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PVC is often found in composite materials and dehydrochlorination has been shown to be a viable option
to recover valuable carbon forms and HCL from PVC, however, in current processes, the high temperature
of operation is still detrimental. lonic liquids were shown to tackle this issue by reducing the temperature
of dehydrochlorination and improving its yield. The aim of this work is to address the separation problems
associated with mixed composite materials and provide insight into the use of dehydrochlorination as a
potential feedstock recycling process, such as, cracking or hydrocracking. To this end, a multicomponent
blisterpack containing PVC/aluminium/oPA was chosen to study the separation and dehydrochlorination
of a mixed waste. Three ionic liquids with different anions were chosen for this purpose, i.e. trinexyl(tetra-
decyl)phosphonium chloride, bromide and hexanoate. The results showed that ionic liquids are capable
of separating the layered components in the blisterpack and improving the dehydrochlorination degree
significantly (up to 99%). The recyclability was shown to be reproducible with halide-based ionic liquids,
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whilst with the hexanoate anion, the recyclability was achieved by washing with sodium hydroxide, with
simultaneous separation of the second polymer (namely oPA). Efficient separation of the layers in the blis-
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1. Introduction

Polyvinyl chloride (PVC) is a commonly used plastic, account-
ing for around 10% of global plastic demand, and only sur-
passed by polyethylenes (29.7%) and polypropylene (19.3%), as
reported by Plastics Europe.' It is one of the plastics com-
monly released into the environment, with 40 Mt produced
annually. The need for emerging recycling technologies is con-
tinuously increasing, as the current techniques (such as
mechanical or feedstock recycling) are unable to provide
sufficient recyclability of PVC, or deal with composite waste."
The incineration of PVC generates hydrochloric acid (HCI),
dioxins and dioxin-like compounds, which are incredibly
environmentally persistent and toxic to humans/animals,
showing high levels of bioaccumulation.> PVC applications
spread over building, construction and packaging, due to its
superior properties, such as high durability, energy efficiency
(caused by low thermal conductivity) and reusability.® It is
highly versatile, where changes in the formulation can

“Department of Chemical Engineering and Analytical Science, University of
Manchester, Oxford Road, Manchester, M13 9PL, UK.

E-mail: kamil.oster@manchester.ac.uk, arthur.garforth@manchester.ac.uk,
c.hardacre@manchester.ac.uk

bastraZeneca, Global Environment, Alderley Park, Macclesfield, SK10 4TF, UK

5132 | Green Chem., 2020, 22, 5132-5142

ionic

liquids which also allows recycling of the PVC through

improve the properties of the final product, conserving techni-
cal performance.’ PVC also has a lower carbon footprint than
other thermoplastics; it is produced from rock salt (57%) and
hydrocarbon from oil (43%) Nevertheless, the production of
PVC from recycled feedstocks can result in vast CO, waste
savings; for example, replacing virgin PVC resin with PVC from
post-consumer sources was estimated to save 2.056 tonnes of
CO, per 1 tonne of PVC.*

Annually, only around 1.8% of PVC is recycled, 45% is land-
filled and 15% is incinerated without energy recovery." There
are two main issues with the practical recycling of PVC. Firstly,
PVC usually contains additives based on heavy metals or
phthalates (endocrine disruptors).” Secondly, PVC contains
high quantities of chlorine which imposes difficulties with
end-of-life processing; pyrolysis produces HCI that must be
captured, and if mixed with other polymer waste, can elevate
the levels of char produced.® PVC waste streams mostly
contain other components such as glass, metals, and other
plastics, which hinders the selective recycling of PVC.”®
Commercially, VinyLoop offers recycling of PVC, however, the
final product is of lower quality due to irreversible thermal
degradation at PVCs melt temperature.” Moreover, the process
uses volatile solvents which do not circumvent the environ-
mental difficulties with PVC.'° Landfill disposal and incinera-
tion are the least favoured options regarding PVC end-of-life

This journal is © The Royal Society of Chemistry 2020
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treatment, due to production of corrosive HCI and problematic
toxic chlorinated compounds emitted upon combustion.'

A further problem with plastics, in general, is that they are
frequently found as composite materials, especially in packa-
ging materials. In this case, much of the waste consists of flex-
ible plastic films laminated with an aluminium foil, secured
with layers of adhesive. Current recycling/separation tech-
niques involve the use of harmful solvents, such as toluene or
xylene, to dissolve the adhesive and separate the layered
materials.”> A more sustainable solution has recently been
investigated in the form of switchable solvents to improve the
separation performance and recovery of the polymer, as well as
increasing the overall recyclability of the process.'*'®> However,
these methods will not directly treat PVC.

One of the routes to treat PVC is dehydrochlorination,
allowing the recovery of hydrogen deficient hydrocarbons and
simultaneous recovery of HCL'® The hydrogen deficient feed-
stock might then be co-mingled with other plastics, such as
LDPE and PP, and hydrocracked to a naphtha-like
product.””*® Nevertheless, dehydrochlorination is an energy
demanding reaction requiring a high processing temperature
of >250 °C.*° This temperature can be lowered by using
organic/inorganic bases or heavy metal catalysts, which do not
circumvent the environmental issues of PVC end-of-life
processing.*'** Recently, Zhao et al (2010) studied ionic
liquid (IL) mediated dehydrochlorination.** Therein, a signifi-
cant decrease in the temperature of the reaction (<200 °C) and
an improvement in the dehydrochlorination yield (ca. 90%)
was observed.

Furthermore, Glas et al. (2014) studied different types of
cations and anions, and the effect of their structural properties
(such as the p-parameter (hydrogen bonding accepting ability)
and alkyl chain lengths of cations) on the dehydrochlorination
yield.>® The authors showed that increasing the alkyl chain
length of a cations resulted in a better degree of dehydrochlori-
nation and a lower dehydrochlorination onset temperature.
Further reductions in the dehydrochlorination onset tempera-
ture was achieved by introducing phosphonium-based ILs,
such as [Py 444]" and [Piae60] - Nevertheless, the major influ-
ence on the dehydrochlorination onset temperature was
observed from anion. The main feature which make ILs a
more useful option for the recycling of PVC is their low vapour
pressure, resulting in a low volatility and proven recyclability.”®
However, many of the ILs studied, to date, are known to be
difficult to prepare in a pure state and the process is not cost
effective, particularly for imidazolium- and pyrrolidinium-
based ILs,*” whilst phosphonium-based ILs are a cheaper and
more readily available alternative.*®

The trihexyl(tetradecyl)phosphonium cation, [P14 66| , Was
chosen in this work due to the long alkyl chains in the cationic
core which were shown to enhance the degree of dehydrochlor-
ination.>® This cation was paired with hexanoate ([HexO] ),
chloride, CI7, and bromide, Br~ anions. The overall aim of this
work was to study the combined separation and dehydrochlori-
nation of a PVC-containing blisterpack over an increasing
temperature range (80-160) °C and duration (up to 24 hours).
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Currently, there are no known techniques in the literature that
allow for simultaneous dehydrochlorination and component
separation. The PVC composite material investigated was an
unformed three-layer blisterpack containing orientated polya-
mide (oPA), aluminium and PVC. The study was also comple-
mented by investigating the separation of PVC with ethyl
acetate, a common alternative solvent, and performing the
dehydrochlorination process on the separated PVC, to
compare the use of ILs and common solvents. The effect of IL
structure was discussed against dehydrochlorination degree
(including reaction kinetics), IL recyclability/chemical stability,
and the separation of blisterpack layers.

Glas et al. (2014) performed initial studies to examine the
effect of cation/anion alkyl chain lengths, and the type of
cation and anion.>® Phosphonium-based ILs showed a greater
degree of dehydrochlorination, particularly those with long
alkyl chain lengths, due to better permeation of the somewhat
less polar IL in PVC. Hydrogen bond accepting properties
(quantified in terms of the f-parameter) are dominant for the
anion impact on the dehydrochlorination, i.e. higher g values
reflect a higher basicity, thus, a higher dehydrochlorination
efficiency, which is also in good correlation with the acid-base
equilibrium pK,.** ClI~ and Br~ paired with quaternary phos-
phonium cations were shown to reduce the temperature of
dehydrochlorination down to 80 °C, and the acetate anion to
70 °C. Another issue highlighted in this study was the degra-
dation of IL structure.

This paper reports ILs from an innovative perspective as
solvent. Firstly, those can effectively separate
different components in composites which then simplifies
further processing in terms of recycling. Secondly, they induce
dehydrochlorination of the PVC which enables its further re-
cycling. Both factors determine ILs potential in recycling of
composites, particularly those containing PVC. This is also
supported based on currently available techniques, such as
thermal dehydrochlorination,” or use of harmful chemicals."”
Currently, there is no technique that allows simultaneous
dehydrochlorination and components separation.

universal

2. Experimental

Trihexyl(tetradecyl)phosphonium chloride, [Pi466,6|Cl, was
purchased from Cytec Industries Inc. (Cyphos IL-101, purity
>95%), and trihexyl(tetradecyl)phosphonium  bromide,
[P14,6,6,6]BT, was purchased from Merck (purity >95%). Trihexyl
(tetradecyl)phosphonium hexanoate, [P146,6,6][HexO], was syn-
thesised in accordance to a previously published procedure.*®
Generally, the chloride-based precursor, [Pi4666]Cl, was
diluted with ethanol, subject to an anionic exchange to tri-
hexyl(tetradecyl)phosphonium hydroxide, [P14,66,6[OH], by a
strongly basic anion exchange resin. Subsequently, an acid-
base reaction was carried out with hexanoic acid to obtain
[P14,6,6,6)[HexO]. All ILs were dried in vacuo (10~°) Pa at 65 °C
for at least 72 h. The purity was checked with 'H, *C and *'P
NMR spectroscopy (B400 Bruker Avance III 400 MHz, solvent:
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CDCl;). The purity of [Pia666|/Cl and [Pisee66/Br was
>0.95 mass fraction, and >0.98 for [Py, ¢ 6][HexO]. The water
content was measured by Karl Fisher titration (Metrohm 899
Coulometer with Hydranal Coulomat AG), and all ILs had a
water content of <500 ppm.

The unformed blisterpack material used in this work was
supplied by AstraZeneca as a three-layer composite (oPA-
Aluminum-PVC) secured with an adhesive (Degalan P24 as a
model, methacrylate-based bead polymer supplied by Evonik
Industries). The blisterpack was cut into 1 ¢cm® pieces and
washed with ethanol in an ultrasonic cleaning bath for
5 minutes to remove contamination from the surface.
Thereafter, the cleaned blisterpack was dried at 50 °C for at
least 24 h.

The structure and elemental composition of the blisterpack
was investigated using scanning electron microscopy using FEI
Instruments Quanta 250 system equipped with an Oxford
Instruments XMax" detector coupled with energy-dispersive
X-ray spectroscopy (SEM-EDXS). Blisterpack samples were
mounted with the flat surface perpendicular to the SEM elec-
tron beam on 10 mm diameter aluminium stubs (Agar
Scientific) with conductive carbon tabs (Agar Scientific) and
sputter-coated with 5 nm carbon using a Quorum Q150 Rotary
Pumped Coater. An accelerating voltage of 10 kV, working dis-
tance of 10.5 mm, and spot size 3.5 nm was used to excite C,
N, O and Cl K, transitions whilst minimising beam damage,
and the resultant X-ray emission spectra were interpreted with
the Oxford Instruments Aztec package. It can be seen in Fig. 1
that the studied blisterpack consists of 3 distinguishable
layers, namely oriented polyamide (oPA), aluminium (Al) and
polyvinyl chloride (PVC). The thicknesses of the layers were
calculated based on the SEM image and were found to be (27,
53 and 59) pm for oPA, Al and PVC, respectively, constituting
(19, 38 and 42)% of the blisterpacks three-layer structure. Thin
layers of adhesive can be seen in the SEM image (between
oPA-Al and Al-PVC), holding the layers together.

Fig. 1 SEM image of blisterpack (oPA — oriented polyamide, Al — alu-
minium, PVC — polyvinyl chloride).
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To perform dehydrochlorination, 5% (w/w) of blisterpack
squares were added to a 30 mL glass vial containing ca. 5 g of
IL, and equilibrated at constant temperature (80, 100, 120, 140
and 160 °C). The open glass vial was kept at temperature for
15, 30, 60, 120, 240 and 1440 min whilst stirring at 300 rpm.
After the reaction, the remaining solid was separated from the
IL, and washed with ethanol 3 times in an ultrasonic cleaning
bath for 5 min to minimise IL residue on the material.
Thereafter, the samples were dried at 50 °C for at least 24 h.
The ILs following reaction at 160 °C for 240 min were recycled,
whereby the same IL was used in the same reaction another 4
times.

Ethyl acetate fits the green solvent criteria as it can be
derived from biomass, and has better environmental,'® health
and safety properties, relative to harsher organic solvents.>® It
was assessed relative to the ILs as a solvent for swelling PVC
and dissolving adhesive, thus, selectively separating PVC from
the other blisterpack constituents.*® Afterwards, the PVC film
was cast by evaporation of ethyl acetate at 50 °C. This form of
PVC was also dehydrochlorinated by the above IL process, for
comparison to the multilayer-form blisterpack. This was used
as a standard process of PVC recycling which is proceeded by
separation with organic solvents, and further dehydrochlorina-
tion. This process may be contrasted with the use of ILs for
simultaneous separation—dehydrochlorination which may
result in a reduction of the chemicals used.

The dehydrochlorination degree was measured by EDXS.
The integrated peak area of Cl Ka (2.621 keV) in the EDS spec-
trum is equivalent to a relative concentration of the element in
the sample. The dehydrochlorination degree, a, was deter-
mined by a ratio of the Cl Ka area in PVC before reaction
(Clpyc) and the Cl Ka area in PVC after reaction (Clgample)
which also limits the discussion to the degree of removing
chlorine, instead of quantifying the accurate concentration of
chlorine before/after reaction:

a(%) = (1 - M) x 100
Clpyc
The spectrum was acquired in 5 different positions on each
sample to examine the spatial distribution. The average
(mean) peak area was taken for the above equation, whilst the
average standard deviation was 3.24%.

3. Results and discussion
(a) De-HCI of PVC without ILs

Conventionally, high yields of thermal dehydrochlorination
require high temperatures (>250 °C).”° At lower temperatures,
e.g. 180 °C, Zhao et al. (2010) reported a ca. 40% dehydrochlor-
ination degree after 1 hour.>* To establish the baseline for the
dehydrochlorination of the layered PVC material catalysed by
ILs in this work, the blisterpack was first subjected to various
temperatures for 4 h with no IL or solvent present. The results
can be seen in Fig. 2. A clear decrease in C-Cl stretching in the
575-725 cm™ ' infrared region can be observed as a result of

This journal is © The Royal Society of Chemistry 2020
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(a) FTIR spectrum of PVC (on blisterpack) with no IL/solvent, after 4 hours of reaction from 80 °C to 160 °C; (b) dehydrochlorination degree

as a function of the reaction temperature after 4 hours (quantified by EDXS); colours in (a) are corresponding to (b).

dehydrochlorination occurring (Fig. 2a). Moreover, the dehy-
drochlorination degree quantified by EDXS can be seen in
Fig. 2b. After 4 h at the lowest temperature of 80 °C, a conver-
sion of 6.9% was achieved, whilst at the highest temperature
of 160 °C, the conversion was 19.6%. The dehydrochlorination
degree obtained in this work is lower than reported by Zhao
et al. (2010),>* wherein, at 160 °C, ca. 30% dehydrochlorination
(after 1 h) was found. This could be an effect of the fact that
the PVC in this work is a component of a multi-layered
material, which reduces the possibility of releasing HCIl over
the entire surface of PVC, as physical constraints are on one of
the sides (i.e. adhesive/aluminium), hindering the dehydro-
chlorination yield. For this reason, it is advantageous to separ-
ate the layers in a concerted exfoliation-dehydrochlorination
step which would result in increased surface area to initiate
dehydrochlorination with enhanced reactivity. Nonetheless, no
separation of the observed during these
experiments.

layers was

(b) De-HCI of PVC in blisterpack with ILs

The mechanism proposed by Zhao et al. (2010) is a one-step
elimination reaction: the anion (such as CI7) with hydrogen
bond accepting properties weakens the C-H bond, whilst the
cation complexes with the C-Cl bond, weakening the PVC
structure (Fig. 4).>* Thus, dehydrochlorination is dependent
on the cation-anion interaction, anion basicity, IL polarity, IL
chemical stability over dehydrochlorination, and the activation
energy barrier. Whilst the mechanism is plausible, sufficient
experimental evidence was not provided to explain this
phenomenon for ILs other than chloride-based ILs. Three ILs
were tested for their impact on the dehydrochlorination of
PVC in the blisterpack, as well as the separation, i.e. [P14,66,]
Cl, [P14,6,6,6/Br and [Py, 6 6,6][HexO].

The results of the dehydrochlorination experiment in the
chosen ILs over a 4 h period can be seen in Fig. 3a-c, and after
24 h reaction in Fig. 3d.

This journal is © The Royal Society of Chemistry 2020

Dehydrochlorination is an elimination reaction and can be
catalysed by Lewis bases. The differences in dehydrochlorina-
tion as a function of the anion can be explained based on
acid-base equilibrium pK,. When HCI/HBr are created (in case
of [P14,6,6,6JCl and [P14,66,6|Br), the halide reacts with the unsa-
turated polymer formed to reform the halogenated polymer,
e.g. PVC. Owing to the strength of the HCI/HBr, they can react
with the unsaturated polymer, due to thermal -effects.
However, in the case of hexanoic acid, the anion (hexanoate) is
much more basic (pK, 4.85 for hexanoic acid) and thus the
proton is less available for the back reaction. This can be seen
in Fig. 3a-c where the dehydrochlorination degree plateaus
over a 4 h period, with the highest values achieved for
[P14,6,6,6[HexO], ie. at 160 °C after 4 hours (83.8, 85.1 and
99.8)% for [P14,6.6,6]Cl, [P14,6,6,6]BI and [Py4 ¢ 6 ¢][HexO], respect-
ively. This can be also seen in the dehydrochlorination degree
achieved after 24 h (Fig. 3d) for halide-based ILs and
[P14,6,6,6[HexO] whereas [Pi46,6][HexO] produces systemati-
cally higher dehydrochlorination degree values than both
[P14,6,6,6]Cl and [P14,66,6|BT, Le. (52.6, 49.5 and 72.1)% at 80 °C
for [P14,6,6,6]Cl, [P14,6,6,6]Br and [Py 6 6][HexO], respectively.

The dehydrochlorination degree depends on the reaction
time and temperature. At the start of the process, there is a
rapid increase in the dehydrochlorination degree, which also
increases with temperature, ie. at the highest temperature
(160 °C), it reaches 50.1, 52.6 and 68.9% dehydrochlorination
after 15 min using [Pi4.6.6,6]Cl, [P14,6,6,6/Br and [P146 6,6][HexO],
respectively. In each case, the time-temperature profile is very
similar, with the hexanoate anion showing a higher dehydro-
chlorination degree. After a rapid initial reaction, the dehydro-
chlorination degree levels off, which may be due to an equili-
brium effect between the dehydrochlorinated PVC, formation
of the free acid of the anion (HCIl, HBr and hexanoic acid, in
case of CI7, Br~ and hexanoate anion) and [Py46,6,6]Cl (Fig. 4).
Interestingly, considering the equilibrium model with the IL-
catalysed changes in the structure of

reaction, no

Green Chem., 2020, 22, 5132-5142 | 5135
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Fig. 4 A mechanism of dehydrochlorination of PVC by ILs, proposed by
Zhao et al. (2010).**

[P14,6,6,6[HexO], e.g. replacement of hexanoate anion to chlor-
ide, were observed over the 4 h reaction.

Another factor to consider for the discussion on the mecha-
nism and differences between the ILs impact on the dehydro-
chlorination, is the kinetics of the reaction. He et al (2011)
showed that the IL-induced dehydrochlorination (with 1-butyl-
3-methylimidazolium hydroxide) is a first-order reaction:*>

In(1—a) =kt

where «a is the degree of dehydrochlorination, ¢ is reaction time
and k is the apparent rate constant (min~"). Therein, an acti-
vation energy of 44 = 0.2 k] mol™" was calculated, which was
significantly lower than thermal dehydrochlorination acti-
vation energy (182-200 k] mol').>* To determine the acti-

5136 | Green Chem., 2020, 22, 5132-5142

vation barrier for dehydrochlorination using IL herein, the
first-order plot of the initial rates of reaction, i.e. at reaction
times of <30 min, can be seen in Fig. 5a-c. As expected, the
logarithmic reaction degree against time shows linearity for all
cases, highlighting that the reaction is first-order. From the
slopes for each temperature (k), the Arrhenius plot was con-
structed in Fig. 5d. The activation energies determined were
(45.3 + 4.7, 46.8 + 3.5 and 46.0 + 5.3) k] mol™" for [P14,6,6,6]Cl,
[P14,6,6,6/Br and [Py4¢,6,6][HexO], respectively. Interestingly, the
activation energy for all ILs, including the one determined by
He et al. (2011), are of similar values.®” This indicates that the
dehydrochlorination induced by IL is sensitive to the presence
of cation + anion, rather than a specific type of IL (cation or
anion dependent) due to similar values of the activation
energy, further agreeing with the proposed mechanism. ILs
were shown to improve the dehydrochlorination reaction sig-
nificantly by lowering the activation energy, this can be also
seen in comparison to other initiators of dehydrochlorination,
for example NaOH + diethylene glycol (109 k] mol™"), NaOH +
triethylene glycol (82 kJ mol™'),>* NaOH + propylene glycol
(151 kJ mol™").**

It can be seen in Fig. 6 that dehydrochlorination causes
structural changes to the PVC. PVC after reaction exhibits

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 SEM image of (a) PVC before dehydrochlorination, (b) PVC after dehydrochlorination with [P14 6 6,6][Cl] at 140 °C and 240 minutes.

rough, cracked surface. This structure can be caused by
diffusion of HCI created during dehydrochlorination. Similar
results were observed by Zhao et al. (2010).>* As the intention

This journal is © The Royal Society of Chemistry 2020

is to use this dehydrochlorinated material in a further feed-
stock recycling process, the perceived structural damage was
not thought to be of concern.
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(c) Recyclability and chemical stability of ILs

Chloride based ILs were previously shown to exhibit chemical
stability on being reused for the dehydrochlorination
process.”* The chemical stability is due to the mechanism of
dehydrochlorination, involving the release of HCl from the
PVC structure, and regeneration of the IL anion/catalyst.
Therefore, as expected, no observable changes were found in
the dehydrochlorination degree for [Pi466,6]Cl over 4 cycles
(Fig. 7). In addition, [Py4,6,6)Br and [P1466,6|Cl showed similar
dehydrochlorination degree profiles over a wide range of temp-
eratures and reaction times, indicating similar molecular
effects regarding the dehydrochlorination.

Carboxylate-based ILs (i.e. with acetate anion) in the litera-
ture were shown to improve the dehydrochlorination with a

100 —rc
—0— [Py46,66)[Cl]

—O—[Pyy64l[Br]
N £ [Py 66,6][HexO]

08 .

95 -

90

88

85
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higher initial conversion than [Pi466,6]Cl and [Pi466,6/BT;
however, their chemical stability was a limiting factor, i.e. long
reaction times causing conversion to the chloride-based IL
and/or degradation, due to the creation of carboxylic acid (i.e.
acetic acid) with a low boiling point, thus, escaping the
system.?® [Py4666][HexO] was used in this work as hexanoic
acid has a boiling point of 205 °C. However, it can be seen in
Fig. 7 that the dehydrochlorination degree with this IL
decreased after each cycle.

The NMR spectra of [Pi466,6|Cl and [Pq4666/Br did not
show any changes before and after reaction. "H NMR spectra
for [Py4,6,6,6][HexO] before and after reaction (in 4 cycles) can
be found in Fig. 8a. The appearance of a singlet peak at ca.
14 ppm (-COOH) can be seen after the first cycle, confirming
the presence of carboxylic acid in the system. Moreover, this
hexanoic acid peak is increasing in intensity which indicates
an increasing amount of carboxylic acid in the system relative
to the carboxylate anion. As can be seen in Fig. 8a, a downfield
shift of the peak at ca. 2.2 ppm (H3C-(CH,),~CH,-CH,-COO™)
indicates a deshielding effect from protonating the carboxylate
group, ie. a result of carboxylate—carboxylic acid transition.

Normalisation of the spectrum to the 15 "H multiplet at ca.
0.82 ppm (as a sum of terminal -CH; groups protons in the
cation and anion, excluding subsequent overlap of hexanoic
acid), the ratio of hexanoic acid/hexanoate is 0.34, 0.71, 0.82,
and 0.83 for cycles 1-4, respectively. This correlates with the
results of decreasing dehydrochlorination degree after each re-
cycling phase (Fig. 7), and approaching equilibrium of carbox-
ylate-carboxylic acid.

The FTIR spectra of [P14,6,,6]Cl and [P14,66,6]Br also did not
show any changes regarding the chemical stability (before and
after reaction). The FTIR spectrum for [P, 66 6][HexO] before
and after reaction can be seen in Fig. 8b. The presence of car-
boxylic acid created during dehydrochlorination can be differ-

Fig. 7 ILs reusability test (160 °C, 4 hours). entiated from the carboxylate group, through an asymmetric
a) b)
\
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Fig. 8 Chemical stability of [P14 ,6,6][HexO] for recyclability test; (a) *H NMR, (b) FTIR.
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Fig. 9 (a) *H NMR spectrum, and (b) FTIR spectrum, of pure [P14,4,4,61[HexO] and recovered.

stretch of the ~COOH group at 1738 cm™' and symmetric
stretch at 1216 cm™". Moreover, a decrease in absorbance of
the peaks at 1577 ecm™' (asymmetric CO stretching) and
1375 em™ ' (symmetric CO stretching) reflects a loss of carboxy-
late groups in the IL.

As shown above, the dehydrochlorination degree decreases
after each cycle, which is associated with conversion of the
hexanoate anion to hexanoic acid and replacing it with a chlor-
ide anion. The [Py466,6][HexO] after the 4™ cycle was separated
and washed with a 2 M aqueous solution of NaOH for 16 h,
forming NaCl and converting hexanoic acid back to the hex-
anoate anion. Afterwards, [Py4666][HexO] was washed with
water until no positive result in AgNO; test (for Cl~ detection),
to remove residuals of Cl” (from NaCl) in the IL. The IL was
then dried in in vacuo (107°) Pa at 65 °C for 24 h. The structure
of recycled [P1466,6[HexO] was confirmed and compared to
pure [Py, 66,6][HexO] before any dehydrochlorination (Fig. 9).
As expected, there was no singlet at ca. 14 ppm observed indi-
cating conversion of hexanoic acid to the hexanoate anion
(Fig. 9a), with the number of protons in the cation and anion
equal to 78 (as in pure IL), reflecting in >0.98 weight purity.
Moreover, the FTIR spectrum indicates recovery of the carboxy-
late anion was 97.5%, based on stretching band at 1577 cm™".

The recycled and dried [Py4,6,6][HexO] was reused for the
dehydrochlorination of PVC (160 °C, 4 h). The dehydrochlori-
nation degree achieved with recycled [Pi4666|[HexO] was
96.5%, as compared to 99.8% and 94.3% after the 1% (with
pure [Py4666][HexO]) and 2" cycle, respectively. The above
results show that despite the limiting decrease of dehydro-
chlorination degree with cycles, in the case of [Py, 6,6][HexO],
it is possible to recycle the IL to restore activity for
dehydrochlorination.

(d) Separation of the layered material

A significant constraint in the feedstock or mechanical re-
cycling of PVC is separation of the components from mixed

This journal is © The Royal Society of Chemistry 2020

waste streams. In the case of the blisterpack, oPA, aluminium,
and adhesive residue needs to be separated from PVC, so the
PVC can then be taken for recycling.* ILs can provide a solu-
tion in this case, where the presence of aluminium and oPA do
not impose difficulties for the dehydrochlorination reaction as
a feedstock recycling process, due to the peeling off effect
observed during the reaction. It was noticed that both the
temperature and time of the reaction influences the delamina-
tion, or more specifically de-gluing PVC and oPA from Al. The
effect of these two factors can be seen in Table 1. The results
for all three ILs were the same, suggesting that it is a time and
temperature effect, and the presence of IL, rather than related
to the IL anion type. At the lowest temperature, 80 °C, delami-
nation was achieved after 2 h, whilst at the highest tempera-
ture, 160 °C, it was observed after 15 min.

Each batch of blisterpack contains 19% of oPA (5 g
IL:0.0475 g OPA, resulting in 1% of oPA in IL). Melting-dis-
solution of oPA in the IL, during or after delamination, is
expected based on the results observed by Zheng et al. (2018)
where the melting-solubility of nylon 6,6 occurred below
220 °C in low IL concentrations.*® The FTIR spectrum of the
blisterpack (oPA-side) is shown in Fig. 10. It can be seen that
at 140 °C, a flat line is observed after 4 hours, indicating no
oPA is present on the blisterpack, whilst at 160 °C this
happens after 15 min. At temperatures below 140 °C, no effect

Table 1 PVC delamination effect related to temperature and time of
the reaction; (=) no delamination, (+) delamination occurred

80 °C 100 °C 120 °C 140 °C 160 °C
15 min - — - - +
30 min - - - + +
60 min - - + + +
120 min + + + + +
240 min + + + + +
1440 min + + + + +

Green Chem., 2020, 22, 5132-5142 | 5139
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Fig. 10 FTIR spectrum of oPA-side blisterpack; left — 140 °C, right — 160 °C.

Table 2 Dissolution/separation of oPA as a result of temperature and
time of reaction

80 °C 100 °C 120 °C 140 °C 160 °C
15 min - - - - +
30 min — - - - +
60 min - - - - +
120 min — - — - +
240 min - - - + +
1440 min - - - + +

was observed. This is also summarised in Table 2 (the results
for all ILs are the same).

To confirm the solubility of oPA in the ILs, the FTIR spec-
trum of [Pi466,6]Cl and [Pis66,6/Br is shown in Fig. 11.
[P14,6,6,6][HexO] has not been presented as the vibration bands
for adhesive and oPA overlapped with the carboxylic acid/
[HexO]™, thus masking the effect of solubility. The appearance
of two bands at 1730 cm™" and 1220 ecm™" (C=O stretching)
indicate the presence of adhesive (Degalan bead polymer), and
the two bands at 1650 cm™" (C=O0 stretching) and 1550 cm ™"
(NH-C=0), indicate the presence of oPA (nylon).

It can be seen in Fig. 12 that the oPA, initially present in
[P14,6,6,6[HexO], can be transferred to the solution of NaOH/
H,O during the washing process. This highlights the possi-
bility to fully recover all components of the blisterpack with
use of only ILs: (1) PVC delaminated and dehydrochlorinated
efficiently; (2) oPA delaminated and dissolved in IL, with
further separation with NaOH/H,O; (3) Al can be easily separ-
ated with commonly used techniques, for example by using
magnets.

(e) De-HCI of PVC separated by ETAC

Feedstock recycling relies on the separation of plastic com-
ponents, to avoid the generation of corrosive products in a
pyrolysis reactor, such as HCL*” Ethyl acetate (ETAC) was used
as a comparison, to selectively separate PVC from the rest of
the blisterpack. It is classified as a green solvent, and more-
over, it has the tendency to swell PVC which would enable sep-

5140 | Green Chem., 2020, 22, 5132-5142
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Fig. 11 FTIR spectrum for [P14,66,6]Cl and [P146,6,6]Br before reaction
and after the 4'" cycle (160 °C, 4 h).
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Fig. 12 FTIR spectrum of NaOH/H,O solution used for washing

[P14.6,6,6/[HexO] after 4" cycle, indicating presence of oPA in NaOH/
H,O.
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Fig. 13 FTIR spectrum of PVC on blisterpack (before separation) and
separated PVC.

Table 3 Dehydrochlorination results for PVC on blisterpack (IL
assisted), and separated (ethyl acetate then IL) at 160 °C after 4 h

Dehydrochlorination degree (%)

Ionic liquid Blisterpack Separated PVC
[P14,6,6,6]Cl 83.8 82.9
[P14.6,6,6/BT 85.1 86.7
[P14,6,6,6[HexO] 99.8 98.4

aration through delamination.’®® The procedure for the sep-

aration of PVC from the rest of the blisterpack was described
in the Experimental section. To assess the chemical quality of
the separated PVC after the solvent was removed, the FTIR
spectra was compared to the PVC in the blisterpack before pro-
cessing (Fig. 13). The appearance of the band at 1730 cm™
indicates the presence of adhesive in the reformed PVC during
the separation at 50 °C. The same dehydrochlorination reac-
tion as for the blisterpack was performed on the separated
PVC (using the three ILs at 160 °C and 4 h). Both dehydro-
chlorination degree values for the PVC in blisterpack and sep-
arated are similar (Table 3), showing that the separation
process prior to the dehydrochlorination reaction does not
produce higher dehydrochlorination of PVC, allowing for a
concerted separation/dehydrochlorination recycling process in
one step by using ILs. Moreover, it indicates that the separ-
ation process is not the rate determining step. The rate of the
dehydrochlorination is slower than the rate of separation of
the blisterpack. Using ILs simplifies the recycling process
where separation and/or purification would otherwise be an
essential pre-processing step.

It is important to consider the scale up of such a techno-
logy, and this can limit the complexity of the chosen system
for this application. For example, the synthesis of ILs with

This journal is © The Royal Society of Chemistry 2020
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complex ions can increase the number of reaction steps
required to reach the final product, therefore, focusing on
simpler materials, such as [Ps¢6,14]Cl (synthesised from the
reaction of trihexylphosphine with 1-chlorotetradecane) that is
commercially available in bulk, can reduce associated costs
considerably.*® However, while cost is an important factor,
safety and environmental implications must also be con-
sidered in this process, when compared with thermal dehydro-
chlorination. Furthermore, hazards can be reduced consider-
ably by using non-flammable and non-volatile materials. The
use of ILs in commercial processes by BASF (and many other
companies), shows that ILs can be successfully scaled,
handled, and effectively recycled for many processes.’® It
should be noted that there is currently no known industry
process for chemically recycling PVC in multi-layered packa-
ging e.g. blisterpacks, and waste is simply sent to landfill or
incinerated. The separation of the individual layers is a
complex challenge, and in this case, further work is required
to conclusively determine the fate of other blisterpack com-
ponents, such as the oPA layer and the adhesive, as well as the
HCI produced, however early results are promising, indicating
that the IL can be recycled up to five times with no loss in
activity.

4. Conclusions

Phosphonium based IL-assisted exfoliation/dehydrochlorina-
tion was performed on a PVC-containing laminate composite,
to study the effect of changing the IL anion, and to explore
temperature and time as parameters. [Py, .6,6]Cl and [P14,66,6]
Br demonstrated retention of dehydrochlorination efficacy
(83-85% dehydrochlorination degree) over a 4-cycle solvent
recyclability test (4 h, 160 °C), and although [Py, 6][HexO]
had a higher initial efficacy (>99% dehydrochlorination
degree) at these conditions, its ability to facilitate the dehydro-
chlorination reaction decreased with repeated use. This loss is
thought to be due to protonation of the hexanoate anion, and
its subsequent neutralisation to hexanoic acid, with [P146 6,6|Cl
generated from the chloride anions released from PVC. The
[P14,6,6,6[HexO] was thus recycled with a NaOH solution (ca.
97.5%), recovering dehydrochlorination affinity (degree of
96.5%, as compared to after the 1° cycle 99.8%). Washing with
a NaOH solution was also shown to separate oPA from ILs
which additionally indicates the possibility of circularity of the
dehydrochlorination with ILs.

The varying type and density of the components of a lami-
nated material can only be exploited for recycling (e.g. by flo-
tation, magnetic separation of metals) once delamination has
occurred, and all the ILs tested demonstrated this capability,
with reaction temperature a factor in the rate of delamination.
By combining this with dehydrochlorination, a material is pro-
duced that is suitable for feedstock recycling processes that
PVC would otherwise be incompatible with, and advantageous
over a standard solvent treatment that would only separate the
layers of the composite.
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