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This study demonstrates the catalytic conversion of real plastic
waste-extracted phthalate plasticizers into benzoic acid (BA), via a
one-pot hydrolysis—decarboxylation process based on inexpensive
Cu,0 and H-beta zeolite, in water as a safe and environmentally
benign solvent. As a result of the excellent product selectivity in
both reactions, BA was obtained in quantitative yields (>99%).
Esterification of the purified carboxylic acid resulted in the
production of an alternative benzoate plasticizer, with a total
process yield up to 94%.

In response to the recognized potential for endocrine disruption
and reproductive toxicity of phthalate plasticizers, the European
Union and North American governments have recently imposed
stringent restrictions on the (re-)use of these legacy additives.'™
In order to sustainably manage the considerable volumes of
plastic waste still containing these phthalate esters, several
innovative recycling methods are under development to effi-
ciently extract the plasticizers from the plastic matrix. Such
processes enable the safe reuse of the polymer material, but in
turn also call for revalorisation methods to address the vast
amounts of extracted legacy plasticizers.”™° Recently, we have
reported a two-stage hydrolysis-decarboxylation process capable
of producing simple aromatic compounds (i.e. phthalic acid,
benzoic acid and benzene) from such waste-extracted phthalate
plasticizers;'" a hydrophobic H-beta zeolite, with a high Si/Al
ratio of 75 is employed for the hydrolysis of the ester bonds,
while a Pt-catalyst is utilized in the subsequent decarboxylation
of the purified phthalic acid intermediate. While phthalic acid
has few applications besides potential reuse in notorious phtha-
late plasticizers, the cost of the noble metal catalyst may impede
a potential commercialization of the coupled revalorisation
strategy. This makes the replacement of the decarboxylation-
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active metal with a more earth-abundant and cheap alternative a
favorable advancement. In this regard, the use of Cu,O appears
to be an intriguing option: Goof3en et al. reported the catalytic
conversion of benzoic acids into benzene, albeit requiring
expensive ligands and toxic organic solvents (ie., quinoline
and N-methyl-2-pyrrolidone)."”>'* In another report, Zheng
et al. documented the complete decarboxylation of aromatic
acids to benzene in water. However, stoichiometric amounts of
Cu,0 and a very high temperature (350 °C) were required.'*"'>
Moreover, neither study achieved the selective production of the
higher-value benzoic acid compound, which is a logical pre-
cursor for the production of safe and REACH-approved
(di)benzoate plasticizers, amongst others, as potential substi-
tutes for legacy phthalates in flexible plastics.’® In the current
communication, we investigate the synergistic combination of
these concepts, i.e. the selective revalorization of plastic waste-
derived phthalate plasticizers into benzoic acid via a one-pot
hydrolysis-decarboxylation process catalyzed in water by a H-
beta zeolite and Cu,O.

In exploratory experiments, the catalytic activity of Cu,O for
the decarboxylation of phthalic acid (PA) into benzoic acid (BA)
and benzene (B) was assessed at a reaction temperature of
225 °C in water (Fig. 1). Given the negligible conversion of PA in
the blank experiment (1% after 5 h), the decarboxylation rate
observed with the Cu-catalyst is remarkable: within the initial
reaction hour, 91% PA conversion was reached with merely
7 mol% of Cu. Furthermore, a comparison with the previously
reported Pt-catalyzed system'' highlights a pronounced differ-
ence in product selectivity under current reaction conditions: Pt
promotes the decarboxylation of both PA and of the generated
BA, resulting in suboptimal BA yields (Fig. 1, Entry Pt/C). In
contrast, the Cu-system demonstrates no significant conversion
of BA at 225 °C even with considerably higher catalyst loadings
and extended reaction times, leading to quantitative yields of
BA (>99%). Another substantial difference between both cat-
alytic systems was revealed in the assessment of the tempera-
ture dependency through Arrhenius plots (Fig. S10 in ESIt): the
decarboxylation rate with Cu is much more responsive to
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temperature increases than that of Pt, with apparent activation
energies of 95 and 35 kJ mol ", respectively. These observa-
tions, alongside Zheng’s findings of complete decarboxylation
of aromatic acids to B at near-critical temperatures,'*'> empha-
size the pronounced effect of the reaction temperature on the
Cu-catalyzed decarboxylation in water.

Next, the integration of this Cu-catalyzed reaction in a
coupled hydrolysis-decarboxylation process for legacy phtha-
late plasticizers was studied. In earlier work, we demonstrated
that the hydrophobic H-beta 75 zeolite (Si/Al ratio of 75) is a
highly efficient and recyclable catalyst for cleaving phthalate
ester bonds, yielding PA along with primary alcohols and
alkenes under similar reaction conditions (in water at
200 °C)."" Therefore, the effect of such side-chain fragments
from phthalate hydrolysis on the decarboxylation activity of
Cu,O at 200 °C was first evaluated by adding the as-produced
amounts to a standard PA reaction mixture (Fig. S11 in ESI¥).
Considering the stability of the long-chain fragments
(< 5% conversion of alcohols and alkenes) and the unaffected
decarboxylation outcome (rate and BA selectivity), a telescoped
hydrolysis-decarboxylation approach for the revalorization of
phthalate plasticizers appears feasible. To further investigate
such one-pot strategy, the historically most employed plastici-
zer, ie. bis(2-ethylhexyl) phthalate (DEHP), was mixed with
water, Cu,O and varying amounts of H-beta 75 (0 to 150 wt%)
at 200 °C for 2.5 h (Fig. 2). In the absence of the zeolite, the
phthalate esters remained stable (< 1% conversion), highlight-
ing the importance of a dedicated hydrolysis catalyst, next to
the Cu-catalyst in this one-pot revalorisation process. On the
other hand, when H-beta 75 and Cu,O were simultaneously
added to the reactor, the legacy plasticizers were rather
smoothly transformed into PA and BA (DEHP conversion > 65%).
The considerable amounts of the dicarboxylic acid intermedi-
ate in the reaction samples (yield PA > 20%) imply that the
Cu-catalyzed decarboxylation forms the rate-determining
step under current reaction conditions. By simply extending
the reaction time, complete conversion of the phthalate
plasticizer into BA was easily reached (>99.5% yield BA,
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Interestingly, increasing the amount of H-beta 75 led to
elevated PA yields, which seemingly results from an increased
conversion of the phthalate plasticizer and a slightly decreased
PA decarboxylation rate. Indeed, when the zeolite was added in
large amounts to a standard decarboxylation of PA at 200 °C,
the BA yield dropped from 78% to 39% after 2.5 h (Fig. S11 in
ESIt). Apart from that, a faint blue hue was observed in the
liquid samples of experiments conducted with low amounts of
the zeolite, which may be indicative for copper dissolution. A
control experiment demonstrated that dissolved Cu*" is inher-
ently active for the decarboxylation of PA, albeit less so (Fig. S11
in ESIf). Therefore, the aqueous phases of these one-pot
experiments were analyzed for their metal content via induc-
tively coupled plasma - optical emission spectrometry (ICP-
OES). In accordance with the visual observations, the samples
of experiments conducted with the lowest amounts of zeolite
exhibited the highest levels of dissolved Cu (up to 55% of the Cu-
catalyst). Furthermore, the metal content appears to decrease
linearly with the amount of zeolite added to the reaction mixture,
becoming negligible between 100 and 150 wt% H-beta 75 (<3%
of the total Cu in solution). These results suggest that beyond its
role in catalyzing the ester hydrolysis, the zeolite structure also
acts as an ion exchanger, thereby sequestering catalytic metal. As
a result of the relative low cation exchange capacity of the high-
silica zeolite, substantial amounts of the material are required to
capture all Cu, which would be essential when aiming for catalyst
recycling. Therefore, subsequent experiments were conducted
with 7 mol% Cu and 150 wt% of the cost-effective and recyclable
zeolite structure, theoretically corresponding to 0.94 wt%
Cu/H-beta 75 post reaction.

Next, a systematic evaluation was conducted on how to adapt
this catalytic one-pot process from virgin phthalate esters to
actual end-of-life plasticizers. As detailed elsewhere,"*'" the waste
plasticizers were extracted from post-consumer PVC flooring, via
a dissolution—precipitation strategy whereafter the employed
solvents were again removed from the plasticizer fraction by
evaporation. In addition to legacy phthalate plasticizers (75%),
the crude waste extract contains other co-extracted plasticizers

Fig. S12 in ESIf). (20%), unprecipitated PVC (5%) and trace amounts of
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Fig. 1 Time (left) and selectivity profiles (right) of the decarboxylation of PA to BA and B. Reaction conditions: PA (3 mmol), H,O (Vio; = 25 mL), defined
amount of Cu,O or 2.5 mol% Pt/C (5 wt% metal on carbon), 8 bar N, 225 °C for 5 h.
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Fig. 2 One-pot hydrolysis—decarboxylation of DEHP into PA and BA.
Reaction conditions: DEHP (3 mmol), H,O (Vio: = 25 mL), Cu,O (7 mol%
Cu), defined amount H-beta 75, 8 bar N,, 200 °C for 2.5 h.

unspecified sulfur components. The effect of these extract con-
taminants on the one-pot hydrolysis-decarboxylation of virgin
DEHP was first studied before actual waste trials were conducted
(Fig. 3).

Given its historical use and its substantial share in the waste
plasticizer mixture, bis(2-ethylhexyl) adipate (DEHA) was cho-
sen as representative co-extracted plasticizer. In any case,
virtually all PVC plasticizers are di-or polyfunctional esters;
they are thus expected to behave similarly as the adipate
ester.'” Therefore, a mixture of 75 mol% DEHP and 25 mol%
DEHA was prepared at room temperature and subsequently
applied as the plasticizer fraction in a one-pot hydrolysis-
decarboxylation experiment (Fig. 3, Entry DEHA). Interestingly,
an increased (relative) production of BA from DEHP was
obtained, while the aliphatic plasticizer (containing equal
amounts of reactive functional groups) was also converted over
the same catalytic sites into successively adipic acid, pentanoic
acid and butane (Fig. S4-S6 and S8 in ESIt). Considering that
the total molar amount of converted PA did not increase, these
results may suggest that the Cu-centers slightly prefer to be
coordinated by PA, rather than by the aliphatic carboxylic acids.
Alternatively, the catalyst-to-carboxylic acid ratio might slightly
increase over time as a result of the rapid conversion of adipic
acid. Since PVC and its plasticizers inherently exhibit high
compatibility, a crude plasticizer extract will inevitably contain
some polymer residues.'””'® Therefore, the effect of this impur-
ity on the hydrolysis-decarboxylation of phthalates was investi-
gated by employing 5 wt% PVC in DEHP (stirred at 200 rpm for
3 h in air at 100 °C) in a following one-pot experiment (Fig. 3,
Entry PVC). As documented elsewhere,'" the ester hydrolysis by
the hydrophobic zeolite seems largely unaffected by such levels
of residual PVC in the reaction mixture. However, the presence
of the polymer impurity significantly diminishes the decarbox-
ylation activity of the Cu-catalyst. To counteract this inhibitory
effect, the simulated PVC-DEHP mixture was pretreated with
methanol, a well-known antisolvent for PVC (5 mL MeOH per g
of plasticizer fraction, stirred at 200 rpm for 2 h at room
temperature).'® The precipitated polymer was then removed
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from the liquid mixture by centrifugation (5000 rpm, 5 min)
and the employed MeOH was evaporated (65 °C, 16 h). The
catalytic outcome of the experiment conducted with the cleaned
phthalate fraction confirms the effectiveness of this simple
pretreatment procedure as the decarboxylation rate seems lar-
gely restored (Fig. 3, entry PVC MeOH).

Given that the presence of co-extracted plasticizers may
accelerate the BA formation rate, while residual PVC tends to
hinder the process, the crude plasticizers extracted from post-
consumer PVC flooring were in the following one-pot experi-
ment employed as such (Fig. 3, entry waste). Considering the
robustness of the zeolite and the somewhat more polymer-
sensitive Cu-catalyst, it is not entirely unexpected that this trial
almost exclusively resulted in the hydrolysis of the esters (96%
PA yield) with minimal decarboxylation of the formed car-
boxylic acids (4% BA yield). Therefore, the extracted plasticizer
fraction was pretreated with MeOH (as described above). Even
if visual and "H-NMR evidence confirmed the elimination of
residual PVC, the decarboxylation rate was only restored to a
limited extent (Fig. 3, Entry Waste MeOH). With regard to the
potential presence of additional Cu-poisons and/or oligomeric
PVC chains that might be more difficult to precipitate, the
waste extract was additionally treated with activated carbon.
This cost effective adsorbent was added to the plasticizer-
MeOH mixture (10 wt% AC relative to the extract), stirred for
6 h at room temperature and again removed by centrifugation
(5000 rpm, 5 min). Following the evaporation of MeOH, the
treated waste plasticizers were employed in a standard one-pot
experiment, which revealed a substantially restored decarbox-
ylation yield (Fig. 3, entry waste MeOH AC). As observed with
virgin phthalate plasticizers, prolonged reaction times (24 h)
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Fig. 3 Progressing towards the one-pot hydrolysis—decarboxylation of
end-of-life phthalate plasticizers into PA and BA. Reaction conditions:
DEHP (3 mmol), H,O (Viox = 25 mL), Cu,O (7 mol% Cu), H-beta 75
(150 wt%), 8 bar N, 200 °C for 5 h. Entry DEHA: the plasticizer fraction
comprises 2.25 mmol DEHP and 0.75 mmol DEHA. Entries annotated with
PVC: the original plasticizer fraction contains 95 wt% DEHP and 5 wt%
PVC. Entries labeled with waste: 1.18 g plastic waste-extracted plasticizers
were used (corresponding to 3 mmol DEHP). Entries labeled with MeOH:
the plasticizer fraction was pretreated with MeOH (5 mL alcohol per gram
plasticizer, stirred 2 h at rt). Entry Waste MeOH AC: the liquid was
additionally treated with 118 mg AC (6 h at rt).
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Fig. 4 From legacy phthalate plasticizers to benzoate plasticizers: one-pot hydrolysis—decarboxylation followed by esterification of the isolated BA.

resulted in the complete recovery of BA from waste phthalate
plasticizers, although with a slight mass loss attributed to the
pretreatment steps (mass balance 95%).

BA serves a wide range of applications, with its utilization in
(di)benzoate plasticizers being particularly relevant in the con-
text of recycling flexible PVC products.’”'® Adding such BA
transformation step to our proposed hydrolysis—decarboxyla-
tion process would enable the conversion of banned phthalate
plasticizers into REACH-compliant alternatives. Therefore, BA
was esterified to form isononyl benzoate (IB) as a representative
example of benzoate plasticizers, employing sulfuric acid as a
conventional Brensted acid/esterification catalyst (Fig. S13 in
ESIY). Although the initial conversion rate at 100 °C appears to
be rather independent of the exact amount of isononanol (INA) in
the reaction mixture, quantitative yields of IB were only achieved
with super-stoichiometric amounts of the alcohol. With the
optimized reaction conditions established, this esterification
reaction was subsequently coupled with the previously discussed
hydrolysis-decarboxylation process (Fig. 4). Following the full
conversion of the phthalate plasticizers into BA (reaction condi-
tions as outlined above in Fig. 3 with an extended reaction time
of 24 h), the carboxylic acid was isolated from the reaction
mixture via a liquid-liquid extraction followed by recrystallisation
(experimental details can be found in the ESIt). After drying the
purified BA overnight, approximately 94% of the theoretical mass
was recovered. The purified carboxylic acid was then esterified to
IB (1.25 eq. INA, 5 mol% H,SO, at 100 °C for 2.5 h), achieving an
overall process yield of 89%.
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