indeed governed by very
subtle changes in polymer-polymer and polymer-solvent inter-
actions. Evidently, PS is slightly more stable in full contact
with EtOAc than PB and SBR, and those small differences in

Table 4 Effect of the EtOAc/HIPS mass ratio on the purity of the
obtained dissolved PS-rich fraction®

EtOAc (ml)  wt% styrene monomers”  wt% butadiene monomers”
80 94.5 5.5
100 96.8 3.2
120 98.5 1.5
150 98.9 1.1
200 99.1 0.9
200° 99.1 0.9

“10 g of HIPS dispersed in the specified amount of EtOAc.  The wt%
in the dried supernatant phase were determined by '"H-NMR. °5 g of
HIPS.

solubility, as shown by the experimental results, can be
exploited by applying a subsequent method for particle iso-
lation (e.g. in the form of centrifugation), resulting in the
efficient separation of PS from PB.

Scale-up and "H-NMR analysis of the phases. Guided by the
results obtained during the solvent screening (Table 1), EtOAc
was chosen for a scale-up of the fractionation procedure using up
to 10 g of HIPS sample per batch. We started by investigating the
optimal amounts of fractionation solvent necessary for an
efficient PS recovery at this scale (Table 4). When employing
200 ml of EtOAc, free PS could be collected with >99% purity,
and after a second extraction cycle (additional wash with 150 ml
EtOAc), 8 g of free PS could be isolated (denoted as PS-1), while
2 g of the rubber phase remained (Fig. S12 ESI¥).

Like in small scale experiments, "H-NMR was used to deter-
mine the composition and purity of the isolated phases. Fig. 4
presents the 'H-NMR spectra of HIPS, the commercial (and
pure) PS (PS-192), and the fractions isolated from HIPS, viz.
PS-1 and the rubber phase. The spectra reveal a prominent
difference in the vinylic proton region, around 5.4 ppm.
Compared to the original HIPS sample, only a negligible signal

Rubber phase

. Additives

\ v
SR psg

Additives

v

HIPS

PS-192

Chemical Shift (ppm)

Fig. 4 'H-NMR comparison of commercial PS-192, HIPS, PS-1 (isolated PS), and the rubber phase. The spectra illustrate the most distinctive proton

signals of both polymers contained in HIPS (400 MHz, solvent CDCl3).
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is observed for PS-1 in this region (Fig. S13 ESIt), while in the
case of the rubber phase (Fig. S14 ESI}), the relative intensity
of the signal corresponding to the vinylic H, is significantly
increased, indicating a high PB content in the sample. In both
the HIPS and the PS-1 sample, the signals at 0.9 ppm, 1.3 ppm
(the multiplet and singlet, respectively) can be attributed to
the additives present in HIPS (zinc stearate, Irganox 1076),°”%®
whereas for the rubber phase, the signal at 0.9 ppm can be
assigned to -CHj; terminal groups in PB.

3.2. Rubber phase upcycling: ethenolysis metathesis and
isolation of the grafted PS

The next objective was to revalorize the rubber phase by recover-
ing the grafted PS and using the PB for obtaining o,o-dienes
through ethenolysis-metathesis, as presented in Scheme 2.

After 4 h of reaction time, the crude ethenolysis mixture
was analyzed by 'H-NMR (Fig. 5), which showed a sharp
decrease in the main peak of the PB vinylic protons (5.4 ppm)
and the appearance of new multiplets at 2.2, 5.0, 5.7 and
5.8 ppm. These multiplets can be ascribed to the protons of

CH,=CH,
—_—
Grubbs M202

Grafted PS PS-.

CH,
CH
ANN\F
O + Hc?
2

1,5 hexadiene

Scheme 2 Schematic representation of the ethenolysis-metathesis
using the rubber phase as a starting material.
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1,5-hexadiene, the major product expected from the ethenoly-
sis of PB.** The presence of 4-vinylcyclohexene, a potential
side-product of the reaction, formed according to
Scheme 3,*"% was evidenced by the appearance of a signal at
5.7 ppm and confirmed by GC-MS. The yields of the ethenoly-
sis products were calculated by "H-NMR and found to be 60%
(of 1,5-hexadiene) and 5% (of 4-vinylcyclohexene) with respect
to the initial 37.5 wt% PB content included in the rubber
phase (Fig. S15 ESI}). In comparison, using a commercial PB
sample with molecular weight of 200 kDa, the yield of 1,5-hex-
adiene reaches 72%, while the yield of 4-vinylcyclohexene is
below 1% (Fig. S16 ESIf). These discrepancies can be due to
structural differences between commercial PB and the one
present in the rubber, e.g. a different degree of 1,2- versus 1,4-
incorporation of butadiene. This would explain the increased
relative formation of 4-vinylcyclohexene from the rubber.

On the other hand, the isolated PS resulting from the ethe-
nolysis metathesis process (denoted PS-2) was recovered by
addition of MeOH (as anti-solvent) with an overall efficiency of
almost 90% (Fig. S17 ESIf). It was first characterized by
'H-NMR (Fig. 6 and Fig. S17 ESI{). Close inspection of the
spectrum reveals the appearance of two weak signals in the
region between 5.0 and 6.0 ppm (vinylic region), which are due
to the 2-propenyl side chains on the backbone of PS-2, in
accordance with Scheme 2. The diastereotopic protons H,, Hy,
are detected at 5.0 ppm, while H, is detected at 5.8 ppm.”° In
addition, the signal at 5.4 ppm probably originates from the
—-CH= of lower molecular weight PB that is either attached to
the PS-2 backbone or co-precipitated upon the addition of
MeOH (Fig. 6 and Fig. S17 ESI{).

The characterization of the isolated fractions PS-1 and PS-2,
was further expanded to ATR-FTIR measurements. The FTIR
spectra of HIPS, PS-192, PS-1, PS-2 and the rubber phase
revealed the presence of distinctive bands, assigned to the PS

»CH,==CH «
s CH,==CH, IS
Ethenolysis crude
A J mixture
He
N
He
PB
1 Rubber phase
T T T T T T T T T T T T T T T
75 7.0 65 6.0 55 5.0 45 4.0 35 3.0 25 2.0 15 1.0 ppm

Chemical Shift (ppm)

Fig. 5 'H-NMR comparison of the rubber phase and the crude ethenolysis reaction mixture. Signals at 7.3, 7.2, 2.4 ppm in the ethenolysis crude reaction
mixture spectrum correspond to toluene (internal standard), while the signal at 5.4 ppm corresponds to leftover ethylene gas (400 MHz, CDClg).
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Fig. 6 'H-NMR spectrum of PS-2 isolated from the ethenolysis reaction mixture (600 MHz, solvent CDCly).

backbone of the samples (Fig. 7): C-H stretching between
3200-2800 cm™', with aromatic C-H stretching vibrations at
3086, 3063 and 3026 cm™', asymmetrical and symmetrical
stretching vibrations of the methylene -CH, groups at 2922
and 2850 cm™ ", respectively; C-C stretching vibrations in the
benzene ring at 1602, 1490, 1446 cm™'; C-C stretching and
C-H bending vibrations at 1185, 1157 cm™'; in-plane C-H
bending of the aromatic ring at 1066 and 1028 cm™'; and out-
of-plane C-H bending vibrations between 900-675 cm™".”" The
two most intense bands at 752 and 693 cm™" reveal that the
samples contain monosubstituted benzene rings.”" Although
the FTIR spectra of all samples look very similar, the intensity
of the band around 964 cm ™" differs. This band is related to
the PB fraction and it is attributed to the C=C vibration of
trans-1,4 double bonds.””> Accordingly, the band is present
with the highest intensity in the spectrum of the rubber
phase, and it is also observed in the spectrum of the HIPS
sample. However, it is not observed in the spectra of the
samples PS-1 and PS-2, which can be attributed to the low PB
content (0.9 wt% in PS-1 and 0.05 wt% in PS-2) attached to the
PS backbone (or lower molecular weight PB) in these samples.

3.3. Thermal degradation of the PS phase

After isolation of the two PS fractions, PS-1 and PS-2, and with
a circular economy and chemical recycling to monomer

This journal is © The Royal Society of Chemistry 2024

process in mind,”® we envisioned the pyrolysis of such phases
and evaluated the impact of the pre-fractionation process on
the thermal degradation of HIPS. In order to determine the
average molecular weight of PS-1 and PS-2, GPC measurements
were carried out, showing that PS-1 has an average molecular
weight of 180 kDa, while PS-2 has an average molecular weight
of 217 kDa (Fig. S18 and S19 ESIt), and therefore, the afore-
mentioned samples are expected to give similar thermal degra-
dation results as PS-192. To this end, the pyrolysis of the
sample PS-192 was studied as a reference. Fig. 8 presents the
GC chromatogram obtained after the pyrolysis of 10 g PS-192
at 300 °C for 1 h, where 13 major products are detected
(Fig. S20 ESIf), with styrene being the most abundant.
Conversely, in the case of the thermal degradation of HIPS, the
generated amounts of ethylbenzene, toluene and o-methyl-
styrene increased, while the selectivity to styrene decreased.
Specifically, the ethylbenzene, toluene and a-methylstyrene
selectivity rose from 2% to 16%, 10% to 14%, and 9% to 13%,
respectively; the styrene selectivity on the other hand dropped
from 74% to 50%, as shown in Table 5. These changes in the
product selectivity are a clear indication of the effect of the
presence of the PB particles on the thermal degradation
mechanism; they contribute to the formation of stable tertiary
radicals in the backbone of the grafted PS, which eventually
end up preferentially producing toluene, ethylbenzene and

Green Chem., 2024, 26, 340-352 | 347
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Fig. 7 ATR-FTIR spectra of PS-192, HIPS, PS-1, PS-2 and the rubber phase. Major differences are observed in the intensity of the 964 cm™ band,

attributed to the C=C vibration of trans-1,4 double bonds.
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Fig. 8 Comparison of the GC chromatograms obtained after the thermal degradation of PS-192, HIPS, PS-1, PS-2A.

a-methylstyrene.”* Remarkably, the composition of the
product mixture obtained from the thermal degradation of the
recovered PS from HIPS (PS-1) was very similar to that of the
reference PS-192, with selectivities to toluene, ethylbenzene,
styrene, a-methylstyrene of 11%, 5%, 69%, and 10%, respect-
ively. The small difference in styrene selectivity (74% for
PS-192 v. 69% for PS-1) can be attributed to the remaining

348 | Green Chem., 2024, 26, 340-352

0.9 wt% of PB, which, as previously discussed, has a negative
effect on the styrene recovery.

Additional experiments were performed mixing the two
recovered PS phases, PS-1 and PS-2 (sample PS-2A). In this
case, the selectivity to styrene in the pyrolysis experiment was
slightly increased to 70%, compared to 69% with pure PS-1.
This increment, while rather low, could be explained by the

This journal is © The Royal Society of Chemistry 2024
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Table 5 Thermal decomposition of PS and HIPS samples

Liquid composition (%) PS-192 HIPS® PS-1° PS-2A°
Benzene (1) 0.2 0.2 0.2 0.2
Toluene (2) 10.2 14.4 11.1 10.8
Ethylbenzene (3) 2.4 16.1 4.7 3.5
Styrene (4) 73.9 49.7 691 69.6
Cumene (5) 0.2 2.6 0.6 0.4
Propylbenzene (6) 0.2 0.2 0.2 0.2
a-Methylstyrene (7) 8.9 13.0 9.6 9.6
Allylbenzene (8) 0.2 0.3 0.2 0.2
Diphenylmethane (9) 0.1 0.1 0.1 0.1
1,2-Diphenylethane (10) 0.2 0.2 0.2 0.2
1,3-Diphenylpropane (11) 1.5 2.5 2.3 2.4
Butane-1,3-diyldibenzene (12) 0.1 0.4 0.2 0.2
2-Methyl-1,1-diphenyl propene (13) 1.9 0.3 1.5 2.6
Liquid yield (%) 75.0 60.1 754  75.2
Gasses/losses (%) 7.8 8.2 9.4 9.2
Residue (%) 17.2 31.8 152 15.6
Styrene yield (%)? 55.4 29.9 521 523

?12.5 g HIPS (corresponding to 10 g of pure PS). 10 g PS-1 (PS iso-
lated from HIPS). ¢ PS-2A consists of 9 g of PS-1 and 1 g of PS-2 (PS iso-
lated after ethenolysis). ¢ Styrene yield calculated from the liquid yield
and the styrene selectivity from GC and GC-MS analyses.

lower PB content of the PS-2 fraction, as shown in Table S2 of
the ESL.T Overall, the results presented in Table 5 highlight the
positive effect of the pre-fractionation of PS from HIPS, which
leads to an enhanced styrene yield (almost 20% higher com-
pared to the non-fractionated, HIPS sample). Besides the com-
position of the pyrolysis liquid, the pre-fractionation procedure
also affects the composition of the gas phase. Analysis of the
Tedlar gas collection bags for PS-192, HIPS and PS-1 showed
the presence of C1-C4 gases along with some toluene, ethyl-
benzene and styrene. In the case of HIPS, the percentages of
C1-C4 are significantly higher than those obtained for the
commercial sample PS-192, with a lower amount of styrene.
After the fractionation, the amount of C1-C4 decreases from
77% to 56% and the amount of styrene increases from 7% to
18% (Fig. S21 and ESI, Table S3t), indicating once again a
more efficient styrene recovery due to the pre-fractionation
process. It should be pointed out that the mass balance
cannot be fully closed since there are around 5% losses after
each thermal degradation experiment (Table 5 and Table S37).

Moreover, analysis of the solid residue by GC-MS and
"H-NMR (Fig. S22 ESI{) reveals the presence of several aro-
matic molecules, including styrene and o-methyl-styrene.
Remarkably, the "H-NMR analysis provides important evidence
of the positive effect of the pre-fractionation, regarding the
decrease of char formation. In particular, after the thermal
degradation of HIPS large amounts of char are formed (32%,
Table 5), remaining in the reactor along with the degraded PB
particles (Fig. S23 ESIt), which would complicate the cleaning
of the reactor with a potential industrial application in
sight.”>”” Conversely, minimal amounts of char remained
after the thermal degradations of PS-192, PS-1, PS-2A.
Considering these facts, we can infer that the pre-fractionation
process is not only important for the styrene recovery, but

This journal is © The Royal Society of Chemistry 2024
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would also contribute to ease and simplify a potential indus-
trial HIPS recycling process.

3.4. A total revalorization approach and future prospects

Overall, we have presented an alternative approach for the revalor-
ization of HIPS to styrene, aiming at a circular economy, by maxi-
mizing PS recovery and recycling, not only via the proposed green
fractionation of HIPS with EtOAc, but also through two well-
known and established processes: pyrolysis of PS and ethenolysis
of PB (Fig. S24 ESI}). However, it is worth noting that there are
still several opportunities for further improving these processes,
which are important to consider before implementing the pro-
posed upcycling route, besides the ones currently being explored
by various chemical companies.”® Regarding the pyrolysis of PS,
which currently has a high energy demand and a complex reac-
tion mechanism, the process could be upgraded by the inclusion
of a catalyst. The presence of an effective catalyst would allow to
obtain a narrower product distribution under less stringent con-
ditions.® Regarding the ethenolysis of PB, already some advance-
ments have been achieved by designing novel immobilized
catalysts.””®' However, there is certainly room for improvement,
especially in the preparation of more active and selective catalysts,
with higher chemical stability, recyclability and robustness.*! In
this sense, more studies on catalytic routes towards polystyrene
recycling and green catalytic routes for C=C cleavage would
uncover their full potential.

4. Conclusions

We have developed a new strategy for the total revalorization of
HIPS, by isolating the free PS matrix from the rubber phase by
addition of EtOAc as a pre-fractionation solvent. The thermal
degradation of the isolated free PS matrix led to an enhanced
styrene yield compared to the non-fractionated HIPS sample,
with a concomitant decrease in the amount of generated char.
Ethenolysis metathesis was applied for the valorization of the
rubber phase, producing 1,5-hexadiene in high yields and
resulting in the isolation of the grafted PS, which can be
further thermally degraded without affecting the styrene yield.

All in all, the insights obtained from the pre-fractionation pro-
cedure and the ethenolysis metathesis, could provide a route
towards a more efficient way to recycle HIPS at an industrial level,
aiming at a circular economy, especially considering that the
described process allows for an increase of the styrene selectivity
and yield of up to 20%, compared to the non-fractionated HIPS.
Besides the positive effects on the styrene recovery, the fraction-
ation procedure minimizes the formation of char, which simpli-
fies the cleaning process in industrial reactors and would help cir-
cumvent the use of toxic solvents, thus decreasing the negative
environmental impact of the depolymerization.
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