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ABSTRACT

Poly(ethylene terephthalate) (PET), the most-produced and recovered aromatic polyester
worldwide, offers numerous opportunities for upcycling into functional materials and chemicals.
Although the aromatic terephthalate segment makes up 70% of the total PET mass, and offers
opportunities to access valuable highly-substituted oxygenated aromatics that are important
precursors to a host of specialty chemicals and functional materials, chemical modification of the
terephthalate segment has thus far achieved limited success due to the aromatic ring’s electron-
deficiency which deactivates it towards electrophilic attack. Herein, we demonstrate the usage of
transition metal-catalysed C-H activation as a viable strategy for direct functionalisation of PET’s
aromatic C-H bonds in this proof-of-concept study. Ruthenium-catalysed C-H hydroxylation
afforded the useful, yet synthetically-challenging highly-substituted oxygenated aromatic
compound, 2-hydroxyterephthalic acid, in high selectivity and synthetically-useful conversions
directly from PET. Notably, this procedure was tolerant to a range of PET plastic waste, including
dye-containing textiles, other plastic contaminants, and is also amenable to gram-scale aromatic
functionalisation of used real-life PET beverage bottles. The resulting 2-hydroxyterephthalic acid
product can be further upcycled into multivariate hydroxylated MOFs with high porosity and
crystallinity, which have proven use for many known applications. Our aromatic C-H activation
strategy expands the diversity and possibilities of value-added materials and chemicals accessible

from PET.



INTRODUCTION

Plastics are ubiquitous materials in modern society due to their low cost, desirable
material properties, lightweight and ease of processing. However, their existing linear life
cycles are suboptimal. Other than being environmentally-detrimental, landfilling and
incineration results in loss of the plastics’ inherent material value; while repeated recycling
can cause inevitable material degradation that relegates them into lower quality products,
and eventually as non-recyclable waste for disposal.! With the production and demand of
plastics expected to remain unabated for the foreseeable future, upcycling is emerging as a
promising alternative to recycling. By transforming them into more valuable products such
as specialty chemicals and functional materials®>> through processes such as oxidations,®”
plastics upcycling maximises resource productivity, reduces the reliance on petrochemical

feedstock for these products, and contributes towards an economically-viable post-use

plastics economy.

Poly(ethylene terephthalate) (PET) is the most abundant aromatic-containing plastic
produced,'® with relatively uncomplicated waste streams and well-established collection
infrastructure. Thus far, PET upcycling into industrially-viable small molecule chemicals
has been largely limited to producing low-molecular weight oxygenated aliphatics from the
ethylene glycol segment, with the terephthalic acid (T A) unit being structurally unchanged
(Figure 1, left panel).!!"!> This is unsurprising, considering that terephthalates are inherently
challenging substrates for electrophilic substitution due to their electron-deficient nature,
necessitating extremely forcing conditions or highly-reactive and hazardous reagents for
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electrophilic sulfonation'® or bromination.!” As such, chemical upcycling of the TA

segment has been restricted to reactions at the carboxylate units, such as via alcoholysis/



aminolysis for the production of TA esters and amides respectively that can be building
blocks for functional polymers (Figure 1).!32° To overcome these limitations, transition
metal-catalysed C-H activation offers highly-efficient avenues to functionalise unreactive
C-H bonds.?! Indeed, with the TA segment accounting for nearly 70% of the total PET
mass, aromatic C-H activation can allow convenient access to functionalised terephthalates
traditionally inaccessible via conventional electrophilic reactivity, under comparatively

mild reaction conditions with high selectivity, yields and step-economy.

PET potentially offers convenient access to highly-functionalised oxygenated
aromatic compound (OAC) containing three or more oxygenated substituents.?? Other than
being useful precursors for high-value chemicals, these compounds are of considerable
interest as building blocks for functional materials owing to their structural rigidity,
hydrophobicity of the aromatic unit and ease of further chemical functionalisation. In

particular, 2-hydroxyterephthalic acid (20H-TA) is especially important as an essential
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precursor for the synthesis of drugs, optoelectronic materials, coordination
polymers for applications such as gas sorption and photodegradation,?*? biomimetic
foldamers*® and high-strength poly(hydroxy-p-phenylenebenzobisoxazole) fibres (Figure
1).3* Notably, the hydroxyl groups and its alkoxy derivatives are essential for achieving
unique performance in many applications: its presence can regulate flexibility of MIL-
53(Al) MOFs for high-capacity methane storage’!; improve solubility and tuning of
emission properties of conjugated oxadiazole-containing optoelectronic materials;2® as well
as being primarily responsible for increased thermal stability, tensile properties and UV -

resistance of poly(hydroxy-p-phenylenebenzobisoxazole) fibres,>* to name a few.

However, given the low reactivity of TA towards electrophilic substitution, the



conventional production of substituted terephthalates unavoidably starts from xylenes, thus
necessitating further consumption of non-renewable petrochemicals, and adds to the
already substantial carbon footprint of xylene production.?> In one route, bromination of
xylene, followed by oxidation of the methyl substituents under harsh conditions first afford
bromo-terephthalic acid,*® which can then be converted to 20H-TA.3237 On the other hand,
aromatic C-H functionalization of PET would allow for the use of waste plastics as a
feedstock instead of xylene, thus keeping the synthetically-useful aromatic unit within

circular material streams.

Herein, we demonstrate a proof-of-concept for direct aromatic hydroxylation of PET,
allowing straightforward access to 20H-TA in high selectivity and synthetically-useful
conversions via C-H activation (Figure 1). While terephthalate can be hydroxylated by OH
radicals, generated chemically®® or photochemically,” these methods can suffer from poor
preparative yields and limited selectivity. Having established that PET can be a feedstock for 20H-
TA, we also demonstrate the hydroxylation of real-life PET waste on gram-scales, and in the
presence of other plastic contaminants. Furthermore, the functionalized TA units derived from
plastic were further incorporated into functional multivariate metal-organic frameoworks (MOFs),
yielding valuable materials of high porosity and crystallinity (Figure 1), which would otherwise
be made from xylene derivatives. MOFs are materials with applications in gas storage, separation
and catalysis, making them an attractive target for upcycling strategies. Our work herein sets the
scene for opportunities to adapt other C-H functionalization systems from the existing literature,
diversifying the materials and compounds accessible from PET, with potential for further

optimization of reaction greenness, scalability, and cost-effectiveness.
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Figure 1. Existing methods for chemical upcycling of the aliphatic ethylene glycol and aromatic
terephthalate segments of PET, and our strategy for aromatic PET upcycling into OACs through
ruthenium-catalysed C-H hydroxylation, which serve as key building blocks of valuable chemicals

and materials (selected examples provided).?>27 3334



RESULTS AND DISCUSSION

Oxidation of commercial PET resin pellets was first performed using [RuClx(p-
cymene)]z as catalyst with Selectfluor™ as the oxidant in a sealed tube (Table 1, entry 1),
inspired by Rao’s prior work on ortho-hydroxylation of small molecule arene esters.*’ This
resulted in extensive polymer chain cleavage to yield a mixture of short chain oligomers
(gel permeation chromatography (GPC) analysis in Figure S31A) (vide infra), with HR-
ESI mass spectrometry (Figure 2A) suggesting successful hydroxylation. Hydrolysis of the
partially-hydroxylated crude PET oligomers, followed by acidification, allowed convenient
isolation of the TA derivatives by filtration, affording a mixture comprising mainly 20H-
TA and unreacted TA (Figure 2B). To confirm that no hydroxylation occurred during
oligomer hydrolysis, the Ru-catalysed reaction was repeated using the same reagents except
with TA under basic aqueous hydrolytic conditions (see Section S1.3 for details). No
hydroxylation of TA resulted (Figure S2), confirming that aromatic hydroxylation occurred

directly and exclusively on PET prior to hydrolysis.

A series of optimization and control reactions were then performed. A negative
control without [RuCl2(p-cymene)]> did not afford detectable 20H-TA conversions (Table
1, entry 2), while doubling the Selectfluor oxidant loading did not give appreciable
improvements in conversion (entry 3). Reducing the reaction temperature to 70 °C resulted
in very low degrees of hydroxylation (entry 4). A shorter reaction duration (5 h), and
lowering the [RuClz(p-cymene)]: catalyst loading from 5 mol% to 2 mol% afforded lower
conversions (entries 5-6). Lower conversions were also observed when Selectfluor was
replaced with the alternative oxidants Oxone®, K2S,0s and NalOs (entries 7-9), whilst

replacing [RuClz(p-cymene)]> with RuCls(CO)s and Ru(CO)H2(PPhs3); resulted in no 20H-



TA formation under identical reaction conditions (Figures S14, S15). Although Pd catalysts
have also been previously reported for ortho-hydroxylation of aryl esters,*! [RuCl(p-
cymene)]2 outperformed several possible catalyst candidates using our reaction conditions

(entries 10-12).

20H-TA may also theoretically be obtained from PET by first hydrolysing the polymer to
form TA, followed by TA hydroxylation. For instance, terephthalate is known to react with
hydroxyl radicals to form the highly-fluorescent 20H-TA, and hence has been used as a dosimeter
for detection of these reactive oxygen species.*® To compare this approach with the Ru-catalysed
direct PET hydroxylation, we investigated TA hydroxylation under reported aqueous conditions
mediated by hydroxyl radicals generated by Fenton reactions using Fe*" under acidic and basic
conditions, as well as between H>O, and Cu** (see Section 1.3 for experimental details).>® Of the
conditions attempted, only the Fe?"-mediated Fenton reaction under basic conditions (TA: H,0,
molar ratio of 1:20 at 2 mol% Fe®" catalyst loading) afforded detectable quantities of 20H-TA,
albeit with only 4% conversion after 72 hours at room temperature (Figures S16-18). Other than
providing better conversions, Ru-catalysed aromatic hydroxylation could be performed directly on

PET without prior treatment or depolymerization.

Table 1. Reaction conditions for catalytic PET aromatic C-H hydroxylation.!?!

1. Catalyst (5 mol%),

Oxidant (1.5 eqv.) X
TFA/ TFAA 3:2 vy, 0 OH
24 h, 110 °C - >—©—<
\f/\ J\©\( 2. 10 |v| NaOH, reflux, HO 0
" X = H/ OH

3. HCI (aqg.),0°C



Entry Catalyst Oxidant Deviation from Percentage

conditions in step 1 conversion to
20H-TA/ % [

1 [RuCla(p-cymene)]>  Selectfluor - 34+ 1

2 - Selectfluor No catalyst used -

3 [RuCly(p-cymene)]>  Selectfluor 3.0 eqv. oxidant 39+3

4 [RuCly(p-cymene)]>  Selectfluor Reaction at 70 °C 4

5 [RuCly(p-cymene)]>  Selectfluor 5 h reaction 8

6 [RuCl(p-cymene)]>  Selectfluor 2 mol% 29+1
loading

7 [RuClx(p-cymene)]  Oxone® - trace

8 [RuCla(p-cymene)]>  K2S20g8 - 21+2

9 [RuCla(p-cymene)]>  NalOgs - 4

10 Pd(PPh3):Cl» Selectfluor - trace

11 Pd(dppf)Cl» Selectfluor - 16

12 Pd(OAc) Selectfluor 72 h reaction 19+4

[a] All reactions were performed in a sealed tube for 24 h (300 mg PET resin, 4 mL TFA/TFAA

3:2 v/v) under ambient lighting, with 5 mol% catalyst loading and 1.5 eqv. oxidant (w.r.t. PET

repeating unit) at 300 RPM stirring rate unless otherwise stated. TFA = trifluoroacetic acid; TFAA

= trifluoroacetic anhydride. [b] Determined by 'H NMR analysis of the crude hydrolysed

terephthalic ~ acid  mixture

N(20H-TA)

NoH-TA)t TAremaining

(Section

with errors (+) given as standard deviations.

with  percentage

conversion =

x 100%; where errors are reported, values are the average of two repeats,



TFA/TFAA was found to play multiple roles in this reaction. Firstly, TFAA was
essential for the hydroxylation to occur: when the conditions of Table 1, entry 1 were
repeated in the absence of TFAA, complete absence of hydroxylation resulted (Figure S19),
even in the presence of [RuClz(p-cymene)]> and Selectfluor oxidant. Based on prior
mechanistic studies,*® 4! the reaction is likely to proceed by first coordination of Ru to the
carbonyl group of PET’s ester unit, followed by a directed C-H activation on the aromatic
ring’s adjacent ortho-position. We managed to detect the trifluoroacetate phenyl ester of
20H-TA as an intermediate by ESI-MS after successful hydroxylation from Table 1, entry
1 (Figures 2C, S32), which was also previously detected through Pd-catalysed TFAA-
mediated hydroxylation.! This suggested that the reaction likely proceeded through
installation of a trifluoroacetate ester group that could be derived from TFAA, which then
underwent hydrolysis to form the phenol during subsequent basic aqueous treatment of the
oligomers. The absence of products from EG oxidation from ESI-MS analyses shows
preference for sp? over sp*> C-H activation, suggesting that a rebound-type mechanism

catalyzed by high-valent Ru-oxo species is unlikely.

Secondly, other than enabling PET dissolution for the hydroxylation reaction to
occur in the homogeneous phase, TFA/TFAA also resulted in PET chain cleavage into short
oligomeric fragments: when PET was heated at 110 °C in only TFA/TFAA 3:2 v/v for 24
h, the resulting solids isolated by precipitation in water were soluble in THF, unlike PET,
and were shown to be short-chain oligomers by GPC and ESI-MS analyses (Figures S31B
and S36 respectively). These solids also contained numerous fluorinated species as shown
by 'F NMR, which were consistent with the expected chemical shifts of TFA esters (Figure

S21).41:42 We were able to rule out the possibility of in-situ PET hydrolysis by residual
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moisture present in the reaction, as these would have been readily reacted with and removed
by TFAA present. Considering that TFA is a known solvent for PET,* its ability to also
degrade PET by acidolysis in a similar way to acetic** and succinic acid*’ warrants attention
when employed to facilitate PET dissolution in future studies, especially under elevated
temperatures. To probe the effect of the PET polymer structure on 20H-TA conversion,
the reaction (Table 1, entry 1) was repeated using diethyl terephthalate (DETA) as a model
small molecule substrate. At identical conditions and concentrations, considerably higher
conversion of (66 + 2) % (average of 2 repeats) to 20H-TA was observed with DETA
(Figure S20) compared with PET. This may be attributed to multiple factors such as greater
viscosity of the PET solution which reduces mass transport of reactive intermediates, as
well as non-uniform and reduced accessibility of aromatic TA segments due to specific
conformations adopted by the polymer in solution. Differences in reactivity between
substrates of different chain lengths has been previously observed in aliphatic C-H
aminations.*® Thus, the TFA acidolysis of PET during the reaction could have significantly
facilitated polymer hydroxylation by forming shorter oligomers that are more susceptible

to reactive attack.

Next, we demonstrated the feasibility of aromatic upcycling of real-life PET waste.
As shown in Figure 3A, subjecting a transparent PET food container, soap bottle, a coloured
PET bottle and dyed PET textiles from discarded clothing to the Ru-catalysed
hydroxylation reaction at 120 °C for 72 h resulted in successful conversion to 20H-TA in
all cases (see Section 1.2 for details). This showed that the hydroxylation was tolerant to
common additives found in PET plastic products, which notably included dyes, as well as

antioxidants added to reduce natural polymer thermal-oxidation.*’ Additionally, the
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reaction was also amenable to scale-up: 2 g of a transparent waste PET beverage bottle
were subjected to the same hydroxylation conditions, affording a product mixture
containing TA and 20H-TA in ~1:1 molar ratio [conversion = (53 &+ 10) % from 3 repeats]|
after 72 h (Figure S30). The ruthenium-containing by-products can also be easily and

rapidly removed from the TA mixture with aqueous H2Ox (see Section S1.2 for details).*®
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Figure 2. (A) Overlay of LC-QTOF-MS extracted ion chromatograms of hydroxylated products
present in the crude product mixture from Ru-catalysed hydroxylation. Hydroxylated compounds
CsHeOs, C10H1006 and C12H1407 are putatively identified (MS and MS/MS spectra in Figure S33);
(B) '"H NMR spectroscopy (ds-DMSO, 25 °C) of the aromatic products after oligomer hydrolysis,

showing the dominant presence of 20H-TA and TA; (C) Partial acidolysis of the PET polymer by
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the TFA/TFAA solvent mixture, followed by Ru-catalysed hydroxylation, likely proceeding

through a TFA-ester intermediate.

Real-world PET waste streams typically contain a variety of polymer impurities,
even in segregated bottle recycling bins. The need to separate PET from these contaminants
therefore require additional sorting steps that would incur further cost. To investigate how
polymer impurities can affect the PET aromatic hydroxylation, reactions were performed
on waste PET bottle scraps in the presence of PE bottle caps, HDPE plastic bags and
polystyrene packaging waste (Styrofoam), which are commonly discarded together with
waste PET bottles. Additionally, in anticipation of the introduction of poly(ethylene
furanoate) (PEF) as a possible future bio-based replacement for PET,* and is hence likely
to be discarded together with PET in the same waste stream, we also attempted PET
hydroxylation in the presence of commercially-available PEF resins. In all cases, these
additional plastic contaminants could be easily removed by filtration after basic hydrolysis
of the hydroxylated PET oligomers (Figure 3B), yielding clean mixtures of TA and 20H-
TA after subsequent hydrolysis and acidification, with these plastic contaminants
chemically unmodified after the reaction (Figures S26-29). These findings underscored the
tolerance of the Ru-catalysed hydroxylation to these plastic impurities, affording similar

conversions of PET to 20H-TA in all cases.
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(A) Real-life PET waste

PET food PET soap Coloured PET
container bottle bottle
38.5% 36.9 % (41.0 £0.6) %

i

HDPE Styrofoam PEF resins
waste bag (PS)

PE bottle
PET bottle cap

Process flow:

Mixed Ru-catalysed Basic
plastic »| hydroxylation, hydrolysis,
waste 120°C, 72 h Reflux, 3 h
Precipitation P
TA in acid, then Fll;[lratltgn,
+ ¢ product  {e— 000;3‘; on PET bottle PET bottle PET bottle PET bottle
20H-TA isolation by i * o * "
ditration iltrate PE bottle  PEF resins HDPE bag Styrofoam
cap
37.8 % 37.7% 39.6 % 38.6%

Figure 3. Conversion of (A) real-world PET plastic waste, containing dyes and additives,
to 20H-TA. Conversions to 20H-TA for the coloured PET bottle are the average of two
repeats, with errors () given as standard deviations; (B) a PET plastic bottle in the presence
of polymer impurities such as PE, PS and PEF. Percentage values provided are percentage
conversions to 20H-TA. Reaction conditions: 300 mg PET beverage bottle waste (brand
redacted), [RuCl2(p-cymene)]> (5 mol%), Selectfluor (1.5 eqv. w.r.t. PET repeating units),
TFA/TFAA 3:2 v/v, 120 °C, 72 h. Commercially-available PEF resins were used due to the

inability to source for real-life PEF waste at the time of writing.
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We then sought to further enhance the value of the aromatic-functionalized PET by
upcycling it into more advanced materials. We chose metal-organic frameworks (MOFs)
as our target platform due to their broad industrial applications and the growing interest in
their synthesis from alternative feedstock such as waste plastics.’® Although converting
PET waste into MOFs could significantly reduce reliance on petrochemicals,*® reported
upcycling processes only yield MOFs containing unfunctionalized terephthalate,®!~3 thus
limiting the range of applications for PET-derived MOFs. Our work, which increases the
organic functionality of the TA core, expands the variety of functional MOFs that can be
produced. Furthermore, MOFs can accommodate linkers with various functional groups
within the same structure, forming solid solutions or multivariate MOFs.>* This allows for
the TA and 20H-TA mixture to be upcycled as is to multivariate MOFs without further
purification. Specifically, we targeted MIL.53(Al) and UiO-66, benchmark MOFs known
for their chemical stabilities and many proven applications. Hydroxylation of these MOFs'

ligands is known to enhance their properties,*® 3!

and the hydroxyl groups also can serve
as sites for further functionalization,?®> > for diverse applications such as hydrogen

adsorption, methane storage and augmenting proton conductivity for solid electrolytes.

Direct use of the mixture of TA and 20H-TA obtained from the hydrolysis of the
functionalised PET (from transparent waste bottles) for MOF synthesis provided a
straightforward route to synthesizing both MOFs (denoted herein as UiO-66per-on and
MIL-53pET-0H) containing the mixture of linkers (see Section S1.2 for details) (Figure 4A).
Briefly, UiO-66pet.0n Was synthesized following reported methods>’ using aqueous HCI as
an additive. The best conditions for synthesizing MIL-53pgeT-0n Was found to utilize formic

acid as a modulator and DMF as a solvent,® since aqueous synthesis of MIL-53 results in
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unreacted terephthalic acid trapped in the pores and low yields, leading to poor
reproducibility of the final composition of the MOF. The crystallinity of both MOFs was
confirmed by X-ray diffraction (XRD) analysis (Figure 4B), and it is noteworthy that
synthesis of MIL-53 using the mixed TA and OH-TA ligand system under the modulated
DMF synthesis route led to better crystallinity than when using pure TA (Figure S40),
suggesting that the hydroxyl groups have some structure directing effects. 'H NMR analysis
of the digested MOFs confirmed the incorporation of both TA and 20H-TA into the final
products in ratios similar to those present in the functionalized PET (Figures S37, S38),
showing that there were no obvious inherent preferences for either ligand in UiO-66 and
MIL-53 synthesis. N> absorption at 77 K and CO; absorption at 273.15 K were also
measured for both MOFs to demonstrate their porosities (Figure 4C). Gratifyingly, the
porosities of our functionalized MOFs obtained from upcycling of PET were comparable

to the MOFs prepared from commercial TA (Figures S47, 49).

For comparison, analogous MOFs were synthesized using pure, commercially
sourced 2-hydroxyterephthalic acid, yielding UiO-66-OH and MIL-53(Al)-OH and their
gas sorption behavior and thermal stabilities were measured (see Section S4.4). CO2
adsorption at 273.15 K revealed notable differences for MIL-53(Al)-OH (Figure S54). At
low pressure, MIL-53(Al)-OH exhibits lower CO> uptake than MIL-53(Al)peT-0H, Which
may indicate that the hydroxylated framework initially adopts a "very narrow pore" (vip)
form. This form is likely stabilized by strong intra-framework hydrogen bonding, as
reported in related systems such as MIL-53-NH>.%° The gradual increase in uptake and
slight desorption hysteresis suggest a possible pressure-induced transition from the vaip to

the narrow-pore (np) form. In contrast, MIL-53(Al)per-0on, Which contains approximately
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halfthe amount of hydroxylated linkers (Figure S39), shows higher uptake at low pressures,

consistent with a more open pore state under the same conditions.

(A) Upcycling waste PET bottles into hydroxylated mixed-ligand MOFs
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Figure 4. (A) Upcycling waste PET bottles to mixed-ligand UiO-66pgt-on and MIL-53(Al)per-on
MOFs containing TA and 20H-TA; (B) X-ray diffraction (XRD) pattern of UiO-66prt-0n and
MIL-53(Al)per-on  synthesized from functionalized PET and simulated MOF XRD for

60, 61.

comparison ; (C)(1) N2 absorption isotherms at 77 K and (i) CO> absorption isotherms at
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273.15 K for UiO-66peT-0n and MIL-53(Al)per-on. Solid marks denote absorption isotherms and

hollow marks denote desorption isotherms

CONCLUSIONS

In conclusion, we have demonstrated a simple one-pot Ru-catalysed, direct aromatic
hydroxylation of PET plastics, achieving high selectivity for the 20H-TA specialty
chemical in synthetically-useful conversions. Although the PET polymer structure was
found to elicit lower degrees of functionalization as compared to the diethyl terephthalate
model compound, TFA-mediated PET acidolysis occurred during the reaction to yield low
molecular weight oligomers that likely increased the substrate’s susceptibility to
hydroxylation. Using these conditions, a range of real-life PET waste could be successfully
hydroxylated directly, even in the presence of common plastic contaminants. Successful
gram-scale hydroxylation of waste PET bottles afforded a mixture of TA and 20H-TA,
which can be further upcycled into even more valuable multivariate hydroxyl-containing

MOFs with excellent crystallinity and porosity.

The Ru-catalysed upcycling of PET’s unreactive aromatic segment reported herein
is advantageous for the possibility of directly using PET waste and mixtures without
pretreatment or prior depolymerization, preparative-scale TA conversions, and relatively
mild reaction conditions compared to forcing reactivity typically required to achieve
electrophilic substitution on TA (Figure 1). However, there are several important
considerations that need to be taken into account for future development of PET
hydroxylation, such as in potential industrial translation. Firstly, the usage of TFA and

TFAA is indispensable for the current reaction conditions, which provided superior
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conversions to Fenton oxidation of TA monomers in more benign aqueous media under
ambient conditions. TFA is hence a major by-product of the process, from its usage as
reaction solvent, as well as production from basic hydrolysis and acidification of TFAA
and the trifluoromethyl ester intermediates formed during the reaction. It is thus imperative
that waste streams are properly treated to avoid releasing TFA into the environment due to
its persistence and potential health hazards.®* ®* To this end, the bulk of the TFA could be
potentially recovered from aqueous waste through reactive distillation,®** with any residual
TFA remaining eliminated using activated carbon materials®® or converted to benign non-
fluorinated products through photoreductive fluorination.®® The recovered TFA can be used
for subsequent reactions and dehydrated to regenerate TFAA through established
processes.%” Additionally, there is further potential for improving the sustainability of the
process for industrial translation, which results in not only reduced toll on the environment,
but also reduced operating expenditure through avoidance of large-scale specialised waste
disposal. For instance, although our findings showed that Selectfluor elicited better
conversions than potassium persulfate, the latter could be more suited for industrial
deployment due to its lower cost and more environmentally-benign side-products formed
after the reaction. Strategies such as immobilization of the Ru complexes onto solid
supports®® could improve cost effectiveness by allowing catalyst recovery and reusability
for multiple reaction runs compared to homogeneous-phase catalysts. Indeed, life cycle
assessments and techno-economic analyses will undoubtedly prove instructive in guiding
the environmental impact and economic viability of scale-up process development. Our
proof-of-concept study significantly enhances the value of PET as feedstock for upcycling

by expanding the range of high-value products accessible from the traditionally-overlooked
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aromatic segment, setting the scene for future development of new processes with enhanced

sustainability and scalability.
EXPERIMENTAL SECTION

Details on materials and instrumentation, methods for hydroxylation of different PET plastics and
mixtures, as well as synthesis of MOFs (Ui0-66, UiO-66-OH, MIL-53(Al) and MIL-53(Al)-OH)

are provided in the Supporting Information.
General procedure for PET aromatic hydroxylation to 20H-TA (Table 1, entry 1)

PET pellets (300 mg, 1.56 mmol repeating units), Selectfluor™ (829 mg, 2.34 mmol) and
[RuClI2(p-cymene)]2 (48 mg, 0.078 mmol, 5 mol% w.r.t. PET repeating units) were weighed into
a Schlenk tube. TFA (2.4 mL) was then added, followed by TFAA (1.6 mL) portionwise, before
the flask was sealed and heated at 110 °C for 24 hours under stirring at 300 RPM. Upon cooling
the reaction tube to room temperature, the tube was carefully and slowly opened (CAUTION:
degassing and bubbling of the reaction solution can be expected), and its contents were added
dropwise to a 10 M NaOH solution (25 mL) chilled in an ice bath. The basified solution was
warmed to room temperature, before heating under reflux for 6 hours. The dark-coloured
suspension was then filtered over celite, and the filtrate was added dropwise to vigorously-stirred
5 M HCI (75 mL) chilled in an ice bath over 30 minutes, whereupon a suspension was obtained.
The suspension was chilled for a further hour at 0 °C, before being filtered and dried in vacuo to

obtain the mixture of terephthalic acid and 20H-TA. !Synthesis of UiO-66prET-0H

A 50-mL screw capped glass bottle was charged with a mixture of terephthalic acid and 20H-TA
consisting of 52 mol% terephthalic acid and 48% 20OH-TA (174 mg, ~0.52 mmol terephthalic acid

and ~0.48 mmol 20H-TA) in 20 mL of DMF. ZrCls (233 mg, 1 mmol) was added, followed by
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100 pL of 36% hydrochloric acid. The mixture was agitated under ultrasonication till a
homogenous solution formed, then placed in a preheated oven at 130 °C for 24 hours. After cooling
to room temperature, the colourless powder was collected by suction filtration, rinsed with a small
amount of DMF and then with ethanol. The collected solids were then redispersed in water (20
mL) and heated to 80 °C for 2 hours to remove DMF from within the MOF pores. The MOF was

then collected again by filtration and dried in an oven at 80 °C for 1 hour.
Synthesis of MIL-53(Al)peT-0H

A 50-mL screw capped glass bottle was charged with AICI3-6H>0 (510 mg, 2.1 mmol), the mixture
of terephthalic acid and 20H-TA (368 mg, 1.1 mmol terephthalic acid, 1.0 mmol 20H-TA), 30
mL DMF and 8 mL formic acid. The mixture was agitated under ultrasonication till a homogenous
solution formed, then placed in a preheated oven at 120 °C for 24 hours. After cooling to room
temperature, the off-white powder was collected by suction filtration, rinsed with a small amount
of DMF and then with ethanol. The samples were then activated at 160 °C for 24 hours to remove
all DMF within the pores. Before activation, the MIL-53(Al)peT-0n Was in a large pore form, and

contracted to a narrow pore form after activation.

ASSOCIATED CONTENT
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