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Accelerating waste management requires the conversion of polymer
waste to value-added materials through sustainable approaches.
While depolymerised PET has been used as feedstock to produce
metal—organic frameworks, this is the first report of the successful
one-pot hydrothermal synthesis of the desirable UiO-66 topology
through the judicious choice of reactants, modulators and reaction
conditions.

The current level of plastic production exceeds 300 MT world-
wide and it is set to increase even further.! After the first use,
most plastics are discarded to landfills or incinerated, while
only 9% are recycled. Almost half of the discarded plastic
consists of single-use polyolefin-based packaging.” Among
these, PET (polyethylene terephthalate), used for plastic bottles
and ‘polyester’ fibres, is discarded at the highest rate and
contributes to 7.5% of the total global plastic waste.>* PET is
fully recyclable, yet recycling rates remain low in most coun-
tries, including the USA, where it reaches only around 30%.> It
has been shown that recycling PET allows for about 20%
reduction of the greenhouse gas emissions associated with
the manufacturing process when compared with their virgin
(fossil-fuel derived) counterpart, while life-cycle water con-
sumption has been found to be similar for the recycled and
virgin plastics.® However, this does not account for the upfront
cost of a recycling plant and additional costs incurring on
selection and distribution. For this reason, the upcycling of
PET waste, ie. its conversion into value-added products is an
attractive approach, which has received significant interest in
the textile industry in particular.”
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It should be emphasised that the monomers of PET, in
particular terephthalic acid, are of great importance to the
chemical industry as well, and it is one of the most prevalent
building block of metal-organic frameworks (MOFs).

MOFs are a class of hybrid materials built up of inorganic nodes
interconnected by organic linkers. From a topological viewpoint,
we may distinguish two kinds of MOFs built up of single-cation or
oxide-cluster nodes; in these two cases, the central metal cations
have significantly different coordination environments resulting in
different flexibility, e.g. breathing effect in MIL-53 - based on single
cations,® and pre-requisites for framework self-assembly, e.g. the
necessity of the formation of hexanuclear Zr complexes to assem-
ble the UiO-66 topology.*'°

MOFs boast exciting and unique properties, such as
chemical and structural modularity, enhanced and exploitable
through their high porosity and crystallinity, leading to a host
of possible applications ranging from catalysis, gas storage and
separation, sensing, energy storage, drug delivery, etc.'* How-
ever, MOF syntheses often require expensive reactants and
harsh conditions, which makes them costly both economically
and ecologically. Incorporating waste-derived reactants in their
synthesis would make their production both greener and
cheaper, thereby potentially enabling their applications.

In this perspective, the upcycling of PET into MOFs is an
attractive concept, which has been explored recently. First demon-
strations of PET-to-MOF upcycling made use of an indirect
approach consisting of the initial depolymerisation of PET yielding
terephthalic acid (1,4-benzenedicarboxylic acid, BDC), subsequent
purification, and MOF synthesis according to conventional sol-
vothermal routes. Examples include Cu(BDC)"* and UiO-66(Zr),"
with single cation and oxide-cluster inorganic nodes, respectively. It
is important that any process used in the PET upcycling be as
sustainable as possible to avoid harmful and energy-demanding
processes. In fact, green chemical synthetic principles should be
applied whenever possible. In this vein, De Vos et al.** developed a
one-pot hydrothermal route for direct PET-to-MOF conversion, an
approach which was also successfully applied to the synthesis of
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other MOFs based on single-cation nodes (e.g. MIL-53(Al/Cr/Ga),
MIL-47(V), and more recently Ca(BDC)(H,O);)."**® Despite the
above advances however, one-pot PET-to-MOF upcycling processes
to frameworks with oxide-cluster nodes have not been developed
successfully under hydrothermal conditions. In fact, the desirable
UiO-66 topology has only been obtained in its highly defectful and
thus less stable hcp polymorph and only under solvothermal
conditions."”

In fact, to date, no reports have been published of direct
PET-to-MOF conversion in aqueous environment under mild
conditions, particularly when the MOFs’ inorganic nodes are
complex oxide-like clusters, such as in the case of the UiO-66
topology. UiO-66(Zr) topology of MOFs is highly interesting as
these frameworks are stable, crystalline and have been demon-
strated to be beneficial in a variety of applications.'® As such,
finding approaches for its sustainable production, i.e. in aqu-
eous media using plastic waste as precursors, is very important
for enabling its real-life applications.

Some of us have been previously developing understanding
on the conditions necessary for the formation of the node
precursor enabling self-assembly in aqueous conditions, which
was found to depend on the precursors, modulators, pH,
etc.">?° Using these results and in order to develop a facile,
one-pot procedure for the upcycling of PET to UiO-66(Zr) under
mild hydrothermal conditions, we have designed a matrix of
various parameters influencing the formation of the inorganic
node - crucial to the self-assembly of the MOF. We selected two
different inorganic precursors with significantly different solu-
bility in water: 180 mg anhydrous ZrCl, and 95 mg ZrO,. As the
acid catalyst for the PET depolymerisation reaction we used
1.8 ml cc HNO; or 0.4 ml cc HCI combined with 0.1 ml glacial
acetic acid modulator. 300 mg PET linker feedstock was com-
pared with 130 mg terephthalic acid (BDC). All reagents were
purchased from Sigma Aldrich and used without further pur-
ification. In all cases 8 ml deionised water was used as solution
and reactions were conducted in scintillation vials at 80 °C for
one week. The reaction mixtures were then filtered and washed
with deionised water until the solutions were no longer
acidic, as checked with the help of a pH paper. In Table 1,
the combination of reactants and reagents are summarized.

To verify whether any transformation has taken place, we
carried out Fourier-transformed Infrared spectroscopy (FTIR),
while the MOF topology and phase were checked using powder
X-ray diffraction (PXRD).

Tablel Summary of the reactants and reagents used in the PET-to-MOF
upcycling reactions

Code Inorganic Organic Acid
OBN 710, BDC HNO,
OBA ZrO, BDC HCl/Ac
OPN 710, PET HNO,
OPA ZrO, PET HCIl/Ac
CIBN ZrCl, BDC HNO,
CIBA ZrCl, BDC HCl/Ac
CIPN ZrCl, PET HNO,
CIPA ZrCly PET HCl/Ac

This journal is © The Royal Society of Chemistry 2022
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Fig.1 FTIR spectra of the different reaction mixtures, conditions

summarised in Table 1, and reference materials.

Previously, it has been suggested that the application of
nitric acid for PET upconversion to the MIL-53 MOF resulted in
the nitrolysis of the linker’s aromatic rings.'* In order to
account for this FTIR spectra and PXRD patterns were acquired
for both the pristine UiO-66(Zr) and the NO,-UiO-66(Zr) for
reference, both of which were synthesised solvothermally,
according to the method published in ref. 21. In addition, FTIR
and PXRD data were also collected on all reactants.

FTIR spectra of the as-synthesised mixtures and reference
materials (Fig. 1) reveal that only in the case of CIPN and CIBN
samples show significant conversions.

It should also be noted that in the case of the CIPN reaction
mixture, the presence of new bands may be observed around
3500 cm ™, indicative of N-H modes, which is in contrast to
what was suggested previously, i.e. PET hydrolysis in nitric acid
conditions leads to the formation of NO, groups on the
aromatic ring."* We suggest that the ethylene glycol molecules
resulting from the PET depolymerisation reaction are respon-
sible for this reduction reaction, as observed previously.**

To verify if N-H bonds indeed have been formed we have
carried out X-ray photoelectron spectroscopy (XPS, Fig. S2-54,
ESIt). The main peak at 400.2 eV corresponds very well with the
N binding energy in NH,-Ui0-66(Zr),>* with only a minor peak
designating higher oxidation state (at 407.3 eV) accounting for
only ca. 16% of the total of N content (ESI,} Table S1), which
can be assigned to the more oxidised -NO, groups. This means
that the process predominantly yields amino-functionalised
terephthalate rather than NO,-functionalised one, contrarily
to what was presumed previously. The presence of -NH, groups
on the UiO-66(Zr) in effect translates to various advantages
when it comes to potential applications ranging from improved
CO, uptake with respect to the pristine UiO-66>* to its ability to
embed catalytically active Pd nanoclusters inside its pores -
unlike the pristine Ui0-66.*

However, it is not the mere establishment of whether PET
conversion has taken place but also the establishment of
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Fig. 2 PXRD traces of the product of the successfully converted PET-to-
MOF reaction mixture and reference materials. Vertical lines were included
to guide the eyes.

whether the desired phase has been formed that is crucial. For
this reason, we have collected PXRD data on the only sample
(CIPN) in which conversion of PET to MOF has been observed
(Fig. 2).

It is apparent that the resultant crystalline fraction is of the
UiO-66 topology, while some amorphous contribution from the
residual PET can also be observed. It is important to note that a
significant excess (0.77 mmol ZrCl, vs. 1.56 mmol terephtha-
late) of PET was used for this reaction, so we estimate that the
overall conversion rate is significant. Interestingly, the pattern
obtained on the only other sample that showed a degree of
conversion based on the FTIR results, CIBN, revealed UiO-66
topology formation to a much lower degree of crystallinity
(Fig. S1, ESI¥). It should be noted that this conversion is not
accompanied by the appearance of N-H vibration modes in the
FTIR spectrum, Ze. the terephthalate linker is not functiona-
lised on conversion. This in turn would lead to lower linker
solubility in aqueous medium and consequently to poorer
conditions for the formation of crystallites with the UiO-66
topology.*’

Interestingly, the PXRD pattern of the MOF obtained
through PET upcycling appears to be less defective based; on
carefully controlling defect concentration and structure it has
been noted that missing cluster defects result in notable
changes in the diffraction pattern, leading to the prevalence
of the Reo phase.?® While some evidence of the Reo phase can
be observed in the pattern of the solvothermally synthesised
UiO-66 (Reo(110) at ca. 6°), such indication is apparently absent
in the PET upcycled sample pattern.

As perhaps the most important property of a MOF is its
porosity, which is also related to the quality of the produced
crystallites significantly,>” we have also carried out specific
surface area and porosity analysis. In addition to the textural
analysis of the MOF as obtained by the upcycling of PET, we
have also acquired data on the pristine and NO,- and NH,-
functionalised UiO-66(Zr) synthesised by solvothermal method
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Fig. 3 N adsorption isotherms (a—d) and pore widths (e—h) of the upcycled
PET-to-UiO-66(Zr) sample (a and e) and reference samples NO,-UiO-66(Zr)
(b and g), UiO-66 (Zr) (c and g), and NH,-UiO-66(Zr) (d and h).

for reference. The data for the reference MOFs is also displayed
in Fig. 3 for comparison.

Two significant conclusions may be formed from the analy-
sis of these datasets. On the one hand, the BET surface area of
the MOF derived from PET is smaller than that of the functio-
nalised MOF by ca. a factor of 3 (251 m> g~ ', 848 m* g * for the
NO,-Ui0-66, and 929 m”> g~ ' for the NH,-Ui0O-66, respectively).
We can assign this apparent reduction tentatively to the
presence of PET in the sample, as already observed in the
PXRD pattern (Fig. 2). Unfortunately, our attempts to better
quantify the conversion rates using thermal analyses were
unsuccessful on account of (i) the existence of an apparent
UiO-66 fraction in addition to the functionalised reaction
products (additional decomposition step with onset tempera-
ture of ca. 400 °C, Fig. S5a, ESIt) and (ii) the critical changes in
the residual PET properties (the disappearance of the most
significant endothermic peak at ca. 200 °C on conversion,
Fig. S5b, ESIf), which we attribute to the chain shortening
accompanying the upconversion. Nevertheless, we may esti-
mate the PET conversion rate to be over 50% at such mild
conditions, since the terephthalate excess was two-fold.

This journal is © The Royal Society of Chemistry 2022
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Importantly, the pore diameters of the MOF obtained
through PET conversion and that of the functionalised MOF
highly accurately replicate the theoretical pore diameters of
7.5 A (in yellow) and 12 A (in coral) for the tetrahedral and
octahedral pores, respectively,”® demonstrating the formation
of the desired phase. The proportion of these pore widths with
respect to each other and other pore sizes (of 16, 20, and 24 A,
N.B. these pore sizes can be assigned to merged pores due to
missing linker effects) however is not the same, which can be
an effect of the presence of the PET either as an adsorbent on
its own or on the MOF-PET interface, or some possible
defects.>® We would like to point out however that neither
our PXRD nor our XPS data revealed a significant extent of
defect formation in the upcycled sample. The effect of prevalent
defect formation, leading to the Reo phase, on the porous
structure is apparent when the datasets for the reference
materials are compared, as such kind of defect in the pristine
UiO-66(Zr) was observed with PXRD. In particular, the high-
resolution Zr3d XPS spectrum (Fig. S4, ESIt) of the upcycled
sample is practically identical to what was
published.?°

In summary, we demonstrate that green chemical princi-
ples, i.e. mild hydrothermal conditions, may be applied to
upcycle PET plastic waste into value-added functionalised
metal-organic frameworks. When the conditions are judi-
ciously selected, even MOFs requiring more challenging syn-
thetic conditions on account of their inorganic node structures,
i.e. oxide-cluster like, may be formed. Furthermore, the so-
obtained MOFs are formed in reasonable yield and without
defect formation significant enough of leading to structural
changes. We also note that the PET depolymerisation by-
product (ethylene glycol) acts as a reducing agent on the linker
functionality, transforming -NO, groups into -NH,. We antici-
pate therefore that the functional group space within MOFs
may be further explored in such a one-pot approach in the
future.
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