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Morphology-tuned MnO,/TiO, nanocatalysts for recycling PET
plastic waste using biomass-derived ethylene glycol

The study elucidated the efficient recycling of PET waste using
a cost-effective and sustainable MnO,/TiO, nanocatalyst.

The synergy of MnO, nanoparticles with TiO, nanorods led to
surface-enriched basic sites and electron-deficient Mn3*/Mn2*
species with a significant effect on activating ethylene glycol
and PET ester linkages, respectively, towards the formation of

a highly valuable monomer for the plastic industry, reducing
the use of fossil-derived precursors. The morphology-tuned
catalyst design concept could pave the way for developing new
heterogeneous catalytic materials and practically viable catalytic
processes for the circular plastic economy.
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This study presents a decisive role of TiO, morphology on the catalytic activity of MnO,/TiO, nano-
materials for the chemical recycling of PET waste bottles using biomass-derived ethylene glycol to
produce a valuable monomer, bis(2-hydroxyethyl) terephthalate (BHET). Three types of MnO,/TiO, nano-
catalysts were prepared by varying the TiO, morphology (nanosheets: NS, nanotubes: NT, and nanorods:
NR). The combination of MnO, nanoparticles and TiO, nanorods (MnO,/TiO,-NR) showed significantly
enhanced catalytic activity in PET glycolysis, with a 91% isolated yield of BHET at 190 °C in 3 h, whereas
74% and 82% yields of BHET were attained with MnO,/TiO,-NS and MnO,/TiO,-NT nanocatalysts,
respectively. The morphology of TiO, and the uniform dispersion of MnO, on TiO,-NR were confirmed
by electron microscopic analysis. The MnO,/TiO,-NR catalyst contains optimum basic sites, which play a
key role, along with surface hydroxyl species and Mn®**/Mn®* species, in activating ethylene glycol and
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PET/its oligomers towards BHET formation. The excellent stability of the MnO,/TiO,-NR nanocatalyst, as
confirmed by the hot-filtration test, good catalytic reusability up to four cycles, non-toxic nature, and the
low cost of the MnO,/TiO, materials indicate the practical feasibility of the developed catalytic protocol
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1. Introduction

Plastic is used widely because of its low cost, durability, and
wide-range of applications." However, the use of plastic gen-
erates vast amounts of waste and causes environmental pol-
lution. Current recycling processes only manage to recycle 9%
of the plastic waste into valuable materials and chemicals,
with the rest ending up in landfills or being incinerated.*™*
Among various plastics, polyethylene terephthalate (PET) is the
most used polyester plastic due to its consistent properties
and numerous applications."”>™* Recycling PET waste into
materials, monomers, and chemicals is essential for mitigat-
ing plastic pollution and reducing the use of fossil feedstock
to produce polyester-based materials.”>™*” Recycling one ton of
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1 Electronic supplementary information (ESI) available: TEM images of TiO,-NS
and TiO,-NT, N, adsorption-desorption isotherms, BET surface area, pore size,
and pore volume of the catalysts, NMR spectra and HR-MS analysis of BHET,
and XPS analysis of fresh and spent MnO,/TiO,-NR catalysts. See DOI: https://
doi.org/10.1039/d4nr05373g
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PET can save ~5.6 barrels of oil that would otherwise be used
to produce virgin PET polymers.'®*?

Mechanical and chemical recycling methods have been
widely investigated for PET waste valorization.>”*! Mechanical
recycling can transform PET waste bottles into new plastic pro-
ducts with minimal changes to the chemical structure.
However, this time-consuming method needs multiple steps,
resulting in low-quality products.>"** In contrast, chemical re-
cycling is an efficient process for transforming PET waste into
high-quality products under mild conditions.**>* PET glycoly-
sis using biomass-derived ethylene glycol (EG) is both a cost-
effective and environmentally sustainable process to produce
bis(2-hydroxyethyl) terephthalate (BHET), a vital monomer for
various plastic products.”**> EG can be produced in greater
quantities through the catalytic hydrogenolysis of renewable
cellulosic biomass.>**” Catalysts are essential for activating the
ester bonds in PET and the hydroxyl groups in EG during the
glycolysis reaction to achieve higher yields of the BHET
monomer.”>?#73? In this regard, applying low-cost and efficien-
tly recyclable heterogeneous catalysts can provide industrially
compatible methods for PET recycling, thus promoting the cir-
cular plastic economy (Fig. 1).

Nanostructured metal oxide-based catalysts are particularly
effective for heterogeneous catalysis, including plastic waste re-
cycling, due to their size and shape-tunable surface chemistry,

This journal is © The Royal Society of Chemistry 2025
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higher surface area, and abundant acid-base sites.*>*® The
shape-tuning of metal oxide particles can optimize the coordi-
nation geometry of metal and oxygen sites, along with more
surface-exposed sites like edges, corners, and kinks, which can
provide a high concentration of selective active sites for achiev-
ing enhanced catalytic activity with desirable products.
Titanium dioxide (TiO,) is a commonly used support material
for anchoring catalytically active sites for various energy and
environmental applications.>”*° The surface features/geome-
tries, defects, and crystalline phases (anatase and rutile) of
TiO, nanomaterials can control the adsorption/activation of
reactants/intermediates, influencing reaction pathways and
catalytic performance. The morphology of TiO,, including
nanosheets, nanotubes, and nanorods, offers distinct advan-
tages in heterogeneous catalysis due to variations in surface
area, exposed facets, and unsaturated surface-Ti*" sites.
Controlling these morphologies and elucidating their role in
the structure-activity properties of nanocatalysts can offer
potential strategies to advance the heterogeneous catalysis
field for plastic waste recycling applications.

Manganese oxides (MnO,) are widely utilized in hetero-
geneous catalysis due to their low cost, diverse crystal struc-
tures, multiple oxidation states, and facile redox Mn
sites.?3*4142 These characteristicc make MnO, a versatile
catalyst for various acid-base and redox reactions.** Our recent
work emphasized the catalytic role of a MnO, nanomaterial for
PET glycolysis.** The combination of MnO, with redox metal
oxides like TiO, can lead to synergistic properties with
enhanced catalytic activity and selectivity for PET glycolysis.
This combination inspired us to develop advanced MnO,/TiO,
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Fig. 1 Catalytic glycolysis of post-consumer PET bottles to the valuable
BHET monomer towards the circular plastic economy.

nanocatalysts by varying the morphology of TiO, (nanosheets,
nanotubes, and nanorods) for PET glycolysis using biomass-
derived EG. The MnO, catalyst supported on TiO, nanorods
(NR) demonstrated superior catalytic performance, achieving a
91% isolated yield of BHET under mild conditions compared
to the existing literature.>>** The structure-activity relation-
ship of MnO,/TiO, nanocatalysts was elucidated by comparing
the properties of the catalysts investigated using various tech-
niques (powder XRD, BET, XPS, TEM, STEM-EDAX, and CO,-
TPD) with catalytic activity data. The role of basic sites, surface
hydroxyl groups, and Mn**/Mn>" species in activating PET and
EG was elucidated.

2. Experimental section

2.1. Catalyst synthesis

2.1.1. Hydrothermal synthesis of shape-controlled TiO,
nanomaterials. Three types of shape-controlled TiO, nano-
materials (nanosheets, nanotubes, and nanorods) were syn-
thesized using hydrothermal methods. To prepare TiO,
nanosheets (TiO,-NS), anatase TiO, (Sigma Aldrich, 99.9%)
was dispersed in 50 mL of 10 mol L™ NaOH solution
(Fig. 2).*>*> The solution underwent 5 min of ultrasonication
and was then transferred to a Teflon-lined autoclave reactor,
which was heated at 130 °C for 3 h in an oven. After cooling to
room temperature, the sample was treated by adding 200 mL
of 0.1 mol L™" HNO; and stirred for 3 h. The mixture was then
centrifuged multiple times with deionized water until the pH
was stabilized at 7. The resulting solid was oven-dried at
100 °C for 12 h and subsequently calcined at 300 °C for 4 h to
yield the TiO,-NS material.
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A similar hydrothermal method with modifications was
used for synthesizing TiO, nanotubes (TiO,-NT) and nanorods
(TiO,-NR).***® Anatase TiO, powder (Sigma Aldrich, 99.9%)
was dispersed in 5 mL of distilled water and ultrasonicated for
5 min, followed by the gradual addition of 70 mL of NaOH
solution (10 mol L") over a period of 10 min (Fig. 2). After stir-
ring for 30 min, the solution was treated in a hydrothermal
autoclave at 140 °C for 20 h in an oven. The solid product was
centrifuged several times using a dilute HNO; solution
(0.1 mol L") and deionized water until the pH reached 7. The
solid sample was oven-dried at 100 °C for 12 h and then cal-
cined at 400 °C and 500 °C for 4 h to obtain TiO,-NT and TiO,-
NR materials, respectively.

2.1.2. Wetness-impregnation synthesis of MnO,/TiO,
nanocatalysts. The synthesized shape-controlled TiO, nano-
materials (NS, NT, and NR) were used as the supports for pre-
paring the MnO,/TiO, nanocatalysts by a simple wetness-
impregnation method. The required amount of KMnO, precur-
sor (20 wt% Mn on TiO,) was dissolved in deionized water,
and the respective shape-controlled TiO, was added at room
temperature. The solution temperature was increased to 65 °C
under mild magnetic stirring and the temperature was main-
tained for 1 h. Then, the temperature was increased to 95 °C
under continuous stirring until all the solvent was evaporated.
The sample was oven-dried at 100 °C for 12 h and calcined at
400 °C for 4 h. The obtained catalysts are denoted by MnO,/
TiO,-NS, MnO,/TiO,-NT, and MnO,/TiO,-NR (Fig. 2).

2.2. Characterization studies of the TiO, and MnO,/TiO,
nanocatalysts

The details are provided in the ESL.}

2.3. Reaction procedure for PET glycolysis

Used PET plastic bottles were washed with soap water and
acetone to remove the impurities. The cleaned bottles were
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Fig. 2 The synthesis procedure of TiO, and MnO,/TiO, nanocatalysts.
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then cut into small pieces of ~3 mm for the reaction, which
was conducted at 190 °C for 3 h using the required amounts of
PET, EG, and catalyst. After the reaction, the mixture was fil-
tered to remove unreacted PET and catalyst. The filtrate was
heated to 70 °C and stirred for 1 h to achieve supersaturation
of the solvent, and then placed in a refrigerator for 24 h to
obtain BHET monomer crystals.

The conversion of PET and BHET yield were estimated
using the following equations, wherein W; and Wy are the
initial and final weights of PET, respectively.

Wi of PET — W¢ of PET

x 100
Wi of PET

PET conversion (%) =

experimental yield of BHET
theoretical yield of BHET

BHETYyield (%) = x 100

3. Results and discussion

3.1. TEM and powder XRD studies of TiO, and MnO,/TiO,
nanocatalysts

The effects of hydrothermal treatment and calcination temp-
erature on the morphology of TiO, were confirmed by TEM
analysis. The hydrothermal treatment at 130 °C for 3 h, fol-
lowed by calcination at 300 °C for 4 h, gave the nanosheet mor-
phology of TiO, (TiO,-NS) with more than 1 micrometer size of
side length (Fig. S1a, ESIT). In contrast, the hydrothermal treat-
ment at 140 °C for 20 h, and then calcination at 400 °C and
500 °C for 4 h provided the nanotube (length = 55-235 nm and
width = 9-12 nm, Fig. Sib, ESI{) and a major fraction of
nanorod morphology particles (length = 35-174 nm and
width = 7-9 nm, Fig. 3a), respectively. The TEM analysis of the
most active MnO,/TiO,-NR catalyst (Fig. 3b and c) revealed the
presence of TiO, nanorods, along with a few nanotubes and
MnO, nanoparticles (particle size of 6-11 nm). The STEM-EDAX

Calcinatio
lﬁg L )
300-500°C, 4 h

TiO,
nanomaterials

Wet-impregnation of | | «\no
MnO, on TiO, .n 4

Oven-drying 0O

(Y ‘e e
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Fig. 3 Bright field TEM images of (a) TiO>-NR and (b) MnO,/TiO,-NR catalysts. (c) Dark-field image of the MnO,/TiO,-NR catalyst. (d) STEM-EDAX

elemental mapping images of the MnO,/TiO,-NR catalyst.

elemental mapping analysis shows the homogeneous dispersion
of Mn species in the MnO,/TiO,-NR catalyst (Fig. 3d). The
homogeneous dispersion of Mn species can provide uniform
surface-active sites, which can play a favorable role in hetero-
geneous catalysis to achieve higher reaction rates with enhanced
product selectivity, including PET glycolysis reaction.

The powder XRD analysis showed various sharp diffraction
peaks at 26 = 25.3, 36.7, 37.7, 38.5, 48.1, 53.7, 55.1, 62.6, 68.7,
70.2, and 75.2°, corresponding to the anatase phase of TiO, in
all the materials*>***® (Fig. 4a). Pristine TiO, nanomaterials

exhibited a variation in the 26 values of these peaks, attributed
to the structural perturbations induced by the morphology of
TiO, (Fig. 4b). Similar diffraction peaks of anatase TiO, were
observed in MnO,/TiO, nanocatalysts (Fig. 4a) with a notice-
able peak shift compared to pristine TiO, nanomaterials
(Fig. 4b). This shift indicates the interaction of MnO, with
TiO,, leading to structural perturbations in the lattice of
anatase TiO,. Besides, the MnO,/TiO, nanocatalysts have two
diffraction peaks at 26 = 12.3 and 28.8°, corresponding to the
a-MnO, phase (JCPDS file no. 44-0141).”

a A A Anatase TiO, b _
A Ao A TiO,-NS TiO,-NS
e A A e
— TIO,NT|  ~ j\¥ TiO,-NT
S ke | TR A S
s 8
= TIO-NR| 2 TiO,-NR
2 ,J A 1 I} A A 2
3] L
£ =
MnO,/TiO,-NS MnO,/TiO,-NS
A J i A At
L MnO/TiO,-NT MnO,/TiO,-NT
_Al "R 1 N A F—
g I s olinc; MnO/TiO,~NR MnO,/TiO,-NR
M A A
10 20 30 40 50 60 70 80 90 20 22 24 26 28 30
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Fig. 4
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(a) Powder XRD and (b) magnified powder XRD of TiO, and MnO,/TiO, nanocatalysts.
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3.2. XPS analysis of TiO, and MnO,/TiO, nanocatalysts

XPS analysis was conducted to determine the oxidation states
of Mn, Ti, and O species, as well as their interactions in the
catalysts. The Mn 2p XP spectra exhibited two spin-orbit doub-
lets, namely Mn 2p3,, and Mn 2p,,,, with the corresponding
peaks at 636.1-644.8 and 647.5-655.1 eV, respectively
(Fig. 5a).***%*8751 Deconvolution of the Mn 2p;, peak revealed
two major peaks at 639.6-639.9 eV and 642.4-642.6 €V, indicat-
ing the presence of Mn** and Mn** oxidation states, respect-
ively, with a major amount of Mn** in all MnO,/TiO,
catalysts.">*® The MnO,/TiO,-NR catalyst has a higher percen-
tage of Mn*"*" (71.8%) compared to the MnO,/TiO,-NS
(15.8%) and MnO,/TiO,-NT (53.9%) catalysts. The Mn®*"?" is a

View Article Online

Nanoscale

strong redox couple, and the more electron-deficient Mn**
species can interact with the oxygen of the PET ester groups,
inducing their susceptibility to the attack of EG. Though the
powder XRD analysis showed the presence of MnO, (Fig. 4a),
using ultra-high vacuum conditions during XPS analysis can
lead to the reduction of metal ions, which could be the reason
for the absence of Mn"" species in Mn 2p XPS spectra
(Fig. 5a).>>® The Ti 2p XPS spectra showed Ti*" species with
two strong peaks around 457.2 and 463.1 eV, corresponding to
Ti 2ps/, and Ti 2py,, respectively (Fig. 5b).>* Variation in BEs
of the Ti** species was observed after adding MnO,, indicating
the strong Mn-Ti interaction. The O 1s spectra showed
different types of oxygen species (Fig. 5c). The first peak
around 527.1 eV represents lattice oxygen (O ) bound to Ti*" in

a Mn 2p Mn?* b Ti2p : 2Pap 2PI1/2
' ; , TiO,-NS
MnO,/TiO, NS
PO\ Mn% /\ : :
. ' . h /\ TiOZ-NT
3 % > i :
S ! o : ;
> / _ > ! : Tio,-NR
= : MnO,/TiO,-NT| g . . 2
5 | VAN E: : :
IS : kS i | MnO,/TiO,-NS
. /\ | MnO,TIO,-NT
MnO,/TiO,-NR !
/\ i | MnO,/TiO,-NR
/\
T T T T T I I R 1
630 635 640 645 650 655 660 452 456 460 464 468
Binding energy (eV) Binding energy (eV)
Clo1s Ov
A\LQ-:\ TiOZ'NT
E) : :
K i i TiO,-NR
b :/\:
‘® i i
C , ' 0
g i E 1 TOH MnO,/TiO,-NS
1 I 1 1 I I

522 524 526 528 530 532 534 536 538
Binding energy (eV)

Fig. 5
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(a) Mn 2p, (b) Ti 2p, and (c) O 1s XPS spectra of TiO, and MnO,/TiO, catalysts.
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pristine TiO, or Mn*"?" in MnO,/TiO, catalysts.*>***® The
second peak around 529.1 eV corresponds to the adsorbed oxy-
genated species on oxygen vacancy sites (Oy). The peak around
531.3 eV belongs to the surface hydroxyl (Oow) species in the
catalysts. While the MnO,/TiO, catalysts exhibited all three
types of oxygen species; pristine TiO, materials did not display
the O 1s peak of the Ogy species, which can function as
Bronsted basic sites.

3.3. N, adsorption-desorption and CO,-TPD studies of TiO,
and MnO,/TiO, nanocatalysts

Both pristine TiO, and MnO,/TiO, nanocatalysts exhibited
type IV isotherms with H3 hysteresis loops, indicative of slit-
shaped pores/voids between the nanosized particles (Fig. S2,
ESIT). Among the shape-controlled TiO, materials (Table S1,
ESIT), the TiO,-NS sample contains the highest BET surface
area (198 m* g '), followed by TiO,-NT (185 m”> g™') and TiO,-
NR (129 m”> g™'). MnO,/TiO, nanocatalysts showed lower BET
surface areas compared to their corresponding TiO, samples,
which can be attributed to the aggregation of MnO, particles
and/or blockage of the slit-shaped pores/voids by MnO, par-
ticles. The materials exhibited the average pore size and pore
volume in the ranges of 25.06-26.18 nm and 0.288-0.604 cm®
g~ respectively (Table S1, ESI{).

Both the acid and base sites of the catalysts play a key role
in the PET glycolysis reaction by activating the ester groups of
PET and the alcohol group of EG, respectively,*?3%*%53%536
Electron-deficient metal species like Ti** and Mn**/Mn** can
activate the ester groups of the PET polymer. Although TiO, can
show a mild Lewis acidic nature, its role is minimal in PET gly-
colysis, as all the TiO, materials showed very low activity com-
pared with the MnO,/TiO, catalysts (Table 1). The lattice oxygen
(0*7) and/or surface hydroxyl species of metal oxides can act as

Table 1 PET glycolysis using various TiO,, MnO,, and MnO,/TiO, catalysts
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Lewis and Brgnsted basic sites, respectively, which can acceler-
ate the PET glycolysis by activating EG. Thus, we investigated
the basic properties of these catalysts using the CO,-TPD ana-
lysis (Fig. 6). All types of basic sites, namely weak (<200 °C),
medium (200-400 °C), and strong (>400 °C) basic sites were
found in the catalysts (Fig. 6a).'”** The MnO,/TiO, catalysts
showed a higher concentration of basic sites than the pristine
TiO, materials (Fig. 6b). The surface hydroxyl species of MnO,/
TiO, catalysts (Fig. 5¢), which are absent in TiO,, likely contrib-
ute to the higher concentration of basic sites in MnO,/TiO, cata-
lysts. Among all the catalysts, the MnO,/TiO,-NR catalyst exhibi-
ted the highest concentration of basic sites (Fig. 6b), which
could be the reason for its higher catalytic activity in PET gly-
colysis as discussed in the following sections.

3.4. Catalytic glycolysis of PET waste

3.4.1. Screening of TiO,, MnO,, and MnO,/TiO, catalysts.
The glycolysis of PET waste with EG was performed at 190 °C
for 3 h. Without a catalyst (entry 1, Table 1), only 12% of PET
was converted, and no BHET was formed. When shape-con-
trolled TiO, nanomaterials were used, improved PET conver-
sions and BHET yields were observed (entries 2-4, Table 1),
revealing the catalytic role of TiO, in the PET glycolysis. The
combination of MnO, and TiO, resulted in significantly
enhanced BHET yields (74-91%) with complete PET conver-
sion (entries 5-7, Table 1). Among these, the MnO,/TiO,-NR
catalyst showed the highest yield (91%) of BHET (entry 7,
Table 1). When the amount of MnO,/TiO,-NR catalyst was
reduced from 5 wt% to 3 wt%, both PET conversion (88%) and
BHET yield (72%) decreased (entry 8, Table 1). Increasing the
amount of MnO,/TiO,-NR catalyst to 7 wt% resulted in
decreased yields of BHET (81%, entry 9, Table 1) compared to
the 5 wt% MnO,/TiO,-NR catalyst (entry 7, Table 1). The com-

5 wt% MnO,/TiO,

190°C, 3 h

O C O
+ HO\/\
0 o‘\J> OH
OH
n

o) o/ "
C Y

o
Ho—

o 0
' o C o\lOH
m

PET polymer Ethylene glycol BHET monomer Oligomers (2 <m <n)

S. No. Catalyst PET conversion (%) Isolated BHET yield (%)
1 Blank 12 Trace

2 TiO,-NS* 76 14

3 TiO,-NT 69 19

4 TiO,-NR 74 17

5 MnO,/TiO,-NS 99 74

6 MnO,/TiO,-NT 99 82

7 MnO,/TiO,-NR 99 91

8 3 Wt% MnO,/TiO,-NR 88 72

9 7 Wt% MnO,/TiO,-NR 99 81

10 Commercial MnO, ? 99 67

11 Commercial MnO” 99 73

12 Commercial Mn,O; ? 99 78

“ Reaction conditions: 5 wt% of the catalyst concerning PET, 190 °C, 3 h, and 1 : 20 molar ratio of PET to EG. ” SRL, 99.9% purity. Error in isolated

BHET yield: +3%.
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mercial MnO, (entry 10, Table 1), MnO (entry 11, Table 1), and
Mn,0; (entry 12, Table 1) showed lower BHET yields compared
to the MnO,/TiO,-NR catalyst (entry 7, Table 1). This under-
scores the importance of the developed nanostructured MnO,/
TiO,-NR catalyst for optimizing BHET yields in PET glycolysis.
Among the commercial manganese oxides, Mn,O; (entry 12,
Table 1) showed a higher BHET yield (78%), which indicates
the importance of Mn>" species in PET glycolysis. XPS studies
showed the presence of a higher amount of Mn** species in
the MnO,/TiO,-NR catalyst (Fig. 5a), contributing to its higher
catalytic activity. The structure and molecular weight of the
BHET monomer were confirmed by NMR (Fig. S3-S5, ESI{)
and HR-MS (Fig. S6, ESIT) analyses.

3.4.2. Optimization of the reaction conditions. The optim-
ization of various reaction conditions for PET glycolysis was
conducted using a 5 wt% MnO,/TiO,-NR catalyst. The reaction
temperature varying between 170 °C and 190 °C showed a
steady increase in BHET yield, peaking at 91% at 190 °C
(Fig. 7a). Beyond this temperature, a significant decline in
BHET yield occurred, likely due to reverse reactions. The rapid
solubility of PET in EG, which depends on the reaction con-
ditions (EG amount, temperature, and time), is crucial for
achieving higher conversion rates toward BHET production.
The variation in EG concentration with PET as the limiting
reagent (0.5 g) also had a notable effect on BHET yield
(Fig. 7b). When the 1:12 molar ratio of PET: EG was taken, the
PET chips were dissolved in EG over a period of 3 h at 190 °C,
giving 89% PET conversion with 41% yield of BHET (Fig. 7b). A
further increase of the EG amount (1:20 molar ratio of
PET:EG) led to the rapid solubility of PET in EG, which can
facilitate improved interaction of the catalyst’s active sites with
PET ester groups, giving 91% yield of BHET (Fig. 7b). Increasing
the EG concentration beyond this ratio resulted in a decline in
BHET yield. To determine the optimal reaction time, glycolysis
of PET was carried out from 1 to 5 h in 30 min intervals
(Fig. 7c). About 51% yield of BHET was attained with the 92%

10626 | Nanoscale, 2025, 17, 10620-10631

conversion of PET after 2 h. Further, an increase in the reaction
time to 3 h led to the highest BHET yield (91%), but the back-
ward reaction was initiated beyond 3 h.

3.4.3. PET glycolysis kinetics. The kinetic studies of PET
glycolysis and the activation energy (E,) values provide valuable
insights for developing efficient PET recycling processes under
mild reaction conditions. The reaction rate for the PET glycoly-
sis was calculated by estimating the change in the PET concen-
tration with time in a period of 3 h (Fig. 8a and b). As the PET
is the limiting reagent, the reaction can be assumed to follow
the first-order reaction such that —dCyp/dt = kCp. Thus, the con-
version, g, is related to the concentration as g = [1 — (Cp/Cpy)],
where Cp and Cp, are the final and initial concentrations of
PET, respectively. The logarithmic equation of PET conversion
is plotted against time for the first-order reaction (Fig. 8b),
representing the slope and intercept for the rate constant,
which was found to be 0.0306 min—"."7*

The kinetic analysis of PET glycolysis was carried out using
a 5 wt% MnO,/TiO,-NR catalyst at various reaction time inter-
vals in a temperature range of 160 to 190 °C. The effect of reac-
tion temperature with time was scrutinized using the kinetic
plots for PET glycolysis (Fig. 8c). The rate constants obtained
at various temperatures were then represented in an Arrhenius
plot (Fig. 8d). Using the rate constants, the activation energy
(E,) could be obtained using following the equation.

Ink=InA-E,/RT

where A is the pre-exponential factor, R is the gas constant
(8.314 J kmol ™), and T is the temperature of the reaction in
Kelvin.

The activation energy (E,) was determined from the slope to
be around 40 k] mol™" (Fig. 8d), which is much smaller than
those reported in the literature. For instance, Schliiter et al.
found the necessity of higher E, (105 kJ mol ™) for PET glycoly-
sis at 190 °C over a zinc acetate catalyst using y-valerolactone
as a co-solvent.”” In the case of Zn/Al mixed oxide, about

This journal is © The Royal Society of Chemistry 2025
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79.3 k] mol™" of E, is needed to achieve an 82% yield of BHET
under optimized reaction conditions.”® Though FAU-type
zeolite is active for PET glycolysis reaction, it requires a higher
E, value (233.9 k] mol™") to obtain optimum yields of BHET.”®
The mineral basic catalyst i.e., sodium carbonate showed an
80% yield of BHET at 196 °C for 1 h, and the E, was estimated
to be 185 kJ mol™".°° The comparison of our results with the
literature reports reveals that the MnO,/TiO,-NR catalyst is
highly active for the PET glycolysis reaction with a much
smaller E, (40 k] mol™") to obtain a 91% yield of BHET.

3.4.4. Hotfiltration and catalyst reusability studies. The
stability of the MnO,/TiO,-NR catalyst was investigated by a
hot filtration study (Fig. 9a). This large-scale reaction (2.5 g
PET with a 1:20 molar ratio of PET:EG) was conducted at
190 °C for 3 h over the 5 wt% MnO,/TiO,-NR catalyst. A 58%
yield of BHET was attained with the 99% conversion of PET
after 1.5 h. Afterwards, the catalyst was removed from the reac-
tion mixture by filtration, and the reaction continued for
another 1.5 h. The variation in the BHET yield (62%) was negli-
gible after the catalyst removal at 1.5 h, confirming the high
stability of the MnO,/TiO,-NR catalyst without any leaching of
the active sites (Fig. 9a).

The reusability of the MnO,/TiO,-NR catalyst for PET gly-
colysis was tested at 190 °C for 3 h with a 1:20 molar ratio of
PET: EG using a 25 mg catalyst (5 wt% catalyst with respect to
0.5 g PET). The catalyst was reused for up to four cycles
(Fig. 9b). About 20 mg of the catalyst was recovered after the
reaction through filtration. To maintain the 25 mg catalyst for

This journal is © The Royal Society of Chemistry 2025

each cycle, we simultaneously carried out two batches of each
reusability reaction, obtaining about 40 mg of the catalyst
from two batches. The recovered catalyst was dried in an oven
at 80 °C for 12 h, collected from the filter paper, washed with
methanol to remove impurities, and then dried again at 80 °C
for 12 h before calcination at 400 °C for 4 h. The calcined
MnO,/TiO,-NR catalyst (25 mg) was used for the subsequent
cycle. Only a small decrease in BHET yield was noticed after
the 2" (88%), 3™ (86%), and 4™ (84%) cycles, demonstrating
the catalyst’s stability and consistent activity in PET glycolysis
(Fig. 9b). The XPS analysis of the reused MnO,/TiO,-NR cata-
lyst revealed that the peaks for both Mn®>" and Mn*' were
shifted to higher BEs compared to the fresh MnO,/TiO,-NR
catalyst (Fig. S7a, ESIt). This shift is attributed to the partici-
pation of Mn®"?" species in the PET glycolysis. However, the
BEs of Ti'* species remained consistent in both fresh and
reused MnO,/TiO,-NR catalysts (Fig. S7b, ESIf), indicating
their role is negligible in PET glycolysis. Adequate amounts of
surface hydroxyl species were present in the reused MnO,/
TiO,-NR catalyst (Fig. S7c, ESIf). The reused MnO,/TiO,-NR
catalyst exhibited 0.921 mmol g~" basic sites, whose concen-
tration is 1.002 mmol g~* in the fresh catalyst (Fig. 6b). Thus,
the presence of adequate basic sites and surface hydroxyl
species in the MnO,/TiO,-NR catalyst is the reason for its good
reusability in PET glycolysis (Fig. 9b).

3.4.5. Structure-activity properties and a probable reaction
mechanism. In PET glycolysis with EG, the basic sites on the
catalyst surface abstract a proton from EG, enhancing its

Nanoscale, 2025, 17, 10620-10631 | 10627
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nucleophilicity to react with the ester linkages of PET, while
metal sites can activate the carbonyl groups of PET, making
them more susceptible to the nucleophilic attack of
EG.%?1?%30.6L82 prigtine TiO, catalysts showed much lower
yields of BHET than the corresponding MnO,/TiO, catalysts

10628 | Nanoscale, 2025, 17, 10620-10631

(a) Hot filtration test of the MnO,/TiO,-NR catalyst for PET glycolysis (reaction conditions: 1: 20 molar ratio of PET: EG, 5 wt% MnO,/TiO,-

1:20 molar ratio of PET: EG, 5 wt% MnO,/TiO,-NR catalyst, 190 °C, and

(Table 1), which is due to the lack of adequate concentration
of basic sites in TiO, (Fig. 6b). The presence of lower oxidation
states of Mn (Mn>" and Mn®") in MnO,/TiO, catalysts can lead
to the strong basic nature of lattice oxygen (O*>7), which acti-
vates EG by abstracting a proton from its alcohol groups. The

This journal is © The Royal Society of Chemistry 2025
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MnO,/TiO,-NR catalyst, with a higher concentration of basic
sites (Fig. 6b) compared to MnO,/TiO,-NS and MnO,/TiO,-NT
catalysts, demonstrates its superior catalytic performance for
PET glycolysis (entry 7, Table 1). Based on these findings, a
possible mechanism was proposed with the synergistic role of
metal sites and basic sites in PET glycolysis (Fig. 10). This
leads to the cleavage of PET ester linkages to yield oligomers,
which further react with EG to produce BHET. The XPS studies
showed that Mn>" and Mn®" sites in the MnO,/TiO,-NR catalyst
shift to higher binding energies after the reaction (Fig. S7a,
ESIYT), indicating increased electron deficiency of these metal
species because of their involvement in the glycolysis reaction.
However, the BE of Ti*" sites remains unchanged (Fig. S7b,
ESIT), underscoring their stability during the reaction. The
excellent stability and good reusability of the MnO,/TiO,-NR
catalyst (Fig. 9) highlights its practical effectiveness in PET
waste recycling to achieve optimum yields of the BHET
monomer.

4. Conclusions

This study showed the effect of TiO, morphology on the struc-
ture-activity correlation of MnO,/TiO, nanocatalysts for PET

This journal is © The Royal Society of Chemistry 2025

glycolysis. The combination of MnO, with TiO, nanorods
showed the highest yield of BHET compared with the corres-
ponding TiO, nanosheet and nanotube-based MnO, catalysts.
The role of basic sites, surface hydroxyl species, and Mn*'/
Mn*" in accelerating the PET glycolysis reaction is evident, elu-
cidating the higher activity of the MnO,/TiO,-NR catalyst. The
reaction rate and activation energy for PET glycolysis were esti-
mated using kinetic studies at different reaction temperatures
and time intervals. The MnO,/TiO,-NR catalyst was stable
during the reaction, as investigated by the hot-filtration test,
and the catalyst can be reused up to four times at least with
complete conversion of PET while achieving good yields of
BHET.
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