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onalized porous SiO2 as
heterogeneous catalysts for microwave
depolymerization of PET and PLA†

Éadaoin Casey,ab Rachel Breen,ab Gerard Pareras, c Albert Rimola, c

Justin D. Holmes ab and Gillian Collins *ab

Chemical recycling is an important strategy to tackle the growing global problem of plastic waste pollution.

The development of metal-free catalysts for depolymerization of plastics is attractive as it avoids the use of

metal salts, which are potentially damaging to the environment. Here we report a metal-free

heterogeneous catalyst for the glycolysis of polyethylene terephthalate (PET) and methanolysis of

polylactic acid (PLA). The catalysts are synthesized by covalent surface modification of mesoporous silica

(SiO2) with guanidine ligands and evaluated under conventional thermal and microwave-assisted heating.

A surface bound cyanoguanidine ligand was found to be the best catalyst leading to 100% PET

conversion with 80% BHET yield. The nature of the catalyst support material influenced the catalytic

performance of the guanidine ligands with porous SiO2 supports outperforming activated carbon in

conventional thermal glycolysis, while the opposite trend was observed with microwave assisted

glycolysis. Dedicated density functional theory (DFT) computations were performed to simulate the

depolymerization processes, obtain the free energy profiles of the reaction mechanisms, and identify the

important role of hydrogen bonding in the reaction mechanism.
Sustainability spotlight

Chemical recycling a crucial strategy for the transformation of various types of plastic waste into high value monomers and commodity chemicals, but
signicant challenges such as high energy requirements and efficient catalysts remain. In this context, in this work heterogeneous metal free catalysts are made
by covalent attachment of organocatalysts onto a high surface area SiO2 support that can easily be separated and recycled. The use of microwave assisted heating
dramatically improves energy efficiency and lowers reaction times for the depolymerization of polyethylene terephthalate (PET). The catalyst is also used for
depolymerization of polylactic acid (PLA). PLA is one of the most important bioplastics, and while it is produced from renewable resources, it is highly persistent
in the environment and has poor biodegradability outside industrial composting. Chemical recycling has potential to access value-added compounds through
open loop recycling of PLA such as the green solvent methyl lactate. This work highlights the importance of UN sustainable development goals sustainable cities
and communities (SDG 11), responsible consumption and production (SDG 12) and climate action (SDG 13).
1. Introduction

Plastics are ubiquitous to our everyday lives owing to their low
cost, versatility, and ease of production. They range from life-
long plastic materials for household appliances, building
materials and electronics to single use plastics such as shop-
ping bags, straws, food packaging and water bottles. The high
demand for single use plastics, which has increased
k, T12 YN60, Ireland. E-mail: g.collins@ucc.ie;

titute, University College Cork, Cork, T23

ònoma de Barcelona, 08193 Bellaterra,

tion (ESI) available. See DOI:

40–1051
dramatically in the last 50 years from 15 to 311 million tons and
is expected to double by 2035, has led to a drastic increase in
plastic waste. In recent years, researchers have developed
numerous pathways to convert plastic waste into monomers or
value-added products, forming a circular economy in the poly-
mer life cycle.1,2 Polyethylene terephthalate (PET) is a thermo-
plastic polyester, used in wide ranging applications such as
textiles and food and beverage packaging and in single use
plastics, which are a key contributor to the problem of post-
consumer plastic waste. There has been intensive investiga-
tion into this polymer with the aim of sustainably converting it
into a valuable monomer, moving away from environmentally
detrimental practices such as incineration.3,4Glycolysis is one of
the most effective methods for depolymerization of PET as it
can be achieved under mild conditions with a relatively low
cost. The method involves reacting PET, excess diol, usually
ethylene glycol (EG) and a catalyst, with the product bis(2-
© 2024 The Author(s). Published by the Royal Society of Chemistry
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hydroxyethyl) terephthalate (BHET) being obtained. Many
catalysts are effective for this transformation such as metal
oxides,5,6 nanoparticles,7–9 metal salts and metal-containing
ionic liquids,5,10,11 and organocatalysts.12–18

Metal-free catalysts are especially appealing due to their
environmentally friendly and sustainable nature, serving as an
advantageous option compared to metal-based catalysts. Many
metal-free catalysts are homogeneous organocatalysts and
Table S1 in the ESI† shows literature reports using different
metal-free catalysts. Fukushima and co-workers19 reported the
use of a commercially available guanidine catalyst 1,5,7-
triazabicyclo[4.4.0]dec-5-ene (TBD) as a highly effective catalyst
for the glycolysis of PET in the presence of EG. PET was fully
converted and an isolated yield of 78% was obtained at 190 °C,
10 mol% catalyst, 1 : 5 ratio PET : EG aer 325 min. For
comparison, when the reaction was completed in the absence of
TBD, PET was fully converted aer 40 h at 190 °C. Le et al.20

reported the catalytic activity of TBD in a co-solvent assisted
glycolysis reaction where 100% conversion of PET and 82%
yield of BHET were achieved at 153 °C aer 2 h. While orga-
nocatalysts show excellent efficiency for PET depolymerization,
a key drawback is the lack of easy recovery, which can result in
contamination of the monomer product. A combinedmetal-free
and heterogeneous catalyst design is attractive as it provides an
easy separation route aer the depolymerization reaction. Chi-
purici et al.21 demonstrated a synthesis of heterogeneous cata-
lysts with guanidine superbases chemically graed on silica-
coated Fe3O4 magnetic nanoparticles for transesterication of
waste oil. Fehér et al.13 reported an eco-friendly organocatalyst
using TBD supported on silica gel for PET glycolytic depoly-
merisation, achieving 100% conversion of PET and 88% yield of
BHET. The optimal reaction conditions were 190 °C, 15.5 mol%
catalyst, an EG : PETmolar ratio of 12.6, and 1.7 h reaction time.

The use of microwave assisted depolymerization of plastics
has also received a lot of interest due to the signicant reduc-
tion in reaction time and energy consumption, improving the
energy efficiency for various reactions such as the glycolysis of
PET22,23 and polyurethane24 and hydrolysis of polyamides25 and
polyolens.26 Microwave assisted reactions enable rapid volu-
metric heating and uniform heat transfer resulting in increased
reaction rates and product selectivity and increased yields
compared to conventional thermal methods.27 The most
common catalysts reported for microwave assisted glycolysis of
PET are metal salts and metal oxides, and the possibility of
combining microwave assisted heating with a heterogeneous
metal-free catalyst is a highly attractive depolymerization route
for PET.

Recently, there has been great interest in biodegradable
plastics such as polylactic acid (PLA) as an alternative to fossil-
fuel derived plastics. The PLA market has increased exponen-
tially in recent years as its physical properties are similar to
those of non-biodegradable plastics such as PET. While oen
branded as an eco-friendly biodegradable plastic, PLA only
degrades at an appreciable rate under specic conditions such
as those generated in industrial composing facilities. In the
natural environment, PLA persists for hundreds of years.28

Therefore, instead of disposing of PLA to composting sites,
© 2024 The Author(s). Published by the Royal Society of Chemistry
upcycling strategies are needed to enable more sustainable use
of PLA. Methanolysis can be used to transform PLA into methyl
lactate (MeLa), which is attractive as a green solvent. Several
literature reports have shown inorganic metal salts such as
FeCl3 and ZnAc to be active catalysts. Román-Ramı́rez et al.28

produced MeLa from the chemical degradation of PLA using an
ethylenediamine Zn(II) complex. Petrus and co-workers,29 syn-
thesised multiple alkyl lactates using metal containing catalysts
at temperatures ranging from 80 to 260 °C and reported that
a combination of high temperatures and pressure with excess
alcohol leads to an increase in the lactate production and yield.

This article describes the process of creating guanidine-
based heterogeneous catalysts, achieved through surface func-
tionalization of porous SiO2 supports and highlights the
adaptability of these catalysts in various applications, including
PET glycolysis for the production of BHET, butanolysis of PET to
form bishydroxybutyl terephthalate (BHBT), and PLA meth-
anolysis to yield MeLA. The catalysts can be used in both
conventional thermal and microwave assisted depolymerisa-
tion. Density functional theory (DFT) calculations were used to
model the surface bound guanidine ligands in the PET and PLA
depolymerization reactions to obtain unique atomic scale
information on the processes and rationalize the experimental
ndings.

2. Results and discussion
2.1 Synthesis and characterization of guanidine
functionalized SiO2

The use of porous SiO2 as a support enables surface modica-
tion via functionalization with organic ligands. Mesoporous
cellular foam SiO2 was functionalized with three different
guanidine precursors using a one pot method (see the ESI† for
experimental details) to produce SiO2-DCG (1), SiO2-EDG (2)
and SiO2-DCD (3) catalysts, as illustrated in Fig. 1.

Surface area and porosity measurements were carried out
using N2-physisorption at −196 °C (see the ESI† for details).
Fig. 2 shows the N2-physisorption isotherms of bare and
modied SiO2. The catalysts showed a typical type-IV isotherm
with an H1 hysteresis loop which is a typical feature for this type
of large pore mesoporous material. The surface area of the
catalyst decreased aer functionalization from 412 m2 g−1 for
bare SiO2 to 182 m2 g−1, 101 m2 g−1 and 38 m2 g−1, for DGC,
ECG and DCD modied SiO2, respectively (see Table S2†).
Similar reductions in surface area have been reported in the
literature for amino functionalized SBA-15 and MCM-41, indi-
cating that a degree of pore blockage occurred on functionali-
zation.30 The SiO2-DCD catalyst has a substantially reduced
surface area, when compared to the -EDG and -DCG ligands,
which may be attributed to the smaller size of the DCD ligands.
Surface functionalization of SiO2 using alkoxysilane precursors
can also produce multi-layered silyated surfaces due to multiple
surface attachments and/or silane cross-linking.31 Fig. 2(b) also
shows the decrease in pore diameter aer modication, which
is associated with functionalization of the internal pores.30 The
pore size of bare SiO2 is 102 Å, which decreases for the SiO2-EDG
(82 Å) and SiO2-DCD (79 Å) catalysts but remains similar aer
RSC Sustainability, 2024, 2, 1040–1051 | 1041
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Fig. 1 Schematic illustrating the three guanidine-type ligands used to functionalize mesoporous cellular foam SiO2 via alkoxysilane attachment.
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DCGmodication (100 Å), which may be attributed to the bulky
cyclohexyl side groups of the guanidine ligand. Fig. 3(a) shows
the scanning electron microscopy (SEM) image of bare SiO2,
and Fig. 3(b) shows the transmission electron microscopy
(TEM) image of mesoporous cellular foam SiO2. Higher reso-
lution SEM images of MCF, -DCG, -EDG and -DCD modied
SiO2 are shown in Fig. 3(c–f), respectively, and ESI Fig. S1.†

XPS was employed to verify successful functionalization of
the guanidine ligands on the SiO2 support. The survey spectra
show the appearance of N 1s and C 1s peaks aer functionali-
zation (ESI Fig. S2†). The N 1s core level shown in Fig. 4(a), of
the three catalysts revealed the presence of a dominant peak at
a binding energy (BE) of 400.2, 400.2 and 399.8 eV, for SiO2-
DCG, EDG and DCD catalysts, respectively, which is character-
istic of amine species.32 A small shoulder peak was observed at
a higher BE assigned to protonated N species. Covalent
attachment of the alkoxysilane ligands is further evidenced by
the O 1s and Si 2p core levels, as shown in Fig. 4(b and c). The O
1s of bare SiO2 is centred at 533.8 eV and is downshied to
532 eV aer functionalization, associated with the loss of Si–OH
groups due to covalent modication of the surface.33 This
downshi in the BE is also observed in the Si 2p core level scans
of functionalized SiO2.
Fig. 2 N2-physisorption isotherms of bare and modified SiO2 showing (

1042 | RSC Sustainability, 2024, 2, 1040–1051
FTIR was employed to investigate the surface of the modied
SiO2 catalysts as shown in Fig. 4(d). Peak assignment in this
region can be challenging because of overlapping contributions
from several species such as Si–O–Si and Si–O–C, but changes in
the spectral region on functionalization are clearly identied.34

Bare SiO2 particles exhibit peaks at 1060 cm−1 and 950 cm−1

which can be indexed to Si–O–Si stretching and the Si–OH bond
stretch, respectively.35 For the EDG and DCD catalysts there is
a signicant decrease in the Si–OH peak and a strong peak
emerges at 1038 cm−1, which is in excellent agreement with the
Si–O–C stretching vibration. For the DCG catalyst, this peak is
less dened and a small decrease in the Si–OH peak is observed,
which may indicate a weaker covalent attachment, likely to
originate from the bulky side groups. Themodied SiO2 catalyst
shows a peak at 1636 cm−1 associated with N–H bending,34

correlating well with the N 1s XPS, although peaks in this region
have also been attributed to adsorbed water, formed from the
condensation reaction of surface Si–OH and the alkoxysilane
precursor. The SiO2-DCD ligand has an additional peak at
1560 cm−1 assigned to primary amine N–H stretching vibra-
tions. Both FTIR and XPS indicate covalent attachment of the
guanidine ligands on the support.
a) the pore volume and (b) the pore size distribution.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a–c) SEM and TEM images of bare mesoporous cellular foam SiO2 and after functionalization with the (d) DCG, (e) EDG and (f) DCD
ligands.
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TGA was used to assess the thermal stability of each of the
SiO2 guanidine catalysts and to estimate the amount of organic
species present aer functionalization, as shown in ESI Fig. S3.†
The initial weight loss observed in all the guanidine graed SiO2

catalysts is attributed to water and residual solvent molecules
on the surface. The second weight-loss step can be assigned to
the release of organosilanes and the guanidine derivatives from
the silica surface. Based on mass loss observed between 120 °C
and 350 °C, the organic content was found to be 23%, 20% and
25% for DCG, EGC and DCD functionalized SiO2, respectively.
The EDG and DCD catalysts have a slightly higher thermal
stability, with mass loss not occurring until ∼250 °C, compared
to the DCG ligand where mass loss starts to occur at ∼220 °C.

2.2 Catalytic evaluation of heterogeneous guanidine
catalysts

The catalytic performance of the three SiO2 supported guani-
dine catalysts was investigated for the depolymerization of PET
to BHET during conventional thermal and microwave assisted
glycolysis. Fig. 5(a–c) compare the reaction time series (0–4 h)
for each catalyst, evaluating PET conversion and isolated BHET
yields obtained under conventional thermal conditions at 190 °
C for 3 h with 100 mg of the catalyst. Bare SiO2 did not catalyse
the reaction to any extent. The SiO2-DCD catalyst displayed the
best catalytic activity, which during thermal depolymerization
led to full PET conversion, and the isolated yield of BHET was
70%. 1H NMR of isolated BHET can be found in ESI Fig. S4.†
Analysis of the ltrate aer recrystallization revealed residual
BHET in the solution, but no dimers were detected by NMR. The
superior performance of the SiO2-DCD catalyst may be due to
the structure having a more nitrogen-rich environment, which
has been reported to be benecial in increasing the catalytic
activity.7,36 The DCD ligands also have less steric constraints
© 2024 The Author(s). Published by the Royal Society of Chemistry
compared to the EDG and DCG catalysts, associated with the
bulky side groups, and steric effects have been shown to lower
the performance of metal containing ionic liquids.22 At longer
reaction times, the BHET yield decreased, which is indicative of
dimerization of the BHET monomer.37 Increasing the PET : EG
ratio decreased conversions under thermal conditions, and the
optimal ratio was found to be 1 : 5.

The catalysts were then evaluated using microwave assisted
heating instead of conventional heating. Reactions run under
the same conditions and 190 °C, led to full conversion of PET
but resulted in an inferior yield of 58%. An optimization study
of the reaction parameters for microwave assisted glycolysis was
initially performed, as shown in the ESI in Table S3 and Fig. S5.†
Different optimal parameters are observed for reactions under
thermal and MW assisted heating. It was found that increasing
the temperature greatly increased PET conversion while
lowering reaction times (30 min). Each of the catalysts per-
formed best at 210 °C and a higher PET : EG ratio (1 : 10), and
sufficient agitation of the reaction mixture by using a high
stirring speed (960 rpm) was also important. Fig. 5(b–d) show
reaction time series (0–40 min) for each catalyst for evaluating
PET conversion and isolated BHET yields obtained under
microwave-assisted heating. Optimum reaction conditions were
210 °C, 30 min, 960 rpm, 100 mg catalyst and 1 : 10 PET : EG
ratio, giving an 80% BHET yield. The signicant reduction in
reaction time associated with efficient microwave heating38 is
a clear advantage of using a microwave assisted route.

The cyanoguanidine ligand i.e. SiO2-DCD, emerged as the
most effective catalyst in both conventional heating and
microwave assisted routes but the catalyst reactivity trend
observed during microwave assisted glycolysis was different to
that observed during conventional thermal glycolysis. The SiO2-
EDG catalyst was sluggish under conventional heating but
RSC Sustainability, 2024, 2, 1040–1051 | 1043
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Fig. 4 XPS analysis of core level scans (a) N 1s, (b) O 1s and (c) Si 2p for SiO2, SiO2-DCG, SiO2-EDG and SiO2-DCD catalysts. (d) ATR-FTIR spectra
of bare and guanidine functionalized SiO2 catalysts.
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demonstrated a favourable performance under microwave
heating. The SiO2-DCG catalyst performed well under thermal
conditions (93% PET conversion) but was the least effective
catalyst under microwave conditions, despite the higher
temperature, resulting in only 50% PET conversion. TGA
showed that the SiO2-DCG ligand had the lowest thermal
stability, and this may have contributed to the poor perfor-
mance of this ligand under microwave assisted heating
compared to conventional thermal heating. Microwave heating
is fundamentally different from conventional heating because
microwaves can penetrate deep into the sample, heating it
volumetrically, as opposed to conventional thermal heating,
which heats materials from the outside via standard heat-
transfer mechanisms, i.e., through convection, conduction
and radiation. The acceleration effect of microwaves on reaction
Fig. 5 Reaction time series for the depolymerization of PET to BHET un
PET : EG 1 : 5) for the (a) DCG, (b) EDG and (c) DCDmodified SiO2 catalyst
conditions (210 °C, PET : EG 1 : 10) for (d) DCG, (e) EDG and (f) DCD mo

1044 | RSC Sustainability, 2024, 2, 1040–1051
kinetics associated with volumetric heating is a well-known and
reported phenomenon, and the specic mechanisms occurring
within particular reactions oen remain unclear.39

The best microwave-responsive catalysts are those that can
absorb microwave irradiation, and while SiO2 is a microwave
absorber, carbon-based catalysts have also been widely used in
microwave assisted reactions such as biomass conversion,
phenol oxidation and NOx reduction.40 To evaluate the role of the
support material, the poorest performing guanidine ligand
during microwave glycolysis, DCG was graed onto acid-treated
activated carbon and evaluated under the same reaction condi-
tions. The PET conversion obtained using the DCG ligand
increased from 50% using a SiO2 support to 100%using activated
carbon. Interestingly, the same trend was not observed when the
reactions were conducted under conventional heating, with PET
der conventional thermal heating using optimised conditions (190 °C,
s. Reaction time series for microwave assisted heating under optimized
dified SiO2 catalysts.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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conversion using carbon supported catalysts decreasing to 63%
compared to that using a SiO2 support (93%) (see ESI Fig. S6†).
This result demonstrates the important role of the support
material in the catalytic behaviour of heterogeneous catalysts for
microwave assisted glycolysis compared to conventional heating.
While the exact origin of these support effects requires further
investigation, they are likely related to differences in the heating
characteristics and thermal stability of the two materials under
microwave and conventional thermal heating. The recyclability
performance of the catalyst was also tested over ve reaction
cycles for the DCD catalyst under both thermal and MW assisted
heating (see ESI Fig. S7†). The MW assisted recyclability test
displayed slightly better conversion (100, 100, 94, 90, and 84%)
than the thermal heating reactions (100, 100, 90, 85, and 81%).
Interestingly, the recyclability performance of DCG was inferior,
decreasing over successive cycles. This difference in recyclability
performance may be due to the lower thermal stability of the
DCG catalyst as indicated by TGA.

Glycolysis of PET using EG to form the valuable BHET
monomer has been intensively studied as a key reaction for
chemical recycling of PET, but glycolysis of PET can also be
carried out using other diols such as propyl glycol, 1,4-butane-
diol (BD) and triethylene glycol.41 These reactions, while much
less explored in comparison to glycolysis with EG, have
numerous applications such as the formation of oligomeric
precursors that can be used as building blocks to synthesize
other polymers with higher economic value such as poly-
urethane foams and unsaturated polyesters applied as polymer
concrete and mortar materials.42,43 One example is the produc-
tion of the polyester polybutylene terephthalate (PBT) from
recycled PET by using BD in place of EG. The use of traditional
metal-based catalysts such as metal salts and oxides is prob-
lematic, as they efficiently catalyse the cyclodehydration reac-
tion of BD to form THF.44 Therefore, the use of a metal free
catalyst offers a distinct advantage to limit this undesired side
reaction for the depolymerization pathway, as illustrated in
Fig. 6(a). Glycolysis of PET using BD was carried out using the
SiO2-DCD catalyst at 210 °C under microwave heating.
Optimum mass loss of PET and formation of the desired bis(4-
hydroxybutyl) terephthalate (BHBT) product was achieved aer
6 h, as shown in the reaction time series in ESI Fig. S8.† The
NMR analysis of the crude product shown in Fig. 6(b) conrms
the formation of the BHBT product with a singlet at d =

8.09 ppm corresponding to the aromatic protons. A distin-
guishable feature of the BHBT NMR spectrum is the presence of
2 quintets at d = 1.76 and d = 1.55 ppm arising from CH2

groups, labelled c and d, respectively. A peak arising from the
OH protons appears at d = 4.45 ppm, in good agreement with
literature reports for 1H NMR of mono(4-hydroxybutyl) tere-
phthalate.45 The 1H NMR analysis results of THF, 1,4-BD and EG
are also shown in Fig. 6(b) and indicate that the undesired
cyclodehydration reaction of BD to THF did not occur using the
metal-free catalysts.

We further investigated the versatility of the metal-free SiO2-
guanidine catalysts by evaluating their applicability in the
methanolysis of PLA to methyl lactate (MeLa) under both
thermal andmicrowave assisted heating. Methanolysis of PLA is
© 2024 The Author(s). Published by the Royal Society of Chemistry
typically carried out using a metal catalyst in a pressurized
vessel at 120 °C with reaction times reported up to 3 days.28,46,47

The reaction scheme for depolymerization of PLA to MeLa can
be seen in Fig. 7, where methanol (MeOH) and THF are used as
the protic source and solvent, respectively. Initially, an optimi-
zation study was performed thermally to nd the best reaction
conditions. The role of THF is to increase the solubility of PLA,
and reaction did not proceed in the absence of THF. Depoly-
merization was carried out under standard reux conditions
but resulted in low PLA conversions due to the low boiling
points of MeOH and THF. Therefore, sealed glass vessels were
used to achieve higher temperatures for the reaction. Lamberti
et al.48 reported that the mechanism is a two-step reversible
reaction in which the PLA chains are quickly converted to chain
end oligomers, which then slowly form the product MeLa. As
the reaction proceeds, the amount of internal oligomers
decreased as the polymer chains were degraded, producing
more chain end oligomers and subsequently the MeLa mono-
mer. Reactions with a higher yield of MeLa had a lower
percentage of internal oligomers and a higher percentage of
chain end oligomers as the depolymerization process proceeds,
which can be observed with the NMR analysis to evaluate the
product distribution, as shown in Fig. 7. The 1H NMR of the
products matched previously reported values which are internal
(int) methine (5.09–5.21 ppm), chain end methine (CE) (4.30–
4.39 ppm/5.09–5.21 ppm), and MeLa (4.23–4.29 ppm).28 Using
the sealed glass vessels, under reaction conditions of 130 °C,
3 h, 250 rpm and a 2 : 3 ratio of MeOH : THF, full conversion of
PLA was achieved with the yield of MeLa and both chain end
and internal methine oligomers being 17, 54, and 29%,
respectively. Román-Ramı́rez and co-workers,28 achieved
a similar MeLa yield using a Zn catalyst under thermal condi-
tions. Due to the equilibrium reaction between the oligomers
and MeLa, removing the MeLa as it is formed can shi the
reaction equilibrium and increase the yield. There have also
been reports of using an autoclave to perform the degradation
of PLA to MeLa, where the higher pressure can also increase
MeLa yield.48 On carrying out the reaction in an autoclave, it was
possible to achieve full conversion of PLA and further increase
the yield of MeLa to 42% aer 72 h (Fig. 7(c)). The higher MeLa
yields and minimal internal methine oligomers demonstrate
the benecial impact of the high pressure on an autoclave
reactor; however the use of long reaction times is not desirable.
Therefore, the use of microwave assisted methanolysis was next
explored, and Table S4 in the ESI,† summarizes the optimiza-
tion of the reaction conditions. While microwave heating did
not lead to further enhancements in MeLa yield, it did signi-
cantly reduce the reaction time. Aer 30 min PLA was fully
converted yielding 30, 62, and 8% MeLa and chain end and
internal methine oligomers, respectively, which substantially
reduces the reaction time.
2.3 Mechanistic insights into cyanoguanidine
functionalized SiO2 using density functional theory

Surface bound guanidines supported on mesoporous SiO2 and,
in particular, dicyandiamide ligands are effective catalyst for
RSC Sustainability, 2024, 2, 1040–1051 | 1045
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Fig. 6 (a) Reaction scheme showing glycolysis of PET using 1,4-butanediol. (b) NMR analysis of the reaction product showing the formation of
bis(4-hydroxybutyl) terephthalate (BHBT) and no undesired THF product.
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PET glycolysis, butanolysis and PLA methanolysis. DFT calcu-
lations were carried out to gain further insights into the cata-
lytic role of the most reactive guanidine-derivative. Geometry
optimizations were carried out using the semi-local Perdew–
Burke–Ernzerhof (PBEsol) function,49 combined with a double-z
basis set (DZVP-MOLOPT-SR-GTH Gaussian basis set) for all the
atom types, together with Grimme's D3(BJ) dispersion correc-
tion of the potential energy,50 and a cutoff set at 500 Ry for the
plane wave auxiliary basis set. Core electrons were described
with the Goedecker–Teter–Hutter pseudopotentials51 and
valence ones with a mixed Gaussian and plane-wave (GPW)
approach.52
Fig. 7 1H NMR stacked spectra of the products obtained from the metha
reaction in an autoclave and (c) 72 h autoclave reaction. Each reaction w

1046 | RSC Sustainability, 2024, 2, 1040–1051
To prove the accuracy of the DFT PBE-D3(BJ) method used in
this work, a preliminary benchmarking study with a reaction
model (see the Experimental section for details and Fig. S9†)
was performed. In this benchmark, we optimized the (non-
catalysed) reaction model at the PBE-D3(BJ)/DZVP level, and
then we performed single point energy calculations at the
DLPNO-CCSD(T)53 level of theory. Calculations were performed
with the ORCA 5.0.3 programme suite.54 The results illustrated
in Table S5† show that the relative error for the energy barrier is
only 4.6% (energy barriers of 36.05 and 37.79 kcal mol−1 at PBE-
D3(BJ) and DLPNO-CCSD(T), respectively), indicating that the
method used is accurate and reliable for predicting the energy
barriers of the reactions investigated in this work.
nolysis of PLA to MeLa for the (a) sealed vessel reaction at 4 h, (b) 20 h
as performed at 130 °C with 0.05 g catalyst loading.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The SiO2-DCD catalyst surface model was constructed by
attaching the DCD ligand on the outermost silicon atom of the
SiO2 surface. However, guanidine when supported on SiO2 can
present two tautomeric forms: one composed of a primary
amine, two secondary amines and two imines and the other
comprising two primary amines, one secondary amine and two
imines, as illustrated in ESI Fig. S10.† Therefore, initial calcu-
lations were carried out to identify the more stable congura-
tion, and the results indicate that the system with two primary
imines (Fig. S8(b)†) is 5 kcal mol−1 more stable. Therefore,
when we refer to the SiO2-DCD catalyst, we are only considering
this structure.

The glycolysis of PET is the molecular degradation of the
polymer by EG through a trans-esterication reaction, where the
C–O ester bond breaks and is transformed into hydroxyl groups
forming BHET. In order to simulate the reaction processes, we
modelled the polymer considering the oligomer with only two
repetitive units of PET (see Fig. 8(A)) and using EG as the
solvent, adopting a continuum model (see the Experimental
section in the ESI†). Briey, the reaction proceeds through
a transesterication of the ester by EG, where the ester carbon
atom is attacked by the lone pair electrons of the hydroxyl group
of EG forming a C–O bond, followed by a proton transfer from
the hydroxyl group of EG to the ester O atom of PET. This results
in the breaking of oligomer 1, forming the BHET product 2,
through the transition state TS1–2, as illustrated in Fig. 8(A). The
same mechanism is proposed for the SiO2-DCD system, in
which the catalyst can activate the C]O bond of PET by stabi-
lizing [C]O/H–N] hydrogen bonds, making the bonds more
prone to nucleophilic attack of EG (Fig. 8(B)). The formation of
H-bonds has been shown to be benecial for PET degradation
using ionic liquid catalysts.55

Energetic data collected in the energy proles displayed in
Fig. 8(D) show a subtle reduction of the free energy barrier of
around 2 kcal mol−1 for the SiO2-DCD system compared to that
of the uncatalyzed process. As mentioned above, the catalytic
activity of the DCD ligand is associated with activation of the
C]O bond of the oligomer via hydrogen bonds with the amino
groups. This activation is relatively low, as the H-bonds do not
signicantly perturb the C]O bond length (1.24 and 1.22 Å in
SiO2-DCD and isolated DCD, respectively), see Fig. 8(E). A more
signicant effect relates to the change in the thermodynamics.
While the uncatalyzed reaction shows an endergonic character,
the catalyzed reaction is exergonic, with a favourable reaction
free energy of −21.53 kcal mol−1 at 190 °C. This change in the
thermodynamics is due to the different anchoring positions
offered by the amino groups on the SiO2 surface that generate
a net gain in hydrogen bonds with the newly formed BHET
product, thereby inducing an extra stabilization effect, which is
not possible in the uncatalyzed reaction.

The results show that SiO2-DCD alone, although favouring
the thermodynamics with respect to the uncatalyzed systems,
does not exert strong catalytic effects since it does not induce
a signicant energy barrier decrease, with a relatively high free
energy barrier (22.56 kcal mol−1). This does align with the
experimental observations, which demonstrate fast PET degra-
dation in the presence of the catalyst. To rationalise this, the
© 2024 The Author(s). Published by the Royal Society of Chemistry
role of the EG in the reaction was next considered. EG behaves
as the reactant and solvent and can directly participate in the
proton transfer elementary step. Without accounting for the
participation of the solvent, the transition state presents a 4-
membered ring, which is geometrically highly strained, as
illustrated in Fig. 8(B), and accordingly inidcates a high energy
barrier. In contrast, if EG can assist the proton transfer by
receiving one proton and donating another one (establishing
a proton relay mechanism) the TS structure presents a 6th-
membered ring, which is geometrically less strained, thereby
presenting a lower energy barrier (Fig. 8(C)). To evaluate the role
of EG, a benchmarking study with n = 2, 3 and 4 EG molecules
has been carried out with the uncatalyzed system. The results
indicate that with two units of EG there is a reduction of the
barrier by 5 kcal mol−1. Interestingly, an increase of the number
of EG molecules does not further decrease the free energy
barrier, which remains at ca. 17 kcal mol−1, as the barriers show
a reduction of 7.20 and 7.83 kcal mol−1 (three and four EG
units, respectively) compared with that of the uncatalyzed
reaction (see Table S6 in the ESI†). Aer assessing the crucial
role of EG, we next computed the reaction on the SiO2-DCD
catalysts considering two EGmolecules, and the results indicate
a decrease in the free energy barrier to 14.09 kcal mol−1,
correlating with the experimental ndings.
2.4 PLA degradation mechanism

Similar to PET degradation, PLA depolymerization by the
addition of protic low molecular weight alcohols, in this case
MeOH, proceeds by the transesterication of PLA. As a rst step,
PLA breaks forming the oligomer chain end methine, followed
by a second transesterication of the oligomer, nally leading to
the MeLa product. The reaction process modelled here to assess
the catalytic role of SiO2-DCD is focused only on the last step of
depolymerization, i.e. the oligomer cleavage in two units of
MeLa, using THF as the solvent, and adopting a continuum
model (see the Experimental section for computational details).
The reaction proceeds through nucleophilic attack of the
carbonyl group by the lone pair electrons on the hydroxyl group
of MeOH, which is followed by a proton transfer from MeOH to
the ester O, resulting in breaking of oligomer 1 forming the
MeLa product 2 (see Fig. 9(A)).

The energy prole shown in Fig. 9(D) reveals that the free
energy barrier for the transesterication process is reduced by
∼2 kcal mol−1 when using the SiO2-DCD system with respect to
that of the uncatalyzed process. Similar to the PET mechanism,
the capability of the SiO2-DCD catalyst to activate the C]O
bond in PLA is rather limited; in this case the C]O bond is
enlarged from 1.23 Å in isolated PLA to 1.24 Å in SiO2-DCD,
which is translated to a slight energy barrier decrease (see
Fig. 9(E)). Despite the small reaction enhancement, the pres-
ence of the catalyst also has an effect on the thermodynamics of
the process. As mentioned above, the breaking of the oligomer
to nally form the MeLa product is an equilibrium reaction,
which is conrmed by the computed energy values for the
uncatalyzed process (i.e., slightly endergonic, with a reaction
free energy at 190 °C of +2.06 kcal mol−1). However, in the
RSC Sustainability, 2024, 2, 1040–1051 | 1047
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Fig. 8 (A–C) Reactionmechanisms proposed for PET depolymerization, uncatalyzed and catalysed by SiO2-DCD, considering one and two units
of EG, respectively. (D) Energy profiles presenting the relative Gibbs free energies at 190 °C (in kcal mol−1) considering EG as the solvent for the
proposed uncatalyzed and catalysed reaction mechanisms. (E) Optimized structures for reactant 3 and product 4; relevant distances are in
Angstroms (Å) and the hydrogen bonds are represented with blue dotted lines. Colour scheme: grey for C, red for O, white for H, blue for N and
beige for Si.
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presence of the SiO2-DCD catalyst, the MeLa product is stabi-
lized, now presenting an exergonic character with a reaction
free energy of−2.02 kcal mol−1. Similar to PET degradation, the
SiO2-DCD surface provides different amino binding positions,
creating additional hydrogen bonds with MeLa (Fig. 9(E)),
therefore providing extra stabilization of the product. However,
for PLA, the product stabilization is less signicant compared to
that for PET degradation, and the equilibrium between the
1048 | RSC Sustainability, 2024, 2, 1040–1051
oligomer chains and the MeLa product is still present. Despite
the slight decrease in the reaction energy barrier, this reaction
can also be catalysed by theMeOH solvent which can participate
in a proton relay mechanism due to being a protic solvent with
the capability to exchange protons. We simulated this process
considering the participation of two units of MeOH (one being
the reactant and the other the solvent proton transfer assistant)
and found that the new barrier is located at 6.36 kcal mol−1 (see
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (A–C) Reaction mechanisms proposed for the PLA depolymerization uncatalyzed and catalysed by SiO2-DCD considering one and two
units of EG, respectively. (D) Energy profiles presenting the relative Gibbs free energies at 130 °C (in kcal mol−1) considering THF as the solvent, for
the proposed uncatalyzed and catalysed reaction mechanisms. (E) Optimized structures for reactant 3 and product 4; relevant distances are in
Angstroms (Å) and the hydrogen bonds are represented with blue dotted lines. Colour scheme: grey for C, red for O, white for H, blue for N and
beige for Si.
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Fig. 9(D)). Similar to that observed for PET degradation, the
participation of the reactant in the proton transfer step plays an
important role in the mechanism.
3. Conclusions

This work demonstrates that SiO2 and carbon supports cova-
lently functionalized with different guanidine ligands are
effective heterogeneous metal free catalysts for the
© 2024 The Author(s). Published by the Royal Society of Chemistry
depolymerization of PET and PLA. The three catalysts displayed
good catalytic activity with high PET conversions by both
thermal and microwave assisted methods. Different optimal
conditions were found for the catalysts under conventional
heating andmicrowave assisted heating. The SiO2-DCD catalyst,
which is a cyanoguanidine ligand, performed the best, and this
is likely due to its nitrogen rich environment. The nature of the
support material inuenced the catalytic performance, and the
use of activated carbon as a support material was benecial for
RSC Sustainability, 2024, 2, 1040–1051 | 1049
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microwave-assisted glycolysis. To assess the versatility of the
surface immobilized guanidine catalysts, the methanolysis of
PLA to MeLa, was demonstrated with microwave assisted
heating greatly improving the reaction time. DFT simulations
provide a deep understanding of the reaction mechanisms for
both PET and PLA degradation processes, concretely unveiling
the role of the SiO2-DCD catalyst, which through its ability to
create a net of hydrogen bonds is not only able to enhance the
reaction processes kinetically but also thermodynamically by
stabilizing both BHET and MeLA products. The catalytic role of
the corresponding additional reactive molecules (EG and
MeOH) is also highlighted when they participate in the reaction
by assisting proton transfer processes, which inidcates an
additional reduction of the free energy barriers. This work
demonstrates that guanidine functionalized SiO2 based cata-
lysts are versatile heterogeneous catalysts for chemical recycling
of both PET and PLA to high quality monomers and commodity
chemicals.
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L. Kárpáti and J. Kupai, Green Chem., 2022, 24, 8447–8459.

14 C. Jehanno, I. Flores, A. P. Dove, A. J. Müller, F. Ruipérez and
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