I ROYAL SOCIETY
P OF CHEMISTRY

RSC
Mechanochemistry

View Article Online

View Journal | View Issue

Selective mechanochemical conversion of post-
consumer polyethylene terephthalate waste into
hcp and fcu UiO-66 metal—organic frameworkst

{ ") Check for updates ‘

Cite this: RSC Mechanochem., 2026, 3,
293

*2 Dilara Bayram,?® Anastasia May,? Remie Sundermann, {2 a¢

@ Klas Meyer, 122 Anett Myxa,? Jana Falkenhagen (@

*a

Tomislav Stolar,
Carsten Pringz,
and Franziska Emmerling

Single-use plastics strongly contribute to plastic pollution, and less than 10% of plastic waste is recycled
globally. Here, we present a selective mechanochemical protocol for converting post-consumer
polyethylene terephthalate (PET) transparent bottles and coloured textile waste into the porous metal-
organic framework (MOF) UiO-66 materials. We used time-resolved in situ (TRIS) synchrotron powder X-
ray diffraction and Raman spectroscopy to monitor the depolymerization of PET during ball milling. To
convert disodium terephthalate to UiO-66, we developed base and base-free synthetic routes that lead
to fcu and hcp UiO-66 phases, respectively, including the first ever synthesis of hcp UiO-66 by
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Introduction

Plastic materials are ubiquitous in many aspects of our lives and
are produced on a massive scale globally (400 million tons in
2020).* However, we are facing a ‘plastic crisis’ due to single-use
plastics, with only 10% of plastic waste recycled by 2021.> Most
plastic waste is either landfilled or incinerated in an unsus-
tainable manner. Plastic waste in the environment, including
microplastics, poses a risk to ecosystems and humans,” and
implementing recycling technologies is needed to establish
a circular economy for plastics. The current state of the art is
mechanical recycling, which produces lower quality and lower
value products and cannot process all types of plastic waste
streams.’ From the perspective of sustainability and circularity,
chemical recycling to monomers is an ideal approach as it is
generally independent of a particular waste stream." However,
due to thermodynamic constraints, not all plastic polymers are
amenable to chemical recycling into monomers and known
technologies are often not cost-efficient and therefore not
practical.®* Chemical recycling technologies include pyrolysis,
dissolution, and depolymerization. Pyrolysis is used for energy
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fcu and hcp UiO-66 phases using post-consumer PET waste.

recovery from plastics but uses high temperatures and pres-
sures, emits toxic gases, and in total results in an economic
loss.? Dissolution uses toxic solvents, which in turn generate
significant amounts of solvent waste that must be disposed of or
recycled, raising sustainability concerns.?

Faced with these challenges, researchers have turned to
innovative and sustainable approaches. Mechanochemistry has
emerged as a promising approach for addressing United
Nations Sustainable Development Goals,* including depoly-
merization of plastics.>® In mechanochemistry,”** mechanical
action chemically breaks down plastic polymers without bulk
solvents, in compliance with the principles of green chemistry
and sustainability.’** Recently, mechanochemical depolymer-
ization of polystyrene,**™” poly(a-methyl styrene),*® poly(methyl
methacrylate)," polyethylene,** polypropylene, polylactic
acid,*?® furanoate-based polymers,* poly(vinyl chloride),** and
PET***' have been reported.

In the case of PET, Strukil showed that post-consumer col-
oured PET bottles and PET textile waste can be used as starting
materials for the mechanochemical depolymerization with
sodium hydroxide (NaOH).**> The use of milling equipment
made of stainless steel (10 mL jar volume) and larger milling
balls (one 15 mm stainless steel ball) was found to be helpful,
indicating that higher mechanical loading was necessary to
overcome the activation barrier for the ester bond hydrolysis.
Interestingly, a change in rheology from a powder to a gum-like
mixture was observed and correlated with the quantitative
conversion to Na,TP after 2 h of milling at 30 Hz. Shortly after
the Strukil report, Tricker et al. demonstrated that quantitative
PET depolymerization to disodium terephthalate (Na,TP) could
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Fig. 1 Protocol for the selective mechanochemical conversion of post-consumer PET waste to fcu and hcp UiO-66 phases.

be achieved in as little as 20 min at 30 Hz using one 20 mm
stainless steel ball in a 25 mL jar volume of the same material.*®
Similarly, a change in rheology to a gum-like or waxy mixture
was found to be critical in achieving quantitative depolymer-
ization. Based on gel permeation chromatography (GPC) anal-
ysis of molecular mass distribution, Tricker et al. postulated
that individual polymer molecules are completely depoly-
merized in impact collisions, while others not involved in the
collisions remain intact. Therefore, rapid depolymerization
kinetics in the waxy phase, while the reaction mixture was
coated on the milling ball, were attributed to an increasing
number of individual impact collisions of PET polymer chains.

Also, mechanochemistry is known for the sustainable
production of high-quality MOFs,*” including conversion of
terephthalate ligands from waste PET to value-added MOF
materials.***®* Among them, UiO-66 is characterized by high
chemical, thermal, and mechanical stability, and is the first
reported zirconium-based MOF (fcu topology).*” Its small-scale
synthesis by ball milling has been reported.**** Importantly,
UiO-66 finds application in biomedicine,* catalysis,” and
remediation of organic pollutants,® and is one of the handful of
MOFs being produced on the commercial scale.>*** Besides the
archetypal fcu UiO-66, a new hcp topology UiO-66 was first
synthesized in 2018.°° Recently, high-quality hcp phase UiO-
66,7 low-quality fcu phase UiO-66,® and a combination of
both®® were synthesized from chemically recycled terephthalate
ligands coming from PET. In this work, we develop a protocol
for the selective mechanochemical synthesis of high-quality
UiO-66 fcu and hcp phases from PET post-consumer trans-
parent bottles and coloured textile waste (Fig. 1).

Results and discussion

First, we tested the mechanochemical alkaline hydrolysis of PET
using either sodium hydroxide (NaOH) or potassium hydroxide

294 | RSC Mechanochem., 2026, 3, 293-300

(KOH). Ball milling of PET with 2 equiv. of NaOH or KOH was
performed in a 4 mL milling jar (more details in the SI) with one
stainless steel milling ball (8 mm, 1.83 g) for 2 h. The analysis by
powder X-ray diffraction (PXRD) showed that Na,TP was ob-
tained in the reaction with NaOH, but the sample contained
a significant amount of amorphous content (Fig. 2a black). In
the case of ball milling with KOH, PXRD analysis revealed the
formation of dipotassium terephthalate (K,TP), although not all
diffraction peaks attributed to K,TP were visible (Fig. 2b black).
The apparent difference in reactivity between NaOH and KOH
might result from differences in rheology. After milling with
NaOH, the reaction mixture was in a compacted powder form
spread homogeneously over the jar. On the other hand, the
reaction mixture obtained by milling with KOH was a waxy
substance, agglomerated around the milling ball and on both
ends of the milling jar. Strukil®* and Tricker et al.** reported that
coating on the milling and the formation of the waxy mixture
when milling with NaOH was critical for the high PET depoly-
merization yields. In our case, the use of a smaller milling jar
and ball might have prevented the necessary change in rheology
when milling with NaOH.

Next, we turned to liquid-assisted grinding (LAG) condi-
tions®>®® using water as the liquid additive. Initial experiments
with milling 150 mg of the reaction mixture (0.55 mmol of PET
and 1.1 mmol of NaOH/KOH) using 30 pL of H,O (n = 0.2)
already showed an improvement in the crystallinity of the cor-
responding products (Fig. 2a and b red) and further increasing
the n parameter resulted in higher-crystalline products (Fig. 2a
and b blue). Therefore, all further experiments were conducted
using LAG conditions with H,O as the liquid additive. After
optimization, we used TRIS synchrotron PXRD®"**> to monitor
the formation of crystalline Na,TP and K,TP during ball milling
of PET with the corresponding hydroxides. In the case of milling
PET with NaOH, the formation of crystalline Na,TP could be
observed after 8 min of the reaction (Fig. 3a). The crystallinity of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 PXRD patterns for milling PET under different conditions with (a) NaOH and (b) KOH (1 = 1.542 A).

Na,TP increased gradually until reaching a steady state after ca.
60 min of milling. Similarly, when milling PET with KOH using
LAG conditions, the formation of crystalline K,TP could be
observed even faster, after 4 min of the reaction, and a steady
state was reached after 20 min of milling (Fig. 3b). TRIS moni-
toring by Raman spectroscopy confirmed the faster kinetics for
PET depolymerization when using KOH compared to NaOH.

© 2026 The Author(s). Published by the Royal Society of Chemistry

However, TRIS monitoring by Raman spectroscopy using the
identical reaction conditions proved to be less sensitive, and the
formation of K,TP and Na,TP was observed a bit later, specifi-
cally after 15 and 40 min, respectively (Fig. S1 and S2).

We then sought to correlate the formation of K,TP and
Na, TP with the degree of PET depolymerization. We performed
experiments on a 1 g scale using the same n parameter for 20,

RSC Mechanochem., 2026, 3, 293-300 | 295
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Fig. 3 TRIS synchrotron PXRD monitoring (2 = 0.7295 A) of milling PET under LAG with H,O: (a) with NaOH and (b) with KOH. GPC chro-
matograms for milling PET under LAG with H,O: (c) with NaOH and (d) with KOH.

60, and 120 min and analysed them ex situ by PXRD and GPC.
PXRD analysis demonstrated the gradual increase in the crys-
tallinity of K,TP and Na, TP with increasing milling time (Fig. S3
and S4). We note minor differences compared to TRIS moni-
toring studies where steady states were observed faster. The
latter might be due to the difference in the geometry and
material composition of the milling jars when using lower
reaction scales (for more details see SI). Nevertheless, GPC
analysis for the reaction using NaOH correlated well with ex situ
PXRD analysis and showed that the PET content decreases with
increasing milling time (Fig. 3¢) and after 120 min of milling, no
PET was detected. The results of the reaction using KOH were
a bit unexpected. After the initial decrease in PET content, no
changes were detected when milling for 60 min and 120 min
(Fig. 3d). This contrasts with PXRD analysis after milling PET
with KOH for 120 min, which did not show a typical amorphous
PET region in the diffractogram (Fig. S3). Interestingly, the
difference in depolymerization of PET when using NaOH and
KOH can be explained by rheology changes. In the former,
a homogeneous wet paste was obtained after milling for
120 min (Fig. S5), whereas with KOH, a viscous gel was non-
uniformly distributed in the jar under which solid powder was
found (Fig. S6). To increase the depolymerization of PET using
KOH, we carried out two new experiments, extending the
milling time to three and four hours respectively. In both cases,
however, we obtained a similar viscous gel under which traces

296 | RSC Mechanochem., 2026, 3, 293-300

of powder were found, and GPC analysis again showed the
presence of approximately 9% PET (Fig. S7). We note here that
under our LAG conditions using NaOH, coating on the ball was
not observed as in the case of Strukil®> and Tricker et al.*® but
the rheology of the reaction mixture is important.®* Based on
GPC elution curves, largest polymer chains start to degrade first
and after 60 min of milling with NaOH, there are no more
chains longer than 10° g mol " (Fig. S8). As the depolymeriza-
tion reaction by milling goes on, the number of polymer chains
with 2 x 10" g mol " increases and the curve goes into bimo-
dality, but there is no uniform shortening of the chains from
polymers to oligomers and no signals are detected between
1500 and 100 g mol " (Fig. S8 and Table S1). Although the
mechanochemical depolymerization of PET shows faster
kinetics with KOH than with NaOH, unfavourable rheological
changes hinder the complete depolymerization of PET with the
former. Therefore, we decided to use NaOH as the base for the
conversion of PET to UiO-66.

Firstly, we prepared (ZrsO4,(OH)4(CH3COO);,), (zirconium
acetate cluster) according to the previously published litera-
ture.** We chose to use a zirconium acetate cluster, instead of
ZrCl, (ref. 46) or other zirconium sources,* due to its known use
in benign mechanochemical synthesis of UiO-66 using H,O as
the liquid additive.” We then milled washed and dried Na,TP
(0.304 mmol, 63.9 mg), obtained after milling PET bottle with
NaOH (Fig. S9 and $10), with zirconium acetate cluster

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4mr00126e

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 08 January 2026. Downloaded on 6/13/2026 11:16:48 PM.

(cc)

Paper

(0.0385 mmol, 131 mg), 85 uL of triethylamine (TEA, two equiv.),
and 98 uL of H,O. The reaction was performed in a 4 mL jar for
120 min at 50 Hz using one 8 mm SS ball (for more details see
SI). We note that these conditions were adapted from the Kar-
adeniz et al. who used a two-step protocol to first activate
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terephthalic acid by milling it with TEA and H,O, after which
a zirconium acetate cluster was added to the reaction mixture in
the second milling step.*” In our case, we attempted one-pot
milling synthesis. The PXRD analysis confirmed the synthesis
of high-crystallinity fcu UiO-66 phase (Fig. S11 magenta). When
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(a) PXRD patterns for UiO-66 samples obtained in this work after the activation process and comparison to simulated patterns of fcu (CSD

entry: RUBTAKO3) and hcp (CSD entry: KINGUM) UiO-66 phases (1 = 1.542 A). (b) Nitrogen adsorption isotherms measured at 77 K for UiO-66

samples shown in (a).
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decreasing the volume of TEA to 42 pL (1 equiv.), an even higher
crystallinity UiO-66 was obtained (Fig. S11 green). To see if UiO-
66 can be accessed even without the use of a base, we milled
Na,TP (0.304 mmol, 63.9 mg), zirconium acetate cluster
(0.0385 mmol, 131 mg), and 140 pL of H,0. To our surprise,
PXRD analysis showed that the crystalline product corre-
sponded to UiO-66 hcp phase (Fig. 4a red). Furthermore,
Fourier-transform infrared spectroscopy and thermogravi-
metric analysis showed similar spectra and thermal profile,
respectively (Fig. S12-516).

fcu-UiO-66 and hep-UiO-66 are two distinct crystalline pha-
ses of UiO-66, which is composed of Zr(iv) metal clusters linked
by benzene-1,4-dicarboxylate (BDC>~, or terephthalate) ligands.
The fcu phase represents the archetypal form of UiO-66 with
a face-centred cubic topology, featuring [Zre(jt3-O)4(ps-
OH)4(RCO,);,] hexanuclear secondary building units (SBUs, or
clusters) that are 12-connected to the linkers, resulting in a Zr:
BDC ratio of 1:1.* This structure includes triangular pore
windows (~6 A), tetrahedral pores (~8 A), and octahedral cages
(~11 A). In contrast, the hcp phase adopts a hexagonal close-
packed topology with larger  [Zr;,(ns-O)g(ps-OH)g(ktp-
OH)6(RCO,),5] dodecanuclear SBUs, formed by the condensa-
tion or merging of two hexanuclear clusters via bridging
hydroxides.*® These dodecanuclear clusters are 18-connected,
leading to a ligand-deficient Zr : BDC ratio of approximately 1 :
0.75, and a pore structure with micropores around ~7 A and
~10 A. The hcp phase can be viewed as a condensed variant of
the fcu phase, where synthetic conditions promote the aggre-
gation of Zre clusters into Zry, double clusters, altering the
overall packing and connectivity while maintaining the same
chemical composition.

We then expanded our research to coloured post-consumer
textile polyester (red sweater). This includes depolymerizing
the initial red textile polyester to Na,TP and developing decol-
orizing procedure using activated carbon (for details see SI,
Fig. S17). We used de-colourized Na,TP as a source of tere-
phthalate ligands and performed LAG experiments (identical
conditions to PET bottles) to access fcu and hep UiO-66. In both
cases, we obtained phase pure targeted UiO-66 phases (Fig. 4a
blue and green, Fig. S12, S15 and S16). This confirmed that the
selective mechanochemical access to fcu and hep UiO-66 phases
is independent of the starting PET waste source.

To validate the permanent porosity of mechanochemically
synthesized UiO-66 materials, we performed nitrogen gas
adsorption experiments (Fig. 4b and S18-521). For that, selected
UiO-66 samples were activated according to the previously
published protocol.*® All samples showed permanent porosity
and exhibited gas adsorption isotherms typical for microporous
samples (Fig. 4b). The quantity of adsorbed gas and the Bru-
nauer-Emmett-Teller (BET) surface area is similar for all
measured samples. For example, BET surface area of hep UiO-
66 from textile (808 m* g ') and bottle PET (734 m> g ')
closely relates to the original report of hep UiO-66 (874 m>
271).5° On the other hand, fcu UiO-66 samples obtained in this
work (778 and 804 m* g~ ') have slightly lower BET surface area
compared to the previous report on mechanochemical

298 | RSC Mechanochem., 2026, 3, 293-300
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Conclusion

In conclusion, we have developed a protocol for the selective
mechanochemical conversion of post-consumer PET bottles
and textile waste into high-quality UiO-66 MOF materials,
including the first ever synthesis of hcp UiO-66 by mechano-
chemistry. TRIS monitoring by synchrotron PXRD and Raman
spectroscopy provided insights into the reaction dynamics and
showed that, although hydrolysis with KOH initiates faster than
with NaOH, it does not lead to complete PET depolymerization
due to unfavourable rheological changes in the reaction
mixture. Therefore, LAG conditions were shown to be a power-
ful tool to fine-tune mechanochemical PET depolymerization by
alkaline hydrolysis. Based on our results, NaOH was used as the
base for PET hydrolysis and further conversion to fcu and hcp
UiO-66 phases. Interestingly, base-free mechanochemical route
using water as a liquid additive leads to hcp UiO-66 phase,
whereas adding a base results in fcu UiO-66 phase. Our results
demonstrate that mechanochemistry is a powerful tool for
converting post-consumer PET waste into phase-selective UiO-
66 MOF materials.
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