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Conversion of diverse post-consumer PVC
waste materials to PE via dual catalytic tandem
dehydrochlorination—hydrogenationf

Galahad O'Rourke, (22 Alina Skorynina, 2 ° Igor Beckers, (22
Sam Van Minnebruggen,® Christel Colemonts,“ Philippe Gabriels,*
Peter Van der Veken® and Dirk De Vos (2 *2

Chemical recycling of polyvinyl chloride (PVC) waste poses challenges due to its high chloride content
and varied additive formulations. We present a dual catalytic system enabling full conversion of post-
consumer PVC waste via tandem dehydrochlorination—hydrogenation. Using a ZnCl, catalyst (0.1-0.2 eq.)
for dehydrochlorination and a Ru catalyst (1.0 mol%) for hydrogenation, it directly converts PVC into a lower
molecular weight polyethylene (PE)-like polymer. It prevents the problematic formation of polyenes and
aromatic char during thermal processing. The system tolerates common additives (e.g. plasticisers and
Pb-, Zn- and Ca/Zn-based stabilisers) and effectively dechlorinates materials with high inorganic filler
content. The method can process PVC materials with a wide range of M, values (29 000-120 000 g mol™Y).
Methyl cyclohexanecarboxylate emerges as a suitable solvent for the tandem reaction, thereby producing
100% dechlorinated products with low molar mass averages (M,, ~ 2400 g mol~* and M,, ~ 5000 g mol™?)
and allows additive removal. X-ray absorption spectroscopy (XAS) and a study of the reactivity of a model
compound elucidate the Ru-catalyst structure and the chain splitting mechanism. This tandem process
yields soluble short-chained polymer fragments, facilitating industrial processing and additive removal from
chlorinated plastic waste.

Post-consumer PVC waste originates from various commercial products ranging from construction materials to clothing and packaging. Additive leaching from
PVC is environmentally concerning (e.g. toxic plasticizers and Pb-stabilizers) while no suitable methods for full additive removal exist in industry. Hence,

mechanical PVC recycling is limited because of impure waste streams. Beside this, methods for chemical recycling of PVC by thermal processing involve

polyene and aromatic char formation. These chars limit the industrial processability of PVC and are valuable losses as carbon fractions when considering a

sustainable plastic resource management. This work focusses on a dual catalytic system using ZnCl, as a benign Lewis acid catalyst for dehydrochlorination of
PVC and allows full conversion to a PE-like material without residual chloride. A novel solvent with ester functionality provides a unique opportunity for full

PVC conversion while also allowing separation of additives, such as stabilizers and plasticizers, from the waste materials. The dual catalytic tandem
dehydrochlorination-hydrogenation mechanism is beneficial since it elicits C-C bond breakage and thereby reduces the molecular weight of the polymer

product.

Introduction

chloride content. Environmental concerns from PVC usage
arise from its tendency to leach toxic chemicals during its

End-of-life management of post-consumer PVC poses many
challenges due to the plastic’s versatile applications and high
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lifetime or after disposal in landfills. Thermal processing and
the long-term durability of PVC are directly influenced by its
additive formulation." As the third most produced polymer,
PVC has primarily applications in the construction sector, in
which the stability for outdoor applications is enhanced by the
addition of heavy metal stabilizers.> Besides this, other addi-
tives like lubricants, chalk or plasticizers can account for more
than 50% of the total mass. Therefore, the primary technology
of mechanical recycling is only possible for a limited fraction of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Silane-mediated routes (Fieser et al.)
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Fig.1 Concept of recycling post-consumer polyvinylchloride by solvent based dual catalytic tandem dehydrochlorination—hydrogenation, with

comparison to previous literature reports.107*2

post-consumer waste, as additives used in PVC can contami-
nate recycling streams.®™®

Chemical recycling is a promising emerging technology for
sustainable plastics end-of-life handling and waste manage-
ment. Industrial plants have difficulty in processing PVC and
mixed plastic waste streams containing chlorinated plastics.
Pyrolysis processes are readily perturbed by the presence of
organochlorine bonds. Typically, there is a tolerance of maxi-
mally 2% PVC and chlorine containing pyrolysis oils are of little
value.” The HCI that is released from PVC readily reacts with
olefins, while concomitant formation of polyacetylene and
aromatic tar leads to undesired losses of carbon.®’

So far, few investigations have succeeded in preventing this
undesirable PVC conversion (Fig. 1). Firstly, two reductive
dechlorination methods by Fieser et al. applied trialkylsilanes
as the reducing agent. Combining this reduction with silylium
catalyzed Friedel-Crafts alkylation in aromatic solvents
resulted in conversion of the PVC to a polyethylene-co-styrene
type polymer, with stoichiometric formation of trialkylchloro-
silane as the by-product.’® Complementarily, a (Xantphos)RhCl
reduction catalyst was applied for controlled hydrodechlorination
of PVC using a range of reducing agents, including trialkylsilanes
and NaH.'%'" However, the selectivity for hydrodechlorination
versus the competing dehydrochlorination is not always easily

© 2024 The Author(s). Published by the Royal Society of Chemistry

controlled. Although full dechlorination is possible for virgin
PVC, several limitations persist, such as the use of costly silanes
or organic H-sources as reagents with poor atom economy,
the use of aromatic solvents, and the necessity of specialized
ligands to enhance the activity of Ru. Another strategy by
Goulas et al. used an excess of amine base (2-5 eq.) for
dehydrochlorination of virgin PVC to polyene.'” While this
product was converted by hydrogenation to a PE-like wax
using a Pt/C catalyst, with 90% saturation, only a limited
wax yield of 40% was obtained. With unrecovered products
and char being amongst other major product fractions, the
incompatibility of a heterogeneous hydrogenation catalyst
with the insoluble polyenes and char seems to inherently
limit the efficiency of this process.’'* Therefore, we recently
explored the activity of ionic liquids for a tandem dehydro-
chlorination-hydrogenation to promote HCI release from PVC,
while preventing accumulation of unwanted polyenes.'*™** This
approach enables the conversion of the double bonds formed in
degraded PVC to PE-like segments, using H, as a green reagent,
and a spatially homogeneous product transformation of the
polymer without char formation, as demonstrated for virgin
PVC.'® In an industrial setting however, ionic liquids can be
disadvantageous because of their high viscosity and potential
cost for large scale operations."”

EES Catal,, 2024, 2,1006-1018 | 1007
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In this work, we report on the development of a dual cata-
lytic system for tandem dehydrochlorination-hydrogenation,
which enables full dechlorination of a wide range of waste PVC
materials. A benign ZnCl, catalyst is shown to exhibit unpre-
cedented activity for dehydrochlorination. The consecutive
hydrogenation by a homogeneous Ru catalyst avoids polyene
side product formation. With particular focus on the influence
of solvents and the composition of PVC waste formulations,
parameters that result in complete conversion of PVC to PE are
identified. The chemical structure of the polymer products is
characterized in detail, and the reactivity of a model compound
for PVC is studied, leading to mechanistic considerations.

Results and discussion

Solvent screening for Lewis acid promoted
dehydrochlorination-hydrogenation

As an attractive alternative to ionic liquids, we hypothesized
that a Lewis acid catalyst could promote the dehydrochlorina-
tion of PVC.'® Although bases such as hydroxides or alkoxide
salts could be viable reagents to promote dehydrochlorination,
we opted for metal salts as substoichiometric promotors of HCI
release.’®2° After initial screening, none of the investigated Fe,
Cu or Mg salts demonstrated significant PVC dehydrochlorina-
tion activity (ESI,¥ Section S1). In contrast, employing ZnCl, as
a Lewis acid did show good potential.

Solvent based processes for mixed plastic separation or
reactive polymer conversion are decisively influenced by the
affinity of the solvent for each plastic fraction or polymer
product.'"*'">* For PVC, solvents containing a carbonyl (C=0)
moiety have previously been reported as good solvents.”* Hence,
initial reactions were done in 2-butanone, in which 62 mg PVC
was dissolved per mL (1 mmol mL ™" based on monomer unit,
62.5 g per mol per unit), together with 0.2 mmol of ZnCl, and
1.0 mol% of H(CO)Ru(PPh;); as the homogeneous hydrogena-
tion catalyst. Char formation is an undesirable consequence of
polyacetylene formation from PVC in sub-optimal hydrogenation
conditions;'? it was observed that under 20 bar of H,, minimally
0.5 mol% but ideally 1 mol% of HCI(CO)Ru(PPh;); catalyst was
necessary to keep the transformed polymers soluble, without
precipitation of black residue. When using 1 mol% Ru, the
obtained solution of the reaction product was entirely trans-
parent and clear of any polymer precipitate (indicative for
optimal hydrogenation activity), while the polymer dispersion
obtained with 0.5 mol% Ru had the appearance of a suspension
of white particles (limited polyene formation but sub-optimal
hydrogenation). Parallelly, increasing the ZnCl, catalyst loading
from 0.2 to 0.5 mmol gave a white suspension of the polymer,
while higher loadings of 0.6-0.8 mmol led to black residue
formation, because of too rapid dechlorination.

Under the optimal conditions (0.2 mmol ZnCl,, 1 mol%
HCI(CO)Ru(PPh;)3, 16 h under 20 bar H, at 180 °C), a higher
concentration of 1.5 mmol mL~" (S/L mass-volume ratio of
94 mg mL ") still led to good results for low molar weight
(LMW)-PVC. In general, the Lewis acidity of ZnCl, led to some

1008 | EES Catal, 2024, 2,1006-1018
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adverse side reactions of the butanone solvent. As confirmed by
GC-MS, the butanone is prone to aldol condensation under the
applied reaction conditions. After purification of the polymer
product, the "H-NMR was indicative for complete disappear-
ance of CHCl-groups in the polymer backbone. Additionally,
converted PVC product seemed to have a large CH;- to -CH,-
ratio after conversion in 2-butanone.

In order to identify a solvent that could be used repeatedly in
the tandem dehydrochlorination-hydrogenation reaction, a
solvent screening was performed to find good solvents for
PVC and ideally, also for the PE-like reaction product. Since
solubility is heavily influenced by the molar mass of the poly-
mer, high molecular weight (HMW)-PVC was used to visually
observe polymer dissolution at 100 °C (0.75 mmol PVC per mL
solvent; solid to liquid (S/L), mass-volume ratio of 47 mg mL " ;
M, and M, in ESLt Fig. S9). Tandem dehydrochlorination
reactions of PVC were performed in all investigated solvents.
The degree of dechlorination of PVC was determined by "H-NMR
in order to quantify the extent of dechlorination, according
to our previously developed procedure (Experimental, ESI T
Section S2).'° Additionally, Fourier Transform Infrared (FTIR)
spectra were recorded of the isolated polymer products, to
evaluate qualitative changes of the isolated polymer products
(ESL 7 Section S3).

Although known ketone solvents showed excellent dissolu-
tion capacity for PVC (Fig. 2, left), these were unstable due to
the aforementioned aldol side reaction. For cyclopentanone
and cyclohexanone, this led to high boiling side-products
which are hard to separate from the polymeric products.
Alcohols are typically reported as anti-solvents for PVC, and
cyclohexanol was indeed found unsuitable for dissolution of
PVC; additionally no dechlorination of the polymer happened
in this solvent (ESILt Fig. S6 and S7). In ethers, like tetrahy-
drofuran (THF), a common polymer solvent, or the biomass-
derived ether tetrahydropyran (THP), PVC showed excel-
lent solubility; these solvents have been described as highly
acid-stable solvents for plastic dissolution, even at room
temperature.”* On the contrary, as the only ether, cyclopentyl
methyl ether (CPME) showed no solubility for PVC. Neither the
reactions in THF, nor in THP led to complete dechlorination
of PVC, reaching maximally 50% and 64% dechlorination,
respectively. This suggests that the ZnCl, catalyst is less active
for dehydrochlorination when used in ether solvents, even if
these solvents are stable under the reaction conditions. Use of
tetrahydrofurfuryl alcohol (THFA), which has both an ether
and alcohol group, still allowed good polymer dissolution but
showed similar low dechlorination. Alternatively, ester solvents
displayed partial to good solubility of PVC, depending on
solvent structure. While reactions in butyl acetate led to char-
ring due to incomplete dissolution of PVC, methyl cyclo-
hexanecarboxylate (MCC) showed to be an excellent solvent
for PVC, in which complete dechlorination was accomplished.
The choice of MCC relies on its structural properties, with a
sterically poorly accessible o-H atom, which prevent it from
undergoing Claisen condensation as an undesirable solvent
side reaction. Additionally, the PE-like reaction product seems

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(left) Solvents screened for the tandem dehydrochlorination—hydrogenation of HMW-PVC. Conditions: 1.5 mmol PVC, 0.2 mmol ZnCl,,

0.65 mol% HCIHCO)RuU(PPhz)s, 2 mL solvent, 180 °C under 20 bar H, for 16 h. Solubility of PVC in the solvent was observed visually at 100 °C. The
degree of dechlorination of isolated polymer products was determined by liquid *H-NMR (CDCls, 400 MHz). (right) ATR FTIR spectra and vibrational
assignments of virgin PVC and PE, and reaction products obtained after treatment in (A) THP and (B) MCC.

to have high affinity for a solvent containing a cyclohexyl ring;
note that cyclohexane itself is a known apolar solvent for PE
dissolution.>>?® FTIR spectra of the products (Fig. 2, right) after
treatment in THP (Fig. 2A) and MCC (Fig. 2B) showed signifi-
cantly more intense vibrational peaks of C-H stretching
(2913, 2846 cm ') and diminished intensity of C-Cl stretching
(691 ecm™') and CH bending (§CHCI, 1250 ¢cm ') vibrations,
indicating extensive dechlorination with subsequent hydro-
genation. In agreement with 'H-NMR results, the product
obtained after the reaction in MCC had virtually no C-Cl
stretching vibrational peaks, with its FTIR corresponding to
virgin PE. However, some residual peaks of the ester solvent, or
C=O0 stretching peaks possibly resulting from double bond
oxidation, were observed as impurities (1730 ecm™%).

Hence, methyl cyclohexanecarboxylate was found to be a
stable solvent in which the tandem dehydrochlorination—-
hydrogenation of high molecular weight (HMW)-PVC can be
pursued to completion. In this solvent-based dechlorination
process, a noticeable influence of the viscosity was observed
for the virgin PVC samples. As a rheological quantity, the
Fikentscher K-value represents an estimation of the molecular
weight distribution of PVC samples, based on dilute solution
viscosity measurements (Experimental). Typically, higher K-
values are correlated with higher molecular weights of the
PVC, which is in agreement with GPC results of our investigated
PVC samples, with Fikentscher values ranging from K57 to K70.
Solution viscosity of PVC dissolved in MCC allowed a concen-
tration of 1.5 mmol mL ™" (mass-volume S/L of 93 mg mL ") for

© 2024 The Author(s). Published by the Royal Society of Chemistry

complete dechlorination of LMW-PVC samples with K-values
up to 57. Reacting virgin PVC samples with K-values of 68 or
higher, as for HMW-PVC, led to charring when the same
concentration (S/L ratio of 93 mg mL™') was used. This can
be attributed to insufficient hydrogenation activity of the
homogeneous Ru-catalyst due to the high viscosity of the
polymer solution. Under these conditions, the charred reaction
products were insoluble in all investigated solvents, and had a
black appearance (ESL, Fig. S8). Fortunately, consistent use of a
lower concentration of 0.75 mmol mL ™" (mass-volume S/L ratio
of 47 mg mL ') enabled complete dechlorination-hydrogenation
for the entire range of investigated molecular weights of virgin
PVC samples (ESLj Fig. S9). While concentrated solutions of
PVC in the solvent displayed viscidness before reaction, after
treatment, markedly runny solutions were obtained. Since this
reduced viscosity of the fluid may be related to the molar mass of
the polymer solute, this aspect will be scrutinized further on.
Additionally, in contrast to charred products, polymer products
with complete dechlorination had the appearance of white-
yellow powders after the work-up procedure.

Conversion of waste PVC materials

PVC is found in many applications, with its primary use in the
construction sector. Therefore, the feasibility of solvent-based
dehydrochlorination-hydrogenation using ZncCl, and homoge-
neous Ru was explored on ground PVC waste samples that
were recovered from construction materials (ESIL,1 Fig. S10).
The investigated samples contained various types of metal

EES Catal., 2024, 2,1006-1018 | 1009
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carboxylate salts, including Pb, Sn-stabilisers and CaZn-
costabilisers which are typically added to PVC for thermal
stability during extrusion. To investigate the effect of the
formulation of each waste material, thermogravimetric analysis
(TGA) was used to quantify the inorganic filler contents (ESL+t
Section S5). Additionally, the organic additive content was
characterized by liquid "H-NMR (d®-THF, 400 MHz) of the
dissolved powders. Finally, the molecular weight distribution
of the polymer component itself was investigated by GPC
(Experimental, ESL Section S6).

Because of its particular effectiveness for PVC conversion,
MCC was used as the solvent for waste conversion reactions.

93 mg waste
(1.5 mmol for pure PVC)

View Article Online

Paper

In general, maximally 2-3% of metal salt stabilizer was found
in all waste materials, whilst the content of inorganic CaCOj;
fillers was often higher. The Pb-stabilised materials contained
the highest fraction of these fillers (entries 1-3, Fig. 3). Tandem
reactions of the pipe and profile, stabilised by Pb (entries 1 and
2), led to charring when a S/L ratio of 93 mg mL ™" was used but
could be accomplished by using a lower S/L ratio of 47 mg mL ™"
and pre-dissolving the ground sample in the solvent before
reaction. Hence, even with inclusion of Pb-stabilizer and
16% filler material, near complete-conversion to PE was viable.
However, when the inorganic filler content was too high, as for the
Pb-stabilised cable (entry 3), a solvent dissolution-precipitation

14 mol% ZnCl,

0.65 mol% HCI(CO)Ru(PPh,), H H

20barH,, 180°C, 16 h YW
Solvent H H H

Methyl cyclohexane carboxylate

Entry PVC Waste Application Formulation (m?%) Molarmass Conditions Degree of
(g/mol) dechlorination

1 Pb-stabilised Pipe 83% PVC M, 62000 Pre-dissolution 95%
15% CaCo, M, 131000 (2 mLsolvent)
2% Pb-salt (PDI2.1)

2 Pb-stabilised profile | 82% PVC M, 58000 Pre-dissolution 99%
16% CaCO,, TiO, M, 150000 (2 mLsolvent)
2% Pb-salt (PDI12.5)

3 Pb-stabilised cable 30% PVC M, 58000 Dissolution- 98%
21% plasticizer M, 150000 precipitation/
18% other polymers (PDI12.5) Pre-dissolution

(PE, PP) (2 mLsolvent)

31% CaCO,
2% Pb-salt

4 Sn-stabilised rigid film | 94% PVC M, 44000 Untreated 98%
3% Dioctyl-Sn M, 11000 (2 mLsolvent)
mercaptide (K57, PDI2.5)
3% PMMA

5 CaZn-stabilised pipe | 81% PVC M, 66000 Untreated 48%
3% Ca/Zn stearates M,_ 155000 (2 mLsolvent)
16% CaCoO, (K67, PDI12.3)

6 CaZn-stabilised profile | 85% PVC M, 66000 Untreated 96%
8% CaCo, M, 155000 (2 mLsolvent)
3% Ca/Zn stearates (K67,PDI12.3)
3% TiO,

7 CaZn-stabilised film | 94% PVC M, 66000 Untreated 96%
3% Ca/Zn stearates M, 155000 (2 mLsolvent)
3% Phthalate (K67, PDI2.3)

8 Shoe sole 90% PVC M, 47000 Untreated 100%
10% various additives M, 92000 (1 mL solvent)
(rubber, acrylic dye, ...) (PDI2.0)

Fig. 3

(scheme) Reaction conditions for conversion of PVC waste to PE. (table) Composition of investigated PVC waste materials and determined molar

mass averages by GPC (M,,, M,,) and viscometry (K-values). The conditions describe the solvent pretreatment steps that were applied to get efficient
dechlorination. Degree of dechlorination of products was determined by liquid *H-NMR (400 MHz, CDCls).
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pretreatment was necessary to suppress char formation. For this
pre-treatment, the crude PVC sample was firstly dissolved in THF,
after which a centrifugation of the solvent mixture led to the
possibility to remove the filler materials as solid residue. After
precipitation of the PVC from the solvent by anti-solvent addition,
this PVC was dissolved in the reaction solvent, enabling successful
conversion. The example of the CaZn-stabilised pipe (entry 5)
illustrates the necessity of a pretreatment: without such pretreat-
ment, the dechlorination was incomplete, which seems due to
partial charring or insufficient hydrogenation. In contrast, the
lower additive content of the investigated Sn-stabilised rigid film
(entry 4) and CaZn-stabilised pipe/film (entries 6 and 7) allowed
full conversion of the ground powders without the necessity for a
pre-dissolution in the solvent. Additionally shoe soles (entry 8)
were investigated, which were heterogeneous in nature for sam-
pling, but all contained approximately 90% PVC, and lacked
residual metals or inorganic fillers, as was confirmed by TGA.
Because this material also had a relatively low molecular weight,
nor its viscosity nor the inorganic filler content required a pretreat-
ment of the polymer and the reaction could be done in a more
concentrated solution, using a higher S/L ratio of 93 mg mL ™.
Liquid '"H-NMR spectra of the dissolved waste materials
(Fig. 4A) all contain predominant peaks of PVC at 6 4.5 ppm
(CHCI) and 6 2.4-2.5 ppm (CH,-CHC], i.e. o-CH,-groups), but
they may additionally show signals related to organic additives.
Indicative for the presence of these additives are for instance
peaks of phthalate plasticizers, with multiplets at ¢ 7.7 and
7.6 ppm from the aromatic rings, and peaks at 4.1 ppm which
originate from -O-CH,-groups of the ester branches that are
connected to these rings. Other polymers such as PE and
polypropylene (PP), as present in the Pb-stabilised cable, have
also characteristic peaks for -CH,-groups and CH;-groups at ¢
1.49 and 0.9 ppm, respectively. In contrast to the starting
material samples, the reaction products were readily soluble in
both THF and chloroform at room temperature. After reactions,
the spectra of polymer products (CDCl;, 400 MHz) showed

Pb stobilised pipe

Al ' |

P stobilised profile

Pb stobilised coble 1

OF
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X0
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significant conversion as illustrated for the CaZn stabilised film
and pipe (Fig. 4B). As determined by integration of 'H-NMR
signals (Experimental, ESLt Sections S2 and S3), the fraction
of CH, groups (6 2.00-1.28 ppm) relatively to CHCl-groups
(6 4.5-4.0 ppm) is indicative for the completeness of the reaction.
A very low quantity of double bonds was found in the products
under these conditions, with a corresponding =—CH-group ¢ of
5.4 ppm. Additionally, peaks of relatively low intensity at 0.9 ppm
can be attributed to formed CHj-groups at the chain ends of the
PE-like polymer products. Ostensibly, the polymer products with
near-complete dechlorination, e.g. of >95%, had no apparent
residual CHCl-groups, as these were only detected in the noise of
the spectrum. However, the reacted CaZn stabilised film, for
which insufficient pretreatment was done beforehand, still con-
tained residual CHCl-groups and the a-CH,-groups were detected
in considerable quantity. Because of the solvent treatment
after tandem reactions, the products were free from any organic
additives such as plasticizers originating from the waste material.

Solvent influence on polymer product

To further understand the tandem conversion process using
the most suitable solvents for PVC, reactions were also per-
formed with addition of HCI prior to the reaction, and the
resulting products were analyzed. (Experimental) While using
only the Ru-catalyst without ZnCl, leads to 42% dechlorination
in MCC, adding HCI reduces the degree of dechlorination of
the polymer product, suggesting that the dehydrochlorination
is reversible (Fig. 5A). Upon addition of ZnCl, a complete
dechlorination is achieved, leading to a polymer product with
mainly -CH,-groups that are in ethylene-ethylene sequences
(E-E) as in polyethylene, with a CHz-end group/CH, ratio of
1/100. This relatively high CH3/CH, group ratio compared to
the starting material (i.e. <0.2% CHj-groups in PVC) is indi-
cative for some chain branching or splitting during the tandem
reactions. This means that the formed product has a polymer
backbone with approximately one CHj;-group for every 50

[e]

CazZn stabilised film (after reaction)
96% dechlorination

| = ‘ ~

4
CaZn stabilised pipe (after reaction)

48% dechlorination |

70 65 60 55 50 45 40 35 30 25 20 15

Chemical shift (ppm)

1.0 05

Fig. 4 Changes of polymer structure and additive composition of PVC after catalytic tandem-dehydrochlorination—hydrogenation. (A) *H-NMR spectra
(d®-THF, 400 MHz) of dissolved waste PVC samples; peaks in grey boxes at 3.57 ppm and 1.77 ppm originate from THF. (B) *H-NMR spectra (CDCls,
400 MHz) of converted polymer from CaZn stabilised film and CaZn stabilised pipe, with predominantly peaks of CH, groups in the hydrogenated

product backbone at 1.29 ppm.
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PVC, 0.2 mmol ZnCl,, 1.0 mol% HCU(CO)Ru(PPhs)s

CH,-CH, (i.e. ethylene) repeating units, and a theoretical
number average molar mass (M) of only 5600 g mol " (accord-
ing to NMR integration). In 2-butanone (Fig. 5B), using only the
Ru-catalyst yields 8% dechlorination and added HCIl hardly
changes the dechlorination degree. Notably, products from
reactions with ZnCl,/Ru in 2-butanone are highly branched
with methyl groups, since the CH;/CH,-group ratio is 30/70
when using ZnCl,-Ru. In the third investigated solvent, THP,
using the ZnCl,/Ru combination only allows incomplete
dechlorination (64% dechlorination) (Fig. 5C). Additionally,
using only Ru or Ru with added HCI in THP, leads to similar
low dechlorination as under the same conditions as in 2-buta-
none, but this does not involve quick formation of CH;-
branches. Hence, the ZnCl,-catalyst leads to a higher activity
in 2-butanone and MCC than in THP. HCI addition in THP
leads to some suppression of the forward dechlorination, as is
observed for reactions in MCC. Products of the reaction in MCC
had markedly less double bonds when HCl was added; this
confirms that the double bonds are consumed not only by a
hydrogenation on the Ru catalyst, but also by reverse addition
of HCI. While there is little branching in MCC and THP, there
is extensive formation of methyl branches for reaction in
2-butanone. This shows that (i) the Ru catalyst has poor access
to the chains, resulting in slow hydrogenation of the C=C
bonds, and (ii) that even the reaction of carbocationic species
with chloride proceeds insufficiently. Consequently, there is
ample time for the (linear) carbocations to rearrange to methyl-
branched motifs, likely via protonated cyclopropanes.

Molecular weight changes by chain splitting and branching

In order to further elucidate mechanistic aspects of the dual
catalytic system, conditions using only one of the catalysts were

1012 | EES Catal.,, 2024, 2,1006-1018

, 2 mL solvent, 20 bar H,, 180 °C for 16 h).

applied on virgin LMW-PVC samples (M,, ~ 29800 g mol " and
M,, ~ 66000 g mol~'). Without Ru-catalyst, when applying only
0.2 mmol ZnCl, per 1.5 mmol PVC in MCC at 180 °C, black char
formation was observed almost immediately after the start of
the reaction (ESI,} Section S7). When monitoring this process
by UV-Vis spectroscopy, a rapidly increasing intensity of the
absorbance peak at 254 nm suggests fast formation of double
bonds and highly conjugated systems, possibly even aromatics
in the first minutes of reaction (Fig. S13, ESIf). Using both
ZnCl, and Ru-catalysts led to conversion of PVC to a fully
saturated PE-like polymer after 16 h (Fig. 6A). Employing only
the Ru-catalyst, also gradually increased the degree of dechlor-
ination of the polymer products with reaction time, resulting in
42% dechlorination after 16 h. A control reaction without any
catalyst showed no dechlorination activity. Hence, besides its
activity in hydrogenation, the presence of Ru-catalyst can also
elicit a steady but slow dehydrochlorination in absence of
the ZnCl,. When applying GPC on the polymer products after
16 h reaction (Fig. 6B), the products with full dechlorination by
Zn-Ru had a remarkable reduction in molar weight. The
number average molar mass (M,) and weight average molar
mass (M,,) of these products are in the range of ~2000 and
~4000 g mol !, respectively. Considering the M, of the poly-
mer with full dechlorination, one would expect a theoretical M,,
of 14100 g mol ™" for this 53% mass reduction in the reaction
(net Cl-loss and H-gain). Hence, this large decrease in molar
mass of the polymer may be attributed to chain splitting
reactions of the polymer, beside dehydrochlorination-hydro-
genation, which is most apparent when high degrees of
dechlorination are obtained by the ZnCl,/Ru-catalyst combi-
nation. Chain splitting may be caused by carbocation inter-
mediates of the polymer or possibly by hydrogenolysis activity

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (A) Conversion of LMW-PVC under tandem dehydrochlorination—hydrogenation conditions in time (general conditions with 1.5 mmol LMW-PVC,

0.2 mmol ZnCl,, 0.01 mmol HCI(CO)Ru(PPhs)s, 1 mL methyl cyclohexanecarboxylate at 180 °C under 20 bar H,). (B) Change in molar mass averages
(number average (M,) and weight average (M,,)) of the polymer, after reactions for 16 h.

of the Ru catalyst. The thermal properties of the completely
dechlorinated products were found to be similar to those of
virgin low molecular weight-PE (ESI,t Section $10).

Control reactions, without catalyst, led to no change of the
molar mass of the products. On the contrary, applying solely
the Ru-catalyst gave a slight increase in molar mass, which can
be explained by cross-linking reactions under influence of HCI
during the slow dechlorination process. 'H-NMR and "*C-NMR
spectra of the polymer products (ESI,i Fig. S14 and S15),
showed residual double bonds under these conditions.

In order to better understand the molar mass reduction of
PVC by the ZnCl,/Ru-catalytic system, the conversion of 2-
chloroheptane was monitored by gas chromatography (GC),
as a model reaction for PVC, under similar conditions.
To avoid bimolecular reaction pathways, these reactions were
performed at a slightly lower temperature of 140 °C, and using
tetradecane as an inert, diluting solvent. A control reaction
without catalyst gave no conversion of the 2-chloroheptane
starting material (Fig. 7). When using only ZnCl,, slightly
higher conversion of the starting material than for the ZnCl,/
Ru system was obtained, leading to mostly heptene formation
by HCI elimination. While further hydrogenation to heptane
happens extensively when applying the Ru-catalyst, also iso-
merization reactions to 3-chloroheptane were observed under
these conditions. This proves the addition of HCI to formed
double bonds after initial elimination. Additionally, various
side products were detected, which were identified as branched
(chloro-)alkanes, with 7% and 10% yield of the branched
products in the presence of ZnCl, and ZnCl,/Ru-catalyst,
respectively. Methylhexane and chlorinated methylhexanes
were found amongst these products. These can be formed via
protonated cyclopropane intermediates, which shift internal

© 2024 The Author(s). Published by the Royal Society of Chemistry

carbons of the alkane, to external (branched) methyl positions
on the chain.’’ Carbocation intermediates that undergo B-
scission reactions may also explain the detection of fragmenta-
tion products like isobutene and chloropropane. Additionally,
the mass balance of these reactions was not complete, as an
unknown fraction of, most probably, volatile short-chained
isomers (i.e. alkenes and alkanes) from these rearrangements
eluded detection. Hence, the loss in molar mass of the polymer
products of PVC, when using the ZnCl,-catalyst, originates from
its Lewis acidity which accelerates HCI release. Subsequently,
the Bregnsted acidity of HCI leads to carbocation rearrange-
ments that split the initially linear polymer backbone into
shorter chains.

Characterization of active ruthenium catalyst

To identify the hydrogenation catalyst as formed during reac-
tions, X-ray absorption spectroscopy (XAS) was performed
(Experimental) for the characterization of the Ru-catalyst at
its K-edge (22.1 keV) in methyl cyclohexanecarboxylate, as the
solvent. Firstly, X-ray absorption near edge structure (XANES)
spectra (Fig. 8A) demonstrated no shift in K-edge position of
the Ru-catalyst, without ZnCl, (after 16 h of reaction), com-
pared to fresh HCI(CO)Ru(PPh;); pellets. Even after applying
the actual reaction conditions, employing the Ru-catalyst with
ZnCl,, the oxidation state of +2 of the initial precursor is
retained. However, the extended X-ray absorption fine structure
(EXAFS) spectra (Fig. 8B) do show a change in the ligand
coordination of the Ru-catalyst, when using ZnCl,. Under these
conditions, additional Ru-Cl bonding is observed, while also
Ru-Ru bonding is detected. This suggests that bimetallic or
oligonuclear Ru catalyst clusters form during the reaction,
although the catalyst remains homogeneous throughout the

EES Catal., 2024, 2,1006-1018 | 1013
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beside elimination and hydrogenation. Using ZnCl,, rearrangements by released HCl lead to branching and lower molecular weight products. Reactions
were performed with 0.2 mmol ZnCl,, 0.01 mmol HC(CO)Ru(PPhs)s and 0.5 mmol 2-chloroheptane in tetradecane as the solvent (1 mL), at 140 °C under

20 bar H, for 10 h.

entire tandem dehydrochlorination-hydrogenation conversion
of PVC. While the ZnCl,-catalyst was found to be stable for
at least three reaction cycles of PVC conversion (ESLT
Section S11), the Ru-complex was found to be deactivated after
a 2nd reaction cycle. This is most likely caused by Ru-clustering
due to the HCl-concentration buildup when reusing the spent
solvent (which still contains ZnCl, and accumulated the formed
HCI). Thereby, solid Ru-particle formation was observed in the
solvent after the 2nd cycle, which was also accompanied by
charring of the PVC products. Since the proposed procedure
uses a dual homogeneous catalytic system, a reuse of the
methyl cyclohexanecarboxylate solvent with dissolved ZnCl,
from a first reaction was possible when adding fresh

1014 | EES Catal., 2024, 2,1006-1018

HCI(CO)Ru(PPh;); catalyst. This approach also led to complete
conversion of the PVC to PE-like material for at least three
reaction cycles.

Mechanism of PVC conversion

Based on these insights, a mechanism can be proposed for the
tandem reaction. In comparison with earlier approaches, e.g.
based on ionic liquids, the use of ZnCl, enables a mild and
complete conversion to a saturated polymer chain.® Previously
a zipper effect has been reported for release of HCI from PVC,
which implies that labile allylic chlorides on the polymer
backbone react faster by dehydrochlorination, thereby acceler-
ating successive release of HCl molecules from PVC." In the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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case of the ZnCl,-Ru catalyzed reaction, there is no clear
evidence for a rate acceleration via labile allylic chlorides; it
seems that the Lewis acid ZnCl, elicits fast double bond
formation, and that the following Ru-catalysed hydrogenation
occurs fast enough to avoid formation of extensive conjugated
systems (Fig. 9A). Several elements indicate that the dehydro-
chlorination is reversible, such as the effect of added HCI on
the PVC reaction in methyl cyclohexanecarboxylate, or the
formation of the 3-Cl-heptane isomerization product in the
reaction of 2-Cl-heptane. Side reactions can be rationalized
based on the reactions of carbocations that are formed from
olefins and the increasingly large amount of HCI released.
Methyl branching of the originally linear polymer chain can

© 2024 The Author(s). Published by the Royal Society of Chemistry

proceed via protonated cyclopropane intermediates (PCP")
when olefins in the chain are protonated (Fig. 9B).””*® The
carbocationic intermediates can either undergo various rear-
rangements, or even B-scission reactions when the chain is
increasingly branched, with preferentially formation of stable
olefins and stable cations, i.e. secondary or tertiary carboca-
tions. This explains for instance the formation of isobutane and
2-Cl-propane as side-products in the 2-chloroheptane model
reactions. For the reaction of the PVC, such splitting reactions
explain the decrease of the molecular weight of the polymer
product. Finally, because of the tandem hydrogenation that is
catalyzed by Ru, the split olefins are converted to a saturated
alkane product.

EES Catal., 2024, 2,1006-1018 | 1015
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Conclusion

In spite of the large differences in formulation and the presence
of diverse additives, the developed tandem dehydrochlorination—-
hydrogenation procedure demonstrated an unprecedented versa-
tility in the conversion of a wide array of post-consumer PVC waste
materials. So far, most literature procedures rely on a stoichio-
metric reducing agent or base to enable Cl-release from PVC, with
unfavourable atom efficiency.”™ Our findings show that ZnCl,
can be used in low catalytic loadings as an effective dehydrochlor-
ination catalyst to achieve complete HCI removal, with homoge-
neous Ru as a complementary hydrogenation catalyst. The
chemical recycling of typical waste materials such as piping,
window profiles and cables was successfully demonstrated, in
spite of the typical contaminants that are otherwise problematic
in mechanical recycling. This chemical recycling method is highly
solvent dependent. Not the most common solvents for PVC, such
as ketones or ethers, were suitable media to achieve full conversion
but a novel ester solvent (i.e. methyl cyclohexanecarboxylate) did
show excellent capacity. It was found that combining the methyl
cyclohexanecarboxylate with an alcohol solvent (e.g. methanol or
ethanol) after reaction, is a useful method for product isolation
and solvent recovery. The alcohol anti-solvent is low-boiling and
can be evaporated to purify the ester solvent. Methyl cyclohexane-
carboxylate is a high boiling solvent (boiling point of 183 °C)
compared to typical ether solvents for PVC (e.g. boiling points of
THF and THP are 66 °C and 88 °C, respectively). Therefore, in
regard to sustainable solvent selection,? it has less issues related
to VOC emission. Additionally, the solvent shares structural simi-
larities with cyclohexane and ester containing-moieties, which are
generally known to have few known health hazards. Finally,
mechanistic elucidation of the tandem dechlorination reaction
shows the occurrence of carbocation mediated side reactions
during the process, which leads to branching in some solvents,
and also involves chain scissions resulting in lower molecular
weight polymer products. This process, yielding soluble short-
chained polymer fragments with a strongly reduced CI content is
potentially promising for industrial application, easing additive
removal and thermal processing of chlorinated plastic waste.

Experimental

Materials

Virgin LMW and HMW PVC powders were obtained from Sigma.
Virgin PVC with K-values ranging between 57 and 70 and waste
PVC samples were acquired from Vynova. All solvents were
supplied by Sigma and were used without drying or additional
purification. Employed metal salts (e.g. ZnCl,) and HCI(CO)Ru-
(PPh3); were purchased in anhydrous form, but were handled
under air without considering atmospheric humidity.

Solubility tests of PVC

To a crimp neck vial (7 mL), PVC (1.5 mmol, 93.5 mg) and the
solvent (2 mL) were added, after which the vial was sealed.
Upon stirring, the mixture was heated at a temperature of
100 °C whereby the dissolution of the polymer was monitored
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visually. The dissolution temperature is noted to be the tem-
perature at which the liquid phase became transparent with
complete dissolution of the solid polymer particles after
maximally 1 h.

Molecular weight of polymer samples

The molecular weight of virgin PVC samples was measured
using viscometry (determination of Fikentscher K-value) and
Gel Permeation Chromatography (GPC). For viscometry, the
elution time of solutions of PVC in cyclohexanone (0.5 m%
PVC) was measured using a Ubelhode viscometer. When com-
paring the elution time of the solution (¢1) with that of pure
cyclohexanone (¢0), a viscosity index (VI) was calculated as the
difference in elution time. According to this, the K-value is a
viscometry determined value that describes the molecular
weight of the polymer (ESI,T Fig. S9). GPC calibration was done
according to polystyrene standards, on an Agilent 1260 Infinity
II GPC device, with THF as the eluent (1 mL min ") with a
column temperature of 35 °C. The molar weight averages of
polymer products, after tandem reaction, were measured using
GPC under the same conditions.

Pretreatment of waste powders

Before reaction of waste materials, aliquots of the ground waste
powders (93 mg) were subjected to one of following procedures:
(1) when pre-dissolved, the powder was dissolved in methyl
cyclohexanecarboxylate (2 mL) by magnetically stirring at
100 °C for 1 h; (2) when applying dissolution-precipitation/
pre-dissolution, the powder was firstly dissolved by stirring it
for 30 min at 50 °C in THF (1 mL). After cooling to room
temperature, ethanol (2 mL) was added to the solution to
precipitate the polymer. After solvent decantation, the polymer
product was pre-dissolved in methyl cyclohexanecarboxylate
(2 mL) by stirring at 100 °C for 1 h.

Tandem dehydrochlorination-hydrogenation reactions

Virgin PVC (1.5 mmol based on the monomer unit with molar
mass of 62.6 ¢ mol™', 93 mg), the pre-treated waste sample
(obtained from 93 mg waste powder), or varying quantities as
described otherwise, were brought into a glass liner. To the
glass liner, ZnCl, (0.2 mmol, 27.3 mg, 14 mol% per 1.5 mmol
PVC) and HCI(CO)Ru(PPh;3); (0.01 mmol, 0.65 mol% per
1.5 mmol PVC, 9.4 mg) were added. For some mechanistic
reactions, HCl in solution (1.5 mmol, 0.38 mL, 4 M solution in
dioxane) was added at this stage. The reactions were performed
in sealable home-made autoclave reactors. Hence, the glass
liner was brought into the reactor, after which this was sealed
and purged with N,-gas before bringing it under 20 bar of H,.
The reaction mixture was then stirred (750 rpm) at 180 °C,
under the applied H,-pressure, for the designated time. After
heating, the reactor was cooled in an ice bath. The polymer
products were isolated from the solvent by the addition of an
excess of ethanol, and subsequent centrifugation (4700 rpm,
2 min) for precipitation. After solvent removal, the product was
redissolved in THF (0.3 mL) at 50 °C for purification. The
polymer product was then recovered by ethanol addition to the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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solution, followed by centrifugation (4700 rpm, 2 min) and solvent
decantation. Then, the polymer product was dried overnight on a
Schlenk line, under reduced pressure. Products were characterised
by Attenuated Total Reflection-Fourier Transform Infrared Spectro-
scopy (ATR-FTIR) and liquid NMR. ATR-FTIR spectra were
recorded on a benchtop Cary 630 FTIR Spectrometer.

Determination of degree of dechlorination

The polymer products (samples of +10 mg) were dissolved in
CDCI; at 50 °C. Subsequently, "H-NMR spectra were recorded
on a 400 MHz Bruker Avance III HD spectrometer at room
temperature. Integration of the "H-NMR spectrum was used to
determine the degree of dechlorination of products, according
to our previously described procedure.'® Each integral value is
divided by the theoretical number of protons per corres-
ponding carbon group. The theoretical number of protons is
1 for CHCI groups (6 4.7-4.3 ppm), 2 for a-CH,-groups (6 2.4-
2.0 ppm) and 2 for ethylene-ethylene type units of CH, (J 2.0-
1.28 ppm). The peak of -CH— groups (0 5.40 ppm) was
indicative for the presence of residual double bonds. CH;-groups
at chain ends of the polymer backbone had a peak with a shift at
0.9 ppm, accounting for 3 protons. All integrations enabled a
calculation of the relative fractions of each type of carbon in the
polymer chain. For this, the sum of the corrected integral values
was normalised to 100%. Half of the fraction of =—CH-groups in
products represents the number of double bonds per 100 carbon
atoms. Additionally, the fraction of CHCI groups indicated the
extent of completion for reactions. For this quantification, the
degree of dechlorination was calculated as 100% (1 — (fraction of
CHCI groups in products)/(fraction of CHCI in PVC)). In Section S2
of the ESI, examples of the calculation are illustrated for polymer
products with varying degree of dechlorination.

2-Chloroheptane model reaction

A stock solution of 2-chloroheptane (3.5 mmol, 0.5 M) in
tetradecane (7.0 mL) was prepared with decane (3.5 mmol,
0.5 M) as internal standard. For reactions, the stock solution
(0.5 mmol 2-chloroheptane, 1.0 mL) was added to a glass liner,
loaded with ZnCl, (0.2 mmol) and in some cases HCI(CO)Ru-
(PPh3); (0.01 mmol). The reaction mixture was then heated and
magnetically stirred at 140 °C under 20 bar H,, in a sealed
autoclave reactor. After 16 h, the reactor was cooled in an ice bath
and the reaction mixture was analyzed by gas chromatography
(GC) and GC-mass spectrometry (MS). GC-MS was used for
identification of product peaks, consistent with data from the
NIST database, while GC was used for quantification of the
product peaks. The conversion of 2-chloroheptane was calculated
relative to the internal standard, using effective carbon numbers
(ECN) to correct for Flame Ionisation Detector (FID) response
factors (ECN-values: 6.88 for 2-chloroheptane, 7 for heptane, 6.9
for chloro-methylhexane, 7 for methylhexanes, 4 for isobutane and
2.88 for chloropropane).

XAS data collection

Ru K-edge XAS spectra were collected in transmission mode, by
continuous energy scans using a Si(220) monochromator on the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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SAMBA beamline at the SOLEIL Synchrotron (Saint-Aubin,
France). Simultaneous measurement of a metallic ruthenium
foil, was used as a reference for the energy alignment. For
measurements, the HCI(CO)Ru(PPh;); was pressed into a pellet
(fresh Ru-catalyst), while the structure of Ru-catalyst after 16 h
of PVC dehydrochlorination-hydrogenation was measured in
solution (using methyl cyclohexanecarboxylate as solvent) in
7 mL crimp cap vials. The applied reaction conditions and data
processing are described in ESI,} Section S9.

Data availability

Original data are available within KULeuven’s OneDrive system.
The ESIf contains additional characterisation data and condi-
tions of experiments.
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