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Chemical recycling of poly(ethylene terephthalate) (PET) is crucial for sustainable resource circulation.
However, conventional high-temperature PET depolymerization methods suffer from high energy
consumption and efficiency limitations. Here, we demonstrate that a bead milling pretreatment
significantly accelerates the methanolysis at temperatures below 90 °C. The effectiveness of this
pretreatment is highly dependent on the choice of bead material and solvent, as these factors influence
polymer chain scission and molecular weight reduction. Gel permeation chromatography (GPC) analysis
revealed that bead milling breaks down PET into lower molecular weight species, and the extent of this
reduction is controllable by the solvent's affinity for PET. We also developed a one-pot process that
integrates continuous bead milling and methanolysis, achieving PET depolymerization without the need
for external heating. We successfully utilized this DMT for the continuous synthesis of pharmaceuticals,
highlighting the potential for upcycling commodity polymers. This efficient,
depolymerization of PET significantly reduces energy consumption compared to conventional high-
temperature processes, paving the way for a more environmentally friendly recycling method. This study
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Introduction

Plastics, synthetic polymers, have become indispensable mate-
rials in modern life due to their lightness, moldability, and low
cost.™” Global plastic production has steadily increased and is
projected to reach 1 Gt per year within the next 30 years,*”
unless there is a major shift to alternatives. However, as
production increases, the disposal of used plastics remains
a persistent issue. Continued reliance on landfilling and
incineration is no longer viable.** To address this, scientific and
technological advancements must promote a movement toward
plastic recycling based on the “reduce, reuse, and recycle”
principles.”” This challenge aligns with the broader goal of
achieving a carbon-circulating society that is not dependent on
fossil resources.>* Given the current gap in cost-effectiveness
between renewable carbon sources (from biomass or captured
CO,) and fossil fuels, converting waste resources into high-
value-added products is a critical strategy.*'* In this context,
chemical recycling, which involves breaking down polymers
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into small molecules, offers a promising way to add value to
surplus waste plastics.'”

Many common, mass-produced plastics like poly(ethylene
terephthalate) (PET) are solvent-resistant and require thermal
melting to promote mass transfer and accelerate chemical
reactions."** While thermal energy is unavoidable in mechan-
ical recycling (e.g., remolding), chemical recycling can trans-
form plastics into other materials through reactions that
require less energy. Therefore, a key challenge in chemical
recycling is overcoming the high temperatures needed for these
chemical transformations.>'** Although increasing the surface
area of plastics through micronization could enhance reactivity,
handling submicron-sized particles from physical pulverization
is difficult*** due to the thermoplastic nature of polymers.® The
solution lies in the effective dispersion of heat during pulveri-
zation and the stabilization of the resulting polymer sub-
microparticles.

Based on these considerations, we focused on wet pulveri-
zation methods.”*** This solvent-based approach creates ultra-
fine particles by leveraging dispersion and comminution effects
not present in dry pulverization methods. We hypothesized that
by grinding polymers in an appropriate slurry system, excess
thermal energy—which would cause polymers to melt—could
be dispersed.>” Furthermore, we anticipated that the shear

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Bead mill treatment.

and collision energies from the milling media could be used
more effectively for micronization, and that solvation by the
solvent would stabilize the resulting sub-microparticles. While
ball milling is typically associated with dry mechanochemical
processes and has recently found increasing use in chemical
transformations,?® this study focuses on the unique benefits of
the high collision energy achieved in bead milling, which is
predominantly operated as a slurry-based wet pulverization
system (Fig. 1).>*° To demonstrate this concept, we investigated
the depolymerization of PET into its monomers. While mech-
anochemical approaches for PET depolymerization have been
studied,*** our work primarily uses wet pulverization as
a pretreatment to prepare substrates for subsequent depoly-
merization. We systematically evaluated the contribution of this
pretreatment to facilitating efficient depolymerization under
mild conditions. By elucidating the role of wet pulverization in
enhancing chemical reactivity, this study aims to establish
a general pretreatment strategy independent of polymer-
specific chemical properties, paving the way for low-
temperature chemical transformations of a broad range of
plastic materials.

The most straightforward method for depolymerizing PET
into its monomers is alkaline hydrolysis. However, this process
requires more than two equivalents of a strong base like sodium
hydroxide and inevitably generates large amounts of salt during
the neutralization step, which is a significant drawback.>**” In
contrast, alcoholysis offers a catalytic pathway for chemical
recycling, primarily aimed at producing the monomer dimethyl
terephthalate (DMT).>***>3%44 Although an indirect approach,
DMT's high crystallinity facilitates its purification, making it
suitable for regenerating high-quality recycled PET or for upcy-
cling into value-added chemicals.** However, conventional alco-
holysis typically requires high temperatures. For example, it is
often performed with ethylene glycol at over 180 °C to produce
bis(2-hydroxyethyl) terephthalate (BHET),"**>*”*** which is then
converted to DMT via homogeneous transesterification.

To address the high-temperature issue, single-step conver-
sion from PET to DMT under milder conditions has been

© 2026 The Author(s). Published by the Royal Society of Chemistry
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explored, including our preliminary work.**** Hirano's group,
for instance, recently reported methanolysis using a La(acac);
catalyst at 150 °C for the direct production of DMT.*” However,
high-temperature methanolysis requires high-pressure reaction
equipment, which is unsuitable for large-scale processing.
Nakajima and Tanaka's group achieved milder conditions by
using dimethyl carbonate as a co-solvent to capture the
byproduct ethylene glycol and control the equilibrium.*>*
Similarly, Cho's group reported milder conditions using
20 mol% K,CO; and dichloromethane (DCM) as a co-solvent.*®
While these previous studies used co-solvents and equilibrium
control to alleviate mass transfer limitations, these approaches
often introduce new issues related to cost and environmental
impact. Our approach, in contrast, aims to solve these problems
by using bead mill treatment as a pretreatment for
methanolysis.

Results and discussion
Investigation of bead mill conditions

Given that PET depolymerization is typically performed at
temperatures above 180 °C,'*'*3%-*43% we set a key milestone for
this study: achieving methanolysis at 90 °C or lower without
a co-solvent in depolymerization. To evaluate the wet pulveri-
zation strategy, we designed a two-stage process (Fig. 2). First,
PET pellets were bead-milled with a solvent to form a slurry.
Second, the slurry was dried to a fine PET powder, which was
then used for a methanolysis reaction with methanol as the sole
solvent and a catalyst in a simple Pyrex-sealed tube. We used
commercially available, reagent-grade PET pellets for initial
investigations to ensure reproducibility (SI-2-1). We used
a 400 mL vertical bead mill with high-speed rotary blades. The
standard milling medium was 2 mm diameter zirconia beads,
and milling was typically performed at 2500 rpm for 3 hours.
The resulting slurry was filtered to remove unpulverized PET
and beads, and the solvent was then removed to yield a fine PET
powder.

Filtration
. 6 0.5mm =
Bead Mill ~ eqh . =
Solvent ‘ J
PET 3h PET
Pellet —_— Slurry
Catalytic LS 7 Solvent

Removal

Methanolysis Yeqradel

MeOH ‘ peT & Dry
|

PET
Powder

Fig. 2 Two-step evaluation through bead mill treatment and

methanolysis.
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Table 1 Initial investigation on catalytic methanolysis

Begiafe"é"ﬁﬂ‘c{ [ j/cone
Solvent,
2500 rpm 3h MeO,C
/P/ )(@J\ 2) l}]/fethanolyS/s DMT
o
PET Pellet MeOH 90°C,4h EG
Bead-milling yield [%]

Entry Bead Solv. Cat.” DMT EG
1¢ Wo Wo 0 ND?
2° W 14 ND?
3 710, H,0° Wo 9 6

4 w 39 28

5 ZrO, MeOH Wo 11 7

6 w 38 26

7 710, CH,CN°® Wo 14 10

8 w 53 36

9 ZrO, Benzene Wo 28 20
10 w 59 39
11 710, Toluene’ Wo 30 12
12 w 69 42
13 710, CHCl, Wo 23 18
14 w 58 37
15 ALO, Toluene® Wo 4 ND?
16 w 16 9

17 Steel Toluene Wo 14 11
18 w 46 30

“ W, With catalyst; Wo, without catalyst Determmed by GC analysis.

° PET pellet was utlhzed directly. “ Not detected. ® Primary particle
size: 27 um.” Primary particle size: 2.9 um. ¢ Primary particle size: 4.6
pm.

In our initial investigations, we performed methanolysis
reactions on both bead-milled and untreated samples for 4 hours
using tetrabutylammonium hydroxide (TBAOH) as a catalyst
(Table 1). Without bead milling, the yield of the target product,
DMT, was 14% (Table 1, entry 2). In contrast, bead-milled
samples showed a significant acceleration in methanolysis. The
versatility of bead milling conditions makes it a promising tool
for chemical processing. We found that the choice of solvent was
particularly critical. In this preliminary study, testing toluene,
water, and acetonitrile as milling solvents, the highest yield
(69%) was achieved with toluene (Table 1, entry 12). The bead
material was also a key parameter; zirconia beads gave the
highest yield, while alumina beads showed minimal effect. While
the dynamics of local stress and deformation from bead colli-
sions are complex,* we believe that the high strength and density
of zirconia beads imparted the high collision energy needed for
effective milling.”” These initial findings indicated that bead
milling effectively converts PET pellets into reactive particles,
which significantly enhances methanolysis.

Effect of bead mill treatment on polymer structure

Previous work by Tanaka et al. on methanolysis in dimethyl
carbonate compared the reactivity of PET powders in different

4458 | Chem. Sci, 2026, 17, 4456-4469
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size classes (53-106 pm, 106-250 um, and 250-500 pum).** They
found that the smallest fraction had the fastest reaction rate,
but the difference in yield was only about 5%. This suggests that
a finer particle size does not always lead to a significantly faster
reaction rate. To understand the reasons behind the yield
differences in our study, we analyzed the particle size distribu-
tion of our bead-milled PET samples (SI-3-1).

Dynamic light scattering (DLS) measurements revealed that
the particles produced gradually aggregated over time.
However, the primary particle size obtained from toluene-
mediated bead milling was approximately 2.9 pm, which was
about one-tenth the size of those obtained with water or
acetonitrile, both at 27 um. These results clearly demonstrate
that bead milling significantly reduced the PET particle size,
and furthermore that the size was greatly affected by the choice
of solvent. Also, the pronounced particle size effect observed in
this study contrasts with the prior research, likely due to the
finer sub-microparticles being less than 10 um.

A surprising finding was that alumina beads, despite
producing similarly small particles (4.6 pm), resulted in
a notably low methanolysis rate. This indicates that factors
other than particle size reduction influence methanolysis
performance. The high collision energy from zirconia beads
likely causes effects beyond simple micronization. We then
used gel permeation chromatography (GPC) to analyze the
molecular weight of the bead-milled PET samples (Table 2). The
untreated PET pellet had a number-average molecular weight
(M,,) of 16 900, a weight-average molecular weight (M,,) of 63
700, and a peak-top (Mp) of 54900. After bead milling in
toluene, these values were reduced to M,, = 7,380, M,, = 24 800,
and M, = 15 900. This indicates that the bead milling process
cleaves polymer chains, resulting in smaller molecular weight
polymers. The minimal change in the polydispersity index (M,/
M,)) suggests a nearly uniform chain scission across the polymer
population.

Two key observations from this analysis were:

(1) The degree of molecular weight reduction correlated with
the hierarchy of yields observed among the different solvents.
The lower yield from alumina beads, despite producing small
particles, might be due to insufficient molecular weight reduc-
tion. This suggests that the strong collision energy from
zirconia beads was effectively used for PET main chain scission.

(2) The choice of solvent significantly affects both particle
size and molecular weight reduction.

The interaction between PET and the solvent appears to be
crucial for generating low molecular weight, ultrafine particles.
We supported this hypothesis by calculating the Relative Energy
Difference (RED) using Hansen Solubility Parameters (HSP),
which represents the affinity between the two materials.”***
Toluene showed the lowest RED value (0.85) among the tested
solvents (water, acetonitrile, and toluene), indicating the high-
est affinity for PET (SI-4). This aligns with the conventional
understanding of wet pulverization, where solvents don't
necessarily dissolve the material but contribute to particle
stabilization through wetting effects. Chloroform, with
a significantly lower RED value (0.44) than toluene, can partially
dissolve PET. However, bead milling in chloroform caused

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Changes in molecular weight distribution during bead mill treatment

Bead-milling

Molecular weight distribution”

Entry Bead Solvent RED“ M, M, M, /M, M, Methanolysis result”
14 Wo — 16 900 63700 3.8 54900 14
2 ZrO, H,0 4.67 13700 44 500 3.3 38900 39
3 Zr0O, CH;CN 1.62 9620 37 200 3.9 33400 53
4 ZrO, Toluene 0.85 7280 24 800 3.4 15900 69
5 ZrO, CHCl; 0.44 15900 59000 3.7 53 800 58
6 AlL,O5 Toluene 0.85 11 000 41200 3.7 37 800 16

“ Relative energy differences calculated using Hansen's solubility parameters. ® Determined by GPC analyses. ¢ Results of methanolysis reaction
under the standard conditions. ¢ Without conducting the bead mill treatment.

minimal changes to PET's molecular weight (Table 2, entry 5).
We postulate that when PET chains are not fixed in a solvent,
the mechanical energy from the bead mill is not effectively
transferred to cleave chemical bonds but is instead dispersed as
molecular thermal motion. However, methanolysis yields from
the chloroform-milled sample were similar to those from the
toluene-milled sample. This suggests that the chloroform
pretreatment enhanced PET's susceptibility to dissolution,
thereby increasing the reactive surface area. Based on these
results, we concluded that the accelerated methanolysis reac-
tion is caused by both a reduction in particle size and the
cleavage of polymer chains, which leads to the formation of
lower molecular weight PET.

Investigation of depolymerization reactions

We further investigated the influence of bead milling condi-
tions on the methanolysis reaction. We found that parameters
such as PET pellet dosage, cooling system temperature, and

Table 3 Effect of bead mill conditions on methanolysis®

1) Bead-Milling
ZrO, Bead (160 mL)

o) Toluene, €O Me
2500 rpm, 3 h
(@] 10 °C (cooling) MeO,C

0} ~ DMT
2) Methanolysis

o) » W/ or wo/ BuyNOH Ho/\/OH
(5 mol%)
PETSPgeIIet MeOH, 90 °C, 4 h EG

Yield of DMT [%]”

Entry Deviation in milling conditions Wo/TBAOH W/TBAOH

1 None 31 69
2 10 g of PET was used for the milling 35 65
3 0 °C (cooling) 30 62
4 1000 rpm instead of 2500 rpm 29 60
5 1500 rpm instead of 2500 rpm 30 65
6 6 h instead of 3 h 32 56
7 15 h instead of 3 h 29 52
8 Additional milling with ¢ 1 mm beads 29 66

“ PET pellet purchased from Aldrich (crystallinity, 26%) was used.
b Determined by GC analysis.

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

circumferential speed did not significantly affect the meth-
anolysis rate with TBAOH as a catalyst. Interestingly, extending
the bead milling time to 15 hours paradoxically decreased the
methanolysis yield. Furthermore, no substantial difference in
yield was observed when the pulverized PET powder was milled
again with smaller (1 mm) beads (Table 3).

Next, we scrutinized methanolysis reactions using PET
powder prepared under standard zirconia bead milling condi-
tions (Table 4). While standard methanolysis was conducted at
90 °C, the reaction at 120 °C proceeded with the catalyst
regardless of the milling treatment. However, milling enabled
DMT formation at 60 °C, achieving a 37% yield in 4 hours (entry
10), whereas only 1% was obtained without milling (entry 4).
Our catalyst screening (Table 5) revealed that potassium
methoxide, potassium carbonate, and several quaternary
ammonium salts significantly accelerated the reaction (entries
3-6, SI-5-1). Benzyl trimethylammonium hydroxide (entry 9)

Table 4 Effect of reaction temperature of methanolysis®
O 7210y Boad (160 mL) che
Toluene,
O  2500rpm,3h MeO,C
o 2) Mnethanolysis DMT
! I
PET Pellet MeOH, EG
59 60-120 °C,4 h
Entry  Bead milling  Catalyst Temp. [°C]  Yield of DMT [%]’
1 Not done Wo/ 60 0
2 Wo/ 90 0
3 Wo/ 120 27
4 w/ 60 1
5 w/ 90 14
6 w/ 120 72
7 Done Wo/ 60 6
8 Wo/ 90 31
9 Wo/ 120 64
10 w/ 60 37
11 w/ 90 69
12 w/ 120 74

“ PET pellet purchased from Aldrich (crystallinity, 26%) was used.
b Determined by GC analysis.
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Table 5 Effect of catalysts

(o] Methanolysis CO,Me
Catalyst /©/
O (5 mol%) MeO,C
° DMT
MeOH
o} . 90°C.4h Ho OH
PET Powder EG
Yield [%]*
Entry Catalyst DMT EG
1 Wo/ 31 13
2 TBD 29 17
3 KOMe 69 44
4 NaOMe 63 33
5 K,COs 62 43
6 "Bu,NOH (TBAOH) 69 36
7 "Bu,NOAc 42 19
8 "Bu,NI 36 16
9 PhMe;NOH 76 33
10 Me,N(OMe) (TMAM) 76 41
75"b

11° TMAM 81%b 37
12 Me,N(OCO,Me) 49 2
13 La(acac); 38 17
14 La,03 33 17
15 Zn(OAc), 14 ND

 Determined by GC analysis. ? Isolated yield. ° The reaction was
performed using 10 mol% of the catalyst. ¢ Not detected.

and tetramethylammonium methoxide (TMAM, entry 10)
showed the most remarkable acceleration. With 10 mol%
TMAM, DMT was isolated in 81% yield (entry 11). Although we
tested the lanthanide Lewis acid conditions reported by Hirano
et al.,* they resulted in relatively low yields under our standard
conditions (entry 13).

To better understand the reaction profile, we tracked the
DMT yield over time in four different reaction systems, varying
the presence of bead milling and the TMAM catalyst. For the
reagent PET, the bead-milled sample with the TMAM catalyst
showed an approximately 60% DMT yield within 30 minutes,
compared to less than 1% for the untreated PET (Fig. 3).

The yield was calculated by correcting for impurities, as the
standard reagent PET pellet contained reinforcing agents. To
avoid ambiguity, we verified our results using amorphous and
crystalline PET pellets (without reinforcers, provided by
a supplier) and PET flakes from used beverage bottles. The results
consistently showed the significant effect of both bead milling
and catalysis across all PET samples (Fig. 4). For the amorphous
PET pellet (PET B) and the used beverage PET flakes (PET D),
methanolysis with bead milling and TMAM gave a higher DMT
yield than with the standard reagent PET pellet (PET A). Reactions
without the catalyst or milling showed poor conversions. Similar
trends were observed for the crystalline PET pellet (PET C),
although with a slightly lower DMT yield (SI-5-2, 5-3).

We also investigated a gram-scale methanolysis reaction
using 1.0 g of bead-milled PET from used beverage PET flakes

4460 | Chem. Sci, 2026, 17, 4456-4469
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Fig. 3 Time course of the methanolysis (1) white squares, using PET
pellet and without using catalyst; black squares, using PET pellet in the
presence of TMAM catalyst; blue circles, using micronized PET powder
and without using catalyst; red circles, using micronized PET powder
and in the presence of TMAM catalyst. Yields were determined by GC
analyses.
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Yield [%]

40
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Fig. 4 Methanolysis results using several PET samples PET A, the
standard reagent PET pellet; PET B, the amorphous PET pellet; PET C,
the crystalline PET pellet; PET D, the used beverage PET flake: cond. A,
using PET pellet and without using catalyst; cond. B, using PET pellet in
the presence of TMAM catalyst; cond. C, using micronized PET powder
and without using catalyst; cond. D, using micronized PET powder and
in the presence of TMAM catalyst. Yields were determined by GC
analyses.

under standard conditions (Scheme 1). After the reaction,
methanol was recovered by evaporation, and the residue was
recrystallized with H,O/acetone to yield 0.865 g of analytically
pure DMT as white crystals. This demonstrated the scalability
and robustness of the process.

To explore near-room temperature methanolysis, we inves-
tigated organic co-solvent systems. Pyridine proved to be the
optimal co-solvent, and a methanol/pyridine (1 : 3) system gave
an 85-90% DMT yield within 4 hours at 30 °C using micronized
PET from either the amorphous PET pellet or the used beverage
PET flakes, while 58% yield was attained for standard reagent
PET (Scheme 2, SI-5-4, 5-5).

This methodology also proved versatile for other solvolysis

reactions. Aminolysis with 2-aminoethanol'*****% using

© 2026 The Author(s). Published by the Royal Society of Chemistry
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o Methanolysis CO,Me
Me,N(OMe)
(8} (5 mol%) MeO,C
o DMT
MeOH
0 90°C, 6h Ho~~-OH
PET Powder 1.0 g EG

(from used beverage PET flake)

Reaction
Solution

Acetone/H,C

0.865 g (86% yield)

Scheme 1 Gram-scale methanolysis and isolation of DMT.

0 Methanolysis
Me,N(OMe)
o (5 mol%) /@/COZMG
(o]
MeOH/Pyridine MeO,C
fo) . =1/3 DMT
30°C,4h

Standard PET: 58%
Amorphous PET: 90%
Used beverage PET: 85%

PET Powder

Scheme 2 Methanolysis under near room temperature conditions
using co-solvent system.

pyridine as the main solvent yielded 79% bis-hydroxyethyl ter-
ephthalamide (BHETA) from the reagent PET pellet at 30 °C in
16 hours, and an impressive 96% yield from used beverage PET
flakes in just 1 hour. Glycolysis with ethylene glyco]*3-*538-41.44.64
proceeded efficiently under mild conditions, producing BHET
quantitatively at 60 °C in acetonitrile within 24 hours. These
results conclusively demonstrate that bead milling significantly
contributes to low-energy chemical transformations for PET
depolymerization, offering a promising approach for sustain-
able polymer waste management (Scheme 3, SI-6 and SI-7).

As mentioned, we performed the bead mill treatment using
toluene. The resulting slurry was separated into two fractions:
one that passed through a 500 pm mesh and one that was
retained. The micronized PET for subsequent reactions was
obtained from the slurry by solvent removal. This procedure is
crucial for reproducibility. Since the micronized PET in the
slurry was largely insoluble, it is possible to recover it by
filtration rather than evaporation. We successfully demon-
strated that micronized PET could be recovered using a 4 pm
pore size filter paper, and the separated toluene could be reused
(SI-8).

Bead mill-driven structural changes and contribution to
methanolysis

This section discusses how bead milling affects PET structure
and the mechanism of methanolysis, focusing on the role of
PET crystallinity. To avoid the influence of impurities in the
standard reagent PET, we primarily used supplier-provided

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

BHETA

o Standard PET: 79% (4 h)
Used beverage PET: 96% (1 h)

i

BHET
Amorphous PET: >99% (24 h)

Aminolysis
Me4N(OMe)
(5 mol%)

HoN
2 \/\OH
(6 equiv.)

Pyrldlne (1mL)
30 °C

o
O n

PET Powder
0.4 mmol equiv. Glycolysis
Me,4N(OMe)

(5 mol%)
HO\/\OH
(6 equiv.)

CH4CN (3 mL)
60 °C

Scheme 3 Aminolysis and glycolysis using micronized PET powders.

amorphous and crystalline PET pellets, with used beverage
PET flakes as a reference.

Fig. 4 shows the 4-hour methanolysis results for these
samples. The methanolysis rate for the amorphous PET pellet
(PET B) was faster than for the crystalline PET pellet (PET C).
Time-on-stream profiles (Fig. 5) showed that the crystalline PET
pellet was gradually converted to DMT, reaching approximately
90% yield after 16 hours, while the amorphous and used
beverage PET powders degraded rapidly. To understand this
difference, we analyzed the samples using Differential Scanning
Calorimetry (DSC) (Fig. 6a-c). Only the amorphous PET pellet
showed both an exothermic peak (due to crystallization during
heating) and a melting peak, with an estimated initial “crys-
tallinity”® of 7.9%. The other two samples showed only
a melting peak above 200 °C, with crystallinities of 30.2% for the
used beverage PET flakes and 40.1% for the crystalline PET
pellet (Table 6).

100

80

60

40

Yield of DMT [%]

20

)
@
@

o
w
o
©

12 15 18 21 24
Time [h]

Fig. 5 Time course of the methanolysis (2); effect of PET samples red
circles, the amorphous PET pellet; green circles, the crystalline PET
pellet; blue circles, the used beverage PET flake. Yields were deter-
mined by GC analyses.
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Fig. 6 Results of DSC analyses for three PET samples and changes caused by bead mill treatment.

Interestingly, bead milling influenced these thermal behav-
iors (Fig. 6d-f). For the amorphous PET pellet, the exothermic
crystallization peak disappeared, suggesting that crystallization
occurred during milling. For the used beverage PET flakes,
a slight increase in crystallinity suggested crystallization of
amorphous regions. This transformation from amorphous to
crystalline phases can be explained by localized heat generation
from collision energy, which induces crystallization in the
polymer's secondary structure. Given that crystalline PET is less
reactive, this increase in crystallinity is unlikely to be the

Table 6 Summary of DSC analyses

primary cause of the observed higher reactivity of the amor-
phous PET. Instead, it should be considered a secondary result
of the increased reactivity.

Bead milling, which involves simultaneous heating and
solvent cooling, likely causes amorphous regions to undergo
repeated expansion and contraction. This could strain the
polymer's secondary structure, making chains more susceptible
to cleavage. After bead milling, the crystallinity of all samples
converged to approximately 35%, regardless of their initial
crystallinity. It is known that extended-chain crystals tend to

Entry PET sample Bead-milling Twm [°C] Melting enthalpy [m] mg™] Crystallinity [%]*
1 Amorphous, pellet No 260.5 11.0° 7.9
2 Amorphous, powder Done 257.7 55.8 39.8
3 Crystalline, pellet No 244.5 56.2 40.1
4 Crystalline, powder Done 255.6 51.5 36.8
5 Used beverage, flake No 252.1 42.4 30.2
6 Used beverage, powder Done 253.0 50.9 36.3

4 Melting enthalpy/140.1 x 100, see ref. 58. > Melting enthalpy-Post-crystallization enthalpy.

Table 7 Changes in particle size and molecular weight distributions

Molecular weight distribution®

Entry  PET sample Bead-milling®  Particle [um]® M, M,, My /M, M, Methanolysis result?
1 Amorphous, pellet No — 17 400 62100 3.6 65 800 <1

2 Amorphous, powder Done 36 5600 (32°) 31600 (51°) 5.6 17300 84

3 Crystalline, pellet No — 15200 79300 5.2 77700 <1

4 Crystalline, powder Done 51 6765 (45°) 37300 (47°) 6.6 12200 64

5 Used beverage, flake No — 26 400 75900 2.9 74100 2

6 Used beverage, powder ~ Done 34 12100 (46°) 43500 (57°) 3.6 41400 86

“ performed under standard conditions. > Determined by DLS analysis. ©

standard conditions. © M(powder)/M(mother sample) x 100.
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form under pressurized conditions, rather than the more stable
folded-chain crystals.'***®” In particular, under mechano-
chemical conditions, the degree of crystallinity is reported to
converge to around 30% owing to an equilibrium between the
high and low crystallinity PET.*® Although the influence of
physical factors such as localized heat and pressure in such
mechanochemical processes remains a matter of debate, the
present results are consistent with the reported tendency. On
the other hand, our findings indicate that changes in crystal-
linity and molecular weight reduction occur simultaneously,
suggesting they are interdependent phenomena.

Table 7 shows the physical property changes after 3 hours of
bead milling. Notably, the primary particle size of the PET
pellets (entries 2, 4, 6) was relatively large compared to the
reagent PET pellet, which consists of aggregates with a rein-
forcer. A comparison of M, and M,, for the amorphous and
crystalline PET pellets after 3 hours of milling revealed that the
decrease in M, was more pronounced for amorphous PET. This
indicates that while the degradation rate of high molecular
weight polymer was similar, there were differences in the
degradation behavior of the intermediate molecular weight
region. Scanning electron microscopy (SEM) images of the
bead-milled samples confirmed surface melting and elonga-
tion, indicating local exposure to temperatures above the
melting point. These findings demonstrate that dynamic
changes from physical stimuli like bead milling contribute to
chemical changes in the polymer (SI-3-3). While we hypothesize
that radicals play a key role in polymer cleavage, direct evidence
is still under investigation.

We next focused on tracking the dynamic changes in the
polymer during bead milling and methanolysis. The GPC
profiles for amorphous and crystalline PET pellets, pulverized
in toluene with zirconia beads for different times, are shown in
Fig. 7 (results for used beverage PET flakes are in the SI).

For the amorphous PET pellet (Fig. 7a), the GPC profile after
1 hour of milling showed a shift in the peak of the maximum
molecular weight toward a lower molecular weight. After 3

View Article Online
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hours, the profile had two distinct peaks: a larger molecular
weight peak (Peak H) as a shoulder and a new peak (Peak L) with
a peak-top (Mp) of 17 300 (Table 7, entry 2). This mid-range peak
continued to shift to the oligomer region (3000 to 1000) after 18
to 48 hours of milling. In contrast, Peak H, which was
a shoulder, remained in the same position but became a minor
component after 6 hours.

A similar trend was observed for crystalline PET (Fig. 7b).
The original peak at M, = 77 700 split into two distinct peaks
after 3 hours of milling. A new mid-range peak, Peak L,
appeared with an M, of 12 200. Like the amorphous PET, the
high molecular weight component (Peak H) was prominent
initially but became a minor component after 6 hours. These
observations are consistent with the molecular weight distri-
bution analysis. Although there were slight differences in the
behavior of Peak H, its near-disappearance after 6 hours in both
cases suggests that higher molecular weight fractions degrade
relatively quickly. The intermediate molecular weight compo-
nent (Peak L, M, = 10000-20000) showed an even more
dramatic shift toward lower molecular weights after 3 hours. In
contrast, components below M, = 10 000 degraded much more
slowly from 18 to 48 hours. For crystalline PET, a peak-top
around 2000 remained detectable even after 24 hours of
milling. This suggests that during bead milling, high-to mid-
molecular weight PET chains degrade rapidly, but chains with
molecular weights below approximately 10 000 degrade much
more slowly. This observation aligns well with the discussion on
RED values based on HSP.

To investigate the mechanism of chemical bond cleavage
during bead milling, we performed ESI-MS analysis (SI-9).
When the amorphous PET pellet was bead-milled for 18 hours
under standard conditions, we detected relatively small mole-
cules with m/z = 2700 (Fig. 7a). These oligomers were small
enough for ESI-MS analysis. Measurements in negative ion
mode showed fragmentation patterns for a PET oligomer with
a repeating structure, likely having a carboxylate group at one
end and an ethylene glycol group at the other. This suggests that

(a) _(b)
Before Milling, 3h, 24 h, Mp 1,400 Before Milling,
10{ Mp 65,800 Mp(H) 50,900 100+ Mp 77,700 6 h, Mp 7,500
~~_ Mp(L) 17,300 e \\_\ 24 h, Mp 2,400
o [ o0 [\ 18h, 7
= / 18 h, Mp 2,700 | \Mp3,700 [/\~_48h, Mp 1,550
BQ 80 / il o’ 801 | | T—— /
= 3h, [ AN
Al [\ / 201 Mp(H) 51,300 Ay
5 1h -y Mp(L) 12,200 | \
5 @ Y | ( \ 60 N H |
£ 8 || 48 h, Mp 1,300 |
~ ® nl 504 \
B \
© \
Qo o]
o
g . 6 '1 3 \ “ \ ol \/ \\‘
.t:v' i N
£ 20 \ | . \
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Fig. 7
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Changes over time in GPC analysis during bead mill treatment of (a) the amorphous PET pellet and (b) the crystalline PET pellet.
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bead milling induces cleavage of the ester C-O bonds within the
PET structure. The carboxylic acid termini of these oligomers
could act as catalytic inhibitors in base-catalyzed depolymer-
ization, which might explain the decrease in DMT yield
observed with extended bead milling times.

We also performed bead milling in methanol for 24 hours
and analyzed the resulting material. In addition to the previ-
ously observed oligomer, we detected another oligomer with
a smaller mass number (m/z = 30). This structure is likely
a phthalic acid monomethyl ester derivative with an ethylene
glycol terminus. These findings suggest that during bead
milling in methanol, PET undergoes C-O bond cleavage and
simultaneously reacts with methanol. While this molecular
weight reduction is often attributed to the solvent's wetting
effect, these results also imply that solvents like methanol may
directly participate in the bond cleavage reaction.

To gain insight into the dynamic changes of the insoluble
polymer during methanolysis, we continued GPC analysis.
When a crystalline PET pellet was bead-milled for 3 hours,
a new peak (Peak L, M,, = 12200) appeared alongside the
original high molecular weight peak (Peak H, M,, = 51300)
(Fig. 7b). We then subjected this micronized sample to meth-
anolysis and collected the insoluble PET components by filtra-
tion after 1, 3, and 10 hours for GPC analysis (Fig. 8).

Within 1 hour of methanolysis, Peak L disappeared, and
a new peak (Peak S, M,, = 2900) appeared. Simultaneously,
Peak H shifted and formed a shoulder (Peak M, M,, = 28 000).
After 3 hours, the intensity of Peak M decreased significantly,
and Peak S was also markedly reduced. By 10 hours, Peak H
persisted with reduced intensity, while Peaks M and S had di-
sappeared. These results were obtained by tracking insoluble
PET components. Their disappearance means they were either

‘Peak S,

§ 80-
E 704 Peak H,
a Peak M
§ w0l Peak H; ¢ Y. » !
£ / 3 pPeaks;
ﬁ 50
IJ
o
g 40+
2 |
£ ]
«
v

T T T T T T T T T
65 70 75 80 85 90 95 100 105 10 15 120

Retention Time [min]

Reaction Mp

Time [h]*  peak H Peak M Peak L Peak S
0 51,300 — 12,200 —

1 48,700 28,800 = 2,900
3 62,700 - = 2,900
10 68,900 - - =

Fig. 8 Changes over time in GPC analysis during methanolysis reac-
tion of PET powder obtained from the crystalline PET pellet. ¥ Reaction
time of methanolysis.
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solubilized or depolymerized over time. This indicates that
small molecular weight PET was rapidly consumed during
methanolysis, while high molecular weight PET persisted and
gradually depolymerized into lower molecular weight species.
This dynamic behavior during methanolysis is a stark contrast
to what we observed during bead milling.

Although PET is mostly insoluble in methanol, analysis of
the bead-milled PET that was soluble in methanol under heat-
ing revealed a component with a molecular weight of approxi-
mately 1000 in the solution phase. The absence of peaks in the
high molecular weight region suggests that Peak S (M,, = 2900)
represents the lower molecular weight threshold of the insol-
uble PET component. Further analysis of the soluble fraction
after 3 hours of methanolysis showed a single sharp peak in the
monomer region (Fig. 9), indicating that PET oligomers that
transition into the homogeneous phase are rapidly solvolyzed
into monomers.

Based on our GPC investigation, the PET depolymerization
process proceeds via the following mechanism:

(1) Rapid degradation of high molecular weight PET during
bead milling, with the degradation rate decreasing as molecular
weight becomes smaller.

(2) Relatively fast depolymerization of mid-to low-molecular
weight components during methanolysis. These components
converge to PET oligomers with M, = 2,900, which are then
rapidly converted into soluble PET species.

(3) The soluble PET is rapidly solvolyzed to produce the
monomer DMT.

Recirculating continuous bead mill treatment and one-pot
milling-methanolysis process

Having detailed the molecular weight reduction of PET by bead
milling and its subsequent depolymerization, we now discuss
our efforts to leverage the advantages of the bead mill method.

A key feature of bead milling is its capacity for continuous
pulverization. By continuously feeding a slurry into a milling
space, the process can be scaled up without a large vessel. To
demonstrate this, we used a horizontal continuous bead mill
(details in SI). The device operates in circulation mode, con-
sisting of a slurry receiver, a continuous bead mill vessel with
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2 \
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Fig. 9 GPC analysis of insoluble and soluble PET fragments during
methanolysis reaction.
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Fig. 10 Continuous bead mill treatment.

a 0.09 mm slit, and a pump. We periodically monitored the
slurry's pulverization state and incrementally added 5.0 g of
used beverage PET flakes at 4-hour intervals once the target
micronization level was reached. This setup produced 17.4 g of
PET powder (Fig. 10). The continuously micronized PET was
then depolymerized at 90 °C, yielding DMT with a high yield of
91% (SI-11-1).

While previous studies successfully evaluated bead milling
and depolymerization separately, integrating them into a one-
pot system is a novel and significant research direction. This
approach simplifies the overall process and effectively uses the
heat generated during milling to drive the reaction. The
simultaneous execution of solvolysis and pulverization repre-
sents a highly efficient conversion method.

To implement a one-pot process, we first conducted a batch
reaction using 1.0 g of used beverage PET flakes in a MeOH/
pyridine (1:9) solvent system with 10 mol% TMAM. This yiel-
ded DMT in a satisfactory 72% yield after 6 hours (Scheme 4 and
SI-10). We then investigated a continuous bead mill setup. We
introduced 1.0 g of PET and 20 mol% TMAM into a 1 L MeOH/
pyridine (1 : 9) solvent system and circulated the slurry. Analysis
of the reservoir solution showed a DMT yield of 30% after 1
hour, with no significant improvement after 24 hours. The
larger solvent volume in the continuous setup, compared to the
batch process, likely contributed to the lower reaction rate due
to dilution.

Increasing the catalyst loading to 50 mol% did not improve
the yield and even caused a reduction, suggesting that factors

perg

Bead Mill
/Methanolysis
(One-pot)
Me4N(OMe)

CO,Me
_ (10mol%) /©/
Batch System MeO,C

w/ ZrO, beads DMT
2500 rpm ;
Used Beverage PET Flake \eOH/Pyridine 72%

=1/9
10 °C (cooling)
6h

Scheme 4 One-pot bead mill/methanolysis in batch system.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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beyond dilution were at play. Interestingly, pyridine has a low
Hansen solubility parameter-based RED value (0.37),°*** sug-
gesting it might dissolve PET during milling. This dissolution
would be detrimental to molecular weight reduction, which is
critical for depolymerization efficiency. Substituting pyridine
with toluene as a co-solvent dramatically improved efficiency,
achieving quantitative conversion of PET to DMT within 2
hours. This result is comparable to our earlier finding that
chloroform as a bead milling solvent produced highly reactive
PET powder, despite minimal molecular weight reduction.
Although the poor results with pyridine may seem contradictory
to the chloroform findings, the role of co-solvents is complex.
For example, dichloromethane (DCM, RED = 0.06)**>*" was
ineffective as a co-solvent in batch one-pot reactions, despite its
known ability to dissolve PET. This highlights the significant
role of molecular weight reduction in the one-pot process (Table
8 and SI-11-2).

Importantly, the methanol/toluene solvent system also gave
a sufficient DMT yield of 70% in batch one-pot reactions,
demonstrating the approach's versatility. This mechanochem-
ical process, which combines bead milling and chemical reac-
tion, is a wunique and promising method for PET
depolymerization. The lack of previous reports on the catalytic
conversion of untreated PET to monomers at room temperature
within such a short timeframe underscores the novelty of this
methodology.**%®

Continuous-flow synthesis of tamibarotene from DMT

Current plastic recycling strategies face challenges from high
costs** and a mismatch between the volume of waste plastics
and the market demand for upgraded materials."* To address
this, it is crucial to create diverse supply chains for high-value
chemicals. Examples include converting PET to 1,4-benzene-
dimethanol (BDM)®-7> and dimethyl 1,4-cyclo-
hexanedicarboxylate (DMCD)” via hydrogenolysis, and to
terephthalamides via aminolysis.'»’*”> A particularly attractive
solution for creating a cost-effective process is to convert recy-
cled materials into high-value pharmaceuticals.

In this study, we aimed to demonstrate the synthesis of the
active pharmaceutical ingredient (API) tamibarotene (3) from
DMT. Tamibarotene, marketed as Amnolake® in Japan, is used
to treat ATRA-resistant acute promyelocytic leukemia (APL).”7%
While tamibarotene synthesis from monomethyl terephthalate
(MMT) via an enzymatic approach was recently reported,”
a more straightforward method involves the amidation of an
aniline derivative (1) with terephthalic acid monochloride.®***
We explored an ester-amide exchange reaction using potassium
tert-butoxide (KO'Bu) as a base promoter. Focusing on
a continuous-flow system, we used a THF solution of the base.

Under batch conditions, using 2.0 equiv. of KO‘Bu at 90 °C
for 6 hours yielded the desired amide (2) in 80% isolated yield
(Table 9, entry 2). By reducing the temperature to room
temperature and shortening the reaction time, we effectively
suppressed side reactions and achieved a nearly quantitative
yield of 2 within 1 hour (entry 7). Lowering the amount of KO'Bu
to 1.5 or 1.0 equiv. reduced the yield but allowed the reaction
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Table 8 One-pot bead mill/methanolysis in recirculating continuous system
Bead Mill
/Methanolysis
(One-pot)
Me4N(OMe) CO,Me
_ (@0-50mol%) Q/
Continuous System MeO,C
w/ ZrO, beads DMT
3500 rpm
PET Powder MeOH/Solvent = 1/9
(Uned Beverage PET) approx. 30 °C
Circulation
Yield of DMT [%]*
Entry Solvent system 1 3 5 8 20 24
1 MeOH/pyridine = 1:9 (TMAM: 20 mol%) 30 31 32 34 40 32
2 MeOH/pyridine = 1:9 (TMAM: 50 mol%) 10 10 10 10 11 11
3 MeOH/toluene = 1:9 (TMAM: 50 mol%) 56 >99 >99 >99 >99 >99

“ Yield at the corresponding recirculation time [h]. Determined by '"H NMR analysis.

time to be shortened to 3 hours. Substituting KO‘Bu with
NaO'Bu or LiO'Bu led to progressively lower yields (SI-12).

We then applied these conditions to a continuous-flow
system (Fig. 10). In the initial trial, Reservoir 1 contained
a 0.1 M THF solution of amine 1 and KO‘Bu, and Reservoir 2
contained a 0.15 M THF solution of DMT. The solutions were

Table 9 Optimization of reaction conditions for amidation

CO,Me CO,Me
NH2 motBy m/©/
THF
COMe T|me
DMT
(1.5 equiv.)

CO,H

@p

Tamibarotene (3)

Entry Base (equiv.) Time [h] Conv. [%]* Yield [%]*
1° KO'Bu (2.0) 24 >99 65

2° KO'Bu (2.0) 6 >99 86 (80°)
34 KO'Bu (2.0) 6 >99 97

4 KO'Bu (2.0) 6 >99 99

5 KO'Bu (2.0) 3 >99 99

6° KO‘Bu (2.0) 3 89 83

7 KO'Bu (2.0) 1 97 95 (949)
8 KO'Bu (1.5) 6 93 90

9 KO'Bu (1.0) 6 58 58

10 NaO'Bu (2.0) 1 59 56

11 LiO'Bu (2.0) 1 5 3

12 KOMe (2.0) 1 1 Trace

¢ Determined by * H-NMR analysis. ” The reaction was performed at 90 ©
C. ¢ Isolated yield. ¢ The reaction was performed at 60 °C. ¢ 1.2 Equiv. of
DMT was employed.

4466 | Chem. Sci,, 2026, 17, 4456-4469

pumped at 0.13 mL min ™', merged, and directed into a 10 m

tube reactor (1.0 mm internal diameter). With a total flow rate of
0.26 mL min~?, the residence time was 30 minutes. However,
the pump clogged after 10 minutes due to the precipitation of
potassium salts at the connector. Since a potassium-based base
is necessary for the reaction, preventing inorganic precipitate
formation was a challenge.

To solve this, we investigated mixed solvent systems with
highly polar solvents such as DMSO, DMF, NMP, and ‘BuOH. A
4:1 DMSO/THF mixture for Reservoir 1 provided the most
promising results by improving solution transparency and
reducing the likelihood of precipitation (SI-12-3). While this
flow mode initially gave a 20% yield of amide 2, the yield was
not sustainable and dropped to 5% after 3 hours. We also
observed that aniline 1 gradually degraded in the basic solution
of Reservoir 1. To address this, we modified the system so that
Reservoir 1 contained a mixture of DMT and amine 1, while
Reservoir 2 delivered only KO‘Bu. We also used a sonicator
(commonly used lab equipment) to prevent occasional precip-
itation within the reactor tube. This modified system worked
well, allowing the reaction to proceed smoothly and achieve
a nearly quantitative yield of the amide product (Fig. 11).
Under these conditions, the productivity was calculated to be
0.6 mmol h™", and the space-time yield was determined to be
3.5ghtdL

To identify the structure of the precipitate. "H NMR analysis
of the white precipitate, collected under argon, showed peaks
corresponding to the amide structure, with the aromatic
protons of the aniline moiety shifted to a higher field. ESI-MS
showed a dominant peak corresponding to the mass of 2-H
(m/z = 364.19), suggesting the precipitate was a potassium
amide formed by the deprotonation of the product (amide 2). In
the continuous-flow study, the outlet solution was quenched
with acetic acid to prevent further reaction. We also observed in
a batch reaction that quenching with water induced hydrolysis
of the ester, quantitatively converting the product into

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Continuous-flow synthesis of tamibarotene precursor.

tamibarotene. These findings indicate that our continuous-flow
system is a promising methodology for the efficient synthesis of
tamibarotene from recycled PET-derived intermediates.

Conclusions

In conclusion, we have identified several catalytic depolymer-
ization systems for PET that operate at temperatures below 90 °©
C. In all cases, wet pulverization via bead mill treatment proved
to be a critical enabling technology for low-temperature depo-
lymerization. The molecular weight reduction achieved during
the bead milling step, which serves as the first stage of our
process, plays a vital role in facilitating the low-temperature
methanolysis in the second stage. We discovered that this
molecular weight reduction is largely explained by the affinity
between the solvent and PET. We also found that the transition
from an amorphous to a crystalline phase, induced by localized
heating, significantly influences PET's reactivity. This provided
a crucial explanation for the observed differences in reactivity
based on the initial PET properties. By tracking the degradation
behavior during both the bead milling and methanolysis steps,
we elucidated a mechanism in which lower molecular weight
components are depolymerized into monomers more rapidly.
Ultimately, we achieved PET monomerization without external
heating by combining continuous bead mill treatment with
methanolysis. Furthermore, we demonstrated a proof-of-
concept for upcycling by continuously converting the resulting
DMT into pharmaceuticals.

A striking finding from this study is the crucial role of
solvents, which was greater than we initially anticipated. These
effects were observed only under wet pulverization conditions

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

a Determined by 'H-NMR Analysis.  Isolated Yield.

using the bead mill method, highlighting its unique capabil-
ities. While this study focused on PET depolymerization as a key
milestone, we are now exploring the application of this meth-
odology to the chemical recycling of various other polymers.
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