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Polymorphism control of polyethylene
terephthalate (PET) degradation product via
mechanochemistry leads to accelerated microbial
degradationf
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Widespread usage of single-use plastics such as polyethylene terephthalate (PET) has heavily contributed to
a global plastic pollution crisis, necessitating the improvement and development of recycling methods. We
previously established a chemo-microbial degradation process for post-consumer PET plastic, consisting
of PET depolymerization to form bis(2-hydroxyethyl) terephthalate (BHET) followed by the complete
degradation of BHET by a bacterial consortium found to synergistically degrade PET and BHET. The
BHET produced during PET depolymerization consists of two polymorphic forms, the a and & forms. This
work investigates the effect of BHET polymorphism on microbial degradation to further optimize the
chemo-microbial process. Reversible interconversion methods for BHET polymorphs were effectively
developed using mechanochemistry, achieving pure a and & forms by modulating milling conditions.
When inoculated with the bacterial consortium, the o form was degraded faster than the 3 form,
indicating solid polymorphism is a significant factor for the biodegradation level. This work paves the way
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Introduction

Polyethylene Terephthalate (PET) is one the most widely used
polyester-based plastics."” PET is used for packaging single-use
beverage bottles, textiles, and more. While the discovery of
plastic, like PET, has revolutionized our packaging needs, its
environmental impact is extensive. The vast majority of plastic
waste ends up in landfills or the environment.**® By 2050, it is
estimated that 120 million tons of mismanaged plastic waste
will be produced per year, demonstrating that the plastic
pollution crisis will only slow down with appropriate interven-
tion.” PET has gained considerable use in consumer products
due to its attractive packaging properties such as UV resistance,
transparency, and lightweight, leading to higher pollution
rates.* To combat the detrimental effects of plastic pollution,
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furthers the effort for sustainable plastic recycling methods.

there is a pressing need to design new, efficient ways to recycle
these materials.

Traditional PET recycling is achieved through energy
recovery, mechanical, and chemical recycling.®® In recent years,
new techniques have emerged to degrade polymers via biolog-
ical means, such as enzymatic and even microbial
degradation.’®® Depolymerization of PET produces four
distinct molecules, terephthalic acid (TPA), ethylene glycol (EG),
bis-2-(hydroxyethyl) terephthalate (BHET), and 2-hydrox-
yethyltherpethalic acid (MHET)."* The method used for depo-
lymerization determines the specific monomer formed.

A main limitation of these biological processes is that the
microbial and enzymatic degradation is affected by the degree
of crystallinity of PET." Polymers, like PET, can be both amor-
phous and semi-crystalline depending on the thermal treat-
ment properties during the synthesis of these materials."®*® The
biodegradation rate for semi-crystalline PET is slower than
amorphous PET, due to the former having more intermolecular
forces to overcome.'®**** To bypass this limitation, we previ-
ously reported a two-step chemo-microbial process for the
complete degradation of PET.* First, depolymerization of PET
is achieved through orange peel ash (OPA) catalyzed glycolysis
reaction, which forms BHET as the main product. Further
degradation of BHET is achieved by using a microbial

© 2024 The Author(s). Published by the Royal Society of Chemistry
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consortium. The bacterial consortium used for this chemo-
microbial process has been previously reported to synergisti-
cally degrade PET and BHET as sole carbon sources.'®**>*
Biodegradation has the potential to become an alternative to
conventional polymer recycling as it is inexpensive and has
a comparatively low environmental impact. We sought to opti-
mize our previously reported chemo-microbial degradation by
investigating the relationship between the solid-state architec-
ture (e.g., polymorphism) of BHET and the microbial consor-
tium to evaluate its biodegradation speed. It has been noted in
previous literature that optimizing the crystallization condi-
tions (namely isolation of the different polymorphs) is neces-
sary since it could restrict further processing of BHET due to
impurities from the glycolysis product, and particle size
optimization.*

BHET is known to exist in four different polymorphic
forms.*** Polymorphism is the phenomenon of a chemical
compound to crystallize in different solid-state architectures.*®
The arrangement of molecules in the crystal structure can give
rise to varied morphologies and physical properties between
polymorphs.**** Only three out of the four structures have been
reported in the crystallographic database.***® Polymorph
interconversion has traditionally been achieved through
modulation of temperature and pressure changes and more
recently through mechanochemistry (e.g., co-crystal intercon-
version).*** Of the four reported structures, only two poly-
morphs are water-stable (i.e., the o and 3 forms), which makes
them suitable for bacterial degradation (Table S47).>

To evaluate the effect of BHET polymorphism on microbial
degradation, we report a mechanochemical method to inter-
convert between the two water-stable polymorphs of BHET
(Scheme 1). Specifically, by carefully choosing the mechano-
chemical conditions, the o and & forms can be selectively
generated and interconverted in gram amounts. We demon-
strate here that the solid-state architecture influences the
biodegradation level, specifically the a form degrades at a faster
rate than the d form. To the best of our knowledge, our study
demonstrates the connection between the polymorphism of
a polymer degradation product and biodegradation for the first
time. We envision our research will enable the development of
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Scheme 1 BHET polymorph interconversion through mechano-
chemistry and effect on biodegradation.
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improved and more efficient polymer degradation processes
that account for solid-state packing architectures.

Results and discussion
Structural differences in polymorph packing

The o form crystallizes in the monoclinic space group P2,/
a (CSD-HETPAL).>** The asymmetric unit contains two
symmetry-independent half molecules of BHET. The structure
is sustained through O-H---O hydrogen bonds between
hydroxyl groups of different BHET molecules [O-H---O separa-
tion: 2.839 (7) A], C-H---O hydrogen bonds between the
carbonyl group of an ester from a BHET molecule and
a hydroxyl group of a different BHET molecule [C=O---H-O
separation: 2.839 (7) A, and offset -t stacking (4.29 A) (Fig. 1).

The d form crystallizes in the triclinic space group P1 (CSD-
HETPAL02).>® The asymmetric unit contains four symmetry-
independent half molecules of BHET. The § form packs in
a herringbone-like arrangement. The crystal structure is sus-
tained through hydrogen bonds from the hydroxyl groups of
neighboring BHET molecules [O-H:--O separation: 2.734 (3) A].
Additional offset m-m contacts (4.113 (15) A) support the
formation of ribbons along the g-axis (Fig. 2).

Both polymorphs display parallel offset m-stacking and
hydrogen bonding, but the orientation of molecules in the
crystal structure gives rise to different extended packings. The
hydrogen bonding of BHET molecules in the a form produces
two unique hydrogen-bonded chains of BHET molecules. Both
BHET chains lie along the crystallographic b-axis with the only
difference being that one chain is slanted and the other is
planar. The offset w-m stacking forms two hydrogen-bonded
columns of BHET in the o form, where adjacent columns are
linked with hydrogen bonds from the hydroxyl groups at the
ends of the molecule and carbonyl oxygen atoms. Conversely,

b)
RS S At

c) /¥ /?

/( - ,// A X g
¥ fj(ﬁ(’ X
2

L » ff .
X /(2/ e 2078

AP

e e
\_&/ X

a

Fig. 1 Crystal structure of the a form showing: (a) hydrogen bonding,
(b) offset w—m stacking, and (c) extended crystal structure packing
(molecules colored blue and yellow for visual clarity).
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Fig. 2 Crystal structure of the 3 form showing: (a) hydrogen bonding
and offset w—m stacking, and (b) extended crystal structure packing
(molecules colored magenta and teal for visual clarity).

the herringbone pattern of the § form is sustained through
a hydrogen-bonded network between hydroxyl and carbonyl
groups. Parallel offset -stacking occurs between molecules in
the 5 form that, unlike the a form, do not have their ethylene
groups in the same orientation.

Polymorph synthesis

Formation of BHET polymorphs is both solvent and
temperature-dependent when growing suitable crystals for
SCXRD analysis.>** Commercially available BHET was utilized
to synthesize both polymorphs. The o form was readily made at
room temperature in various solvents, including chloroform,
methanol (MeOH), acetone, acetonitrile, and dichloromethane
(DCM) (Table S1t). The d form was only observed to grow at 4 °C
in MeOH, indicating temperature dependence for the poly-
morph to form. When BHET was recrystallized in water at 4 °C,
a mixture of both the a and & forms was produced, confirming
the results observed after the OPA-catalyzed glycolysis reaction
workup. Although solution-based methods yielded successful
syntheses of the o and & forms, the time-consuming nature of
the crystal growth, which took 3-4 days, could limit the scope
and applicability of these methods.

Mechanochemistry was employed to selectively form the
o and & polymorphs from the OPA-catalyzed PET depolymer-
ization process (Table S27). Specifically, neat milling of the
reaction mixture for 90 minutes afforded the o form exclusively
(Fig. S3t) as shown by powder X-ray diffraction (PXRD). The
o form was also isolated via liquid-assisted grinding (LAG) with
chloroform after 60 minutes (Fig. S5f). LAG of the reaction
mixture at room temperature with MeOH for 120 minutes
produced the 3 form exclusively, demonstrating a reliable and
efficient approach to control polymorphism at room tempera-
ture instead of 4 °C (Fig. S41). In addition, the two polymorphs
were also able to form via mechanochemistry when using
commercial BHET as the starting material, with neat milling for
90 minutes producing the o form and LAG with MeOH for 210
minutes producing the 8 form (Fig. S9%).

Polymorph interconversion via mechanochemistry

We next turned our attention to polymorph interconversion
using mechanochemistry.*> The milled 8 form powder was
effectively converted to the a form using LAG, with chloroform,
for 60 minutes (Fig. S61). The milled « form powder was
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converted to the & form using LAG, with methanol, for 210
minutes (Fig. S61). 'H Nuclear Magnetic Resonance (NMR)
spectroscopy showed no traces of the solvent used in LAG
experiments (Fig. S1 and S2t). The results indicate the forma-
tion of the o and & polymorphs is tunable with solvent and
milling time. It had previously been reported that the a form
could not be converted into any other form without melting.*”
Our approach achieved reversible and ready interconversion
between the o and & forms through LAG.

Polymorph conversion via heating and energetic
considerations

Conversion of the d form into the o form was observed using
PXRD after heating the & form at 107 °C for 30 minutes using
a heating stage, showing a solid-state transition between the
two polymorphs (Fig. S7f). This temperature-dependent
conversion indicates the 8 form has a lower thermal stability
than the o form. When heating the milled « form powder, no
change in crystalline phase was observed.

To determine the energetically favored form, UNI intermo-
lecular potential force field model was applied to both poly-
morphs to examine the interaction strength between molecules
in the crystal lattice.**** The o form shows a stronger total
packing energy (—186.4 k] mol ') than the & form
(-=175.2 k] mol™"). From the calculations and experimental
results, we deemed the o form to be an energetically favored
polymorph. We posit that the o and 8 forms have a monotropic
relationship, where one polymorph is always stable below the
melting point of both polymorphs. In a monotropic system,
heating the metastable form at any given temperature will cause
that form to convert into the energetically stable form.** In this
system, the 3 form is the metastable form, which can exist at
room temperature, but will convert back into the o form once
heat is introduced. The thermal stabilities of the o and & poly-
morphs were assessed through differential scanning calorim-
etry (DSC) and thermogravimetric analysis (TGA) (Fig. S10-127).
Both polymorphs showed similar endotherms associated with
melting points, at 110 °C (110.47 °C) and 110 °C (110.93 °C) for
the o and d forms respectively. While both had comparable
endotherms, we observed a slight shoulder on the & form
endotherm, which could indicate a phase transition from the
d form to the o form. Attempts to resolve the peak by running
the sample at a slower heating rate were unsuccessful. As seen
on the TGA curves, the 3 form has an onset decomposition
temperature of 214 °C (214.93 °C) compared to the o form at
207 °C (207.05 °C). The overall mass loss for the 3 form occurs at
a faster rate than the o form, with approximately 20% and 46%
mass left respectively at the ending temperature of 300 °C
(Fig. S1271). We note that no interconversion between the o and
d forms was observed upon exposure to ambient conditions (25
°C) for 3 months (Fig. S87).

Polymorph characterization

Solids of BHET were further analyzed via PXRD, Fourier
Transform Infrared Spectroscopy (FT-IR), and dynamic light
scattering (DLS). PXRD confirmed that the products of the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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mechanochemical reactions were indeed the a and & forms
(Fig. 3a). The PXRD pattern for the o form contains character-
istic peaks at 6.98° and 16.58°, whereas the & form has unique
peaks at 10.86°, 14.90°, and 15.70°. The unmilled crystalline
BHET glycolysis product had all of the aforementioned peaks,
and through phase analysis of the PXRD pattern, contained
82.20% of the & form and 17.80% of the a form. The phase
analysis was conducted using the semi-quantitative Reference
Intensity Ratio method using Match (Fig. 3c).*” In contrast, after
mechanochemical interconversion, the v and & products
showed no trace of the other polymorph in their patterns.
FT-IR spectra (Fig. 3b) confirmed the polymorphs’ chemical
bonding are unique to each solid structure. Hydrogen bonding
decreases the vibrational frequency of the bonds involved in
those interactions, as the non-covalent interaction weakens the
covalent bond from groups participating.*® The O-H absor-
bance peak for the o form appears at 3440 cm ™' and is sharp. In
contrast, the 3 form O-H absorbance peak appears at 3280 cm ™"
and is more broad-shaped, which is characteristic of hydrogen-
bonded hydroxyl groups and suggests that the 3 form has more
H-bonding interactions involving the hydroxyl groups. Simi-
larly, when looking at the carbonyl absorbance region, the
o form has an absorbance band at 1686 cm ' and 1712 cm ™"
compared to an absorbance band at 1718 cm ™" for the 3 form,
indicating the molecule has free ester groups. The IR spectra

* pattern

*
— aform
No solvent, 1.5 h

— Reaction Mixture

Normalized Intensity

N MeOH, 2h

& form

J_LJU&MLMM — Simulated & form

r . r v~ r. .. ... prn .. 1111
10 20 30 40 50 pattem

b f
) &form Phase Composition of

Reaction Mixture (weight %)

a form

% Transmittance
L

B aform [ &form

T T T
4000 3000 2000 1000
Wavenumber (cm™!)

Fig. 3 Polymorph characterization: (a) powder X-ray diffraction
pattern of synthesized a and & forms, and BHET depolymerization
product. The top and bottom-most patterns are simulated diffraction
patterns for the o and & forms, respectively, generated using Mercury
software version 2024.1.0.% (b) FTIR spectra (4000 to 600 cm™?) of the
d form (top) and the o form (bottom). (c) Phase composition analysis of
BHET depolymerization product from OPA-catalyzed glycolysis
reaction.
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indicate the o form has a mixture of hydrogen-bonded and free
ester groups, whereas the & form only has free ester groups.”
These results are in agreement with SCXRD data, which reveal
that the packing structure of the o form primarily contains
heterosynthons comprised of hydroxyl-carbonyl, and homo-
synthons of hydroxyl-hydroxyl hydrogen bonds between.

BHET molecules. Conversely, the packing of the d form
consists only of homosynthons between hydroxyl-hydroxyl
hydrogen bonds.”®*® Particle size distribution analysis of
powders of the o and & forms was performed with DLS, showing
mean hydrodynamic diameters of 5.53 £ 0.06 pm and 5.25 +
0.46 pm, respectively (Fig. S14 and S15%), which are deemed
comparable. The uneven particle size distribution of BHET has
been observed previously.”® We note the particle sizing for
particles above 1 um is not accurate using DLS, the values are
given here only as an indication for similar aggregation
behavior of the o and & forms.** Further studies correlating
particle size with microbial degradation are ongoing.

Chemo-microbial degradation

Both the o and & polymorphs of BHET were inoculated with the
full microbial consortium to determine whether polymorphism
affects the level of biodegradation. To enable the hydrolysis of
BHET, the bacterial cultures were grown in media primarily
composed of water.

Since the data was normalized against a mixture of LCFBM
and BHET containing no bacteria, decreases in BHET concen-
tration due to hydrolysis were removed from our measure-
ments, allowing them to only consist of BHET biodegradation
by the bacterial consortium. Both the o and & forms were
significantly degraded by the consortium, indicating that
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Fig.4 Consortium biodegradation of the a and & forms over time. The
full consortium was grown on 0.6% (w/v) a form or & form BHET and
0.05% (w/v) yeast extract in liquid carbon-free basal medium (LCFBM).
Cultures were incubated statically at 30 °C. Degradation was measured
weekly through HPLC, and concentration differences were measured
using an internal standard compared to uninoculated negative
controls. All treatments and time points were performed in triplicate.
Error bars indicate the standard error of the mean. Statistical signifi-
cance between the o form and & form biodegradation levels was
determined using a Dunnett's test, with one asterisk (*) indicating
statistically significant results at the 95% confidence level.
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neither polymorph had a detrimental effect on microbial
degradation (Fig. 4). Here, we found that the 4 weeks biodeg-
radation level was 11.58% for the o form and 8.33% for the
d form. In addition, while weeks 1 and 2 did not show signifi-
cance in the biodegradation level between the two polymorphs
(p-value > 0.05; Dunnett's Test), the o and d forms were statis-
tically different from week 3 onwards in their biodegradation
levels (week 3 p-value = 0.0289, week 4 p-value = 0.0138; Dun-
nett's Test), with the a form being degraded faster by the
consortium. Our results confirm that BHET biodegradation is
affected by the polymorph provided as a carbon source, despite
having similar physical properties like the o and & forms.

The 4 weeks biodegradation, hydrolysis, and total degrada-
tion rates for both polymorphs can be seen in Table S3.1 The
hydrolysis rates between both polymorphs were found to be
statistically insignificant from one another (p-value = 0.3664),
thus revealing that BHET hydrolysis does not contribute
significantly to the biodegradation differences between the
o and d forms.

Looking at the structural differences between the poly-
morphs, it could be that a lack of symmetry increases the
biodegradation level as there would be more gaps between
molecules for enzymatic hydrolysis to occur. However, the
o form exhibits higher biodegradation compared to the & form.
This is despite the a form having a higher degree of symmetry
than the 8 form. Further work is needed to determine why
biodegradation differs between these two polymorphs and to
understand how solid structure affects microbial degradation
levels.

Conclusions

This work demonstrates that the o form of BHET is degraded
faster by the bacterial consortium compared to the & form,
indicating that the solid structure of BHET does play a role in
biodegradation. The present work discovered a novel way to
cycle between the o and & polymorphs of BHET using mecha-
nochemistry, where the formation of & polymorph had not yet
been achieved at ambient room temperature. Polymorphism
control of BHET can be utilized to improve the chemo-microbial
process for an effective and sustainable way to combat PET
pollution and mitigate the effects of environmental fallout
without using costly or harmful reagents or procedures. We
envisage emerging technologies for processing plastics
considering solid-state polymorphism and particle size could be
used to address the world's plastic pollution problem.
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