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Biodegradable High-Density Polyethylene-like Material

Marcel Eck’, Simon Timm Schwab®, Taylor Frederick Nelson, Katrin Wurst, Steffen Iberl,
David Schleheck, Christoph Link, Glauco Battagliarin, and Stefan Mecking*

Abstract: We report a novel polyester material gener-
ated from readily available biobased 1,18-octadecanedi-
carboxylic acid and ethylene glycol possesses a poly-
ethylene-like solid-state structure and also tensile
properties similar to high density polyethylene (HDPE).
Despite its crystallinity, high melting point (7,,=96°C)
and hydrophobic nature, polyester-2,18 is subject to
rapid and complete hydrolytic degradation in in vitro
assays with isolated naturally occurring enzymes. Under
industrial composting conditions (ISO standard 14855-1)
the material is biodegraded with mineralization above
95 % within two months. Reference studies with poly-
ester-18,18 (7,,=99°C) reveal a strong impact of the
nature of the diol repeating unit on degradation rates,
possibly related to the density of ester groups in the
amorphous phase. Depolymerization by methanolysis
indicates suitability for closed-loop recycling. )

Plastics are ubiquitous in items used for everyday life and
are essential components of practically any modern technol-
ogy. As a downside, persistent plastic waste is found
accumulated throughout the world in various receiving
environments.!"! In conjunction with, but as a backstop to,
more responsible waste management,”” biodegradable alter-
natives to conventional plastics are desirable for specific
applications.”

Crystalline order is most commonly the origin of
polymers’ remarkable mechanical toughness and ductility. A
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most prominent and relevant example is high density poly-
ethylene (HDPE) in which the linear hydrocarbon chains
pack to crystalline domains by van der Waals interactions.
However, crystallinity, even in the presence of cleavable
bonds, in general hinders biodegradation of plastics due to
inaccessibility for extracellular enzymes to the polymer
chains. Plastics designed to be biodegradable are normally
low crystalline materials, as exemplified by poly(butylene
adipate-co-terephthalate) (PBAT) films.[**! For the case of
polyethylene, the chemically inert nature of the hydrocarbon
chains in addition to its hydrophobicity further precludes
biodegradation.[’]

We have previously shown that renewable polyesters
with a low density of in-chain functional groups as breaking
points in a polyethylene chain can be chemically recycled in
a closed-loop by solvolysis with quantitative recovery at
mild conditions (120 to 180°C)." Unlike the aforementioned
and other low crystalline polyesters,[*® the in-chain groups
do not affect the crystalline structure and the beneficial
material properties of polyethylene are retained at the same
time. Concerning the amenability for hydrolytic degradation
of the in-chain ester groups of the solid crystalline polymer,
the polyester-18,18 (PE-18,18, that is [-(CH,),00C
(CH,), ,COO-], with x=18, y=18) studied here was
previously found to be inert towards aqueous acid over an
extended period of one year.! For a related polyester-15,
Koning and Heise had found no enzymatic degradation to
occur over 100 days, which they ascribed to the materials
crystallinity and hydrophobicity.! Notably, in their develop-
ment of methods for a rapid screening of enzymatic
polyester degradation Sander etal. recently employed
polyester-4,18 in a series of aliphatic polyesters. While this
polyester was much less amenable to degradation than
polyesters of shorter-chain diacids, clear evidence for
enzymatic hydrolysis was observed in the nanofilms
studied.'"!

We now report the novel material polyester-2,18 (PE-
2,18) exhibits high density polyethylene-like crystalline and
materials properties, and at the same time is readily hydro-
lyzable by natural enzymes and biodegraded completely
under industrial composting conditions.

Polyesters of renewable 1,18-dimethyl
octadecanedioate!'>" with different a,0-diols were gener-
ated by dibutyltin oxide catalyzed polycondensation, to yield
PE-2,18, PE-3,18, and PE-4,18 (Figure 1, for details of
synthesis and characterization cf. the Supporting Informa-
tion). PE-2,18 stands out among the polyesters synthesized
here with a high melting point of 7,,=96°C (cf. Figure S1),
which is similar to that of the long-chain diol based PE-
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Figure 1. Polycondensation of C;; dimethyl ester and ethylene glycol to
PE-2,18.

18,18."! Further studies therefore focused on PE-2,18 which
was synthesized with high molecular weights (weight-aver-
age molecular weight M,,~120000 gmol™', number-average
molecular weight M,~50000 gmol' as determined by gel
permeation chromatography (GPC) vs. polystyrene stand-
ards, cf. Figure S2).

Wide angle x-ray scattering (WAXS) reveals the ortho-
rhombic solid-state structure found for HDPE is retained in
PE-2,18 (Figure 2a)."! This underlines that the solid-state
structure is dominated by a crystalline alignment of the
hydrocarbon segments. Deconvolution of the WAXS data
yield a high degree of crystallinity of x=66 %. Elucidation
of the mechanical properties of PE-2,18 by stress-strain
experiments on specimens generated by injection molding
show a modulus of elasticity and ductile behavior (E,=
730 MPa, c,=19 MPa, £;,=330%) that compares to the
tensile properties of commercial HDPE (Figure 2b and cf.
Table S1). Further literature values are modulus of elasticity
E =900 MPa for HDPE, vs. E=240 MPa for branched, less
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Figure 2. a) WAXS diffractograms of PE-2,18 and commercial HDPE.
Traces are shifted vertical for clarity. a.u., arbitrary units. b) Stress-strain
curves of injection-molded PE-2,18 and commercial HDPE.
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Figure 3. a) Hydrolysis of PE-2,18 by Humicola insolens cutinase (HiC),
Thermomyces lanuginosus lipase (TIL), and Aspergillus oryzae cutinase
(AoC) at 37°C and pH 7.2, monitored via HPLC-RI quantification of
formed ethylene glycol (EG). b) Hydrolysis of PE-2,18 by HiC at
ambient temperature (25°C, pH 7.2).
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crystalline LDPE (low density polyethylene).™ The pres-
ence of ester groups in PE-2,18 reflects in a slightly
decreased water contact angle and increased surface free
energy compared to HDPE (93° vs. 97° and SFE=
38 mNm ™ vs. 32 mNm!, cf. Table S2).

The amenability of PE-2,18 to enzymatic hydrolysis was
probed by exposure to different naturally occurring ester-
ases, namely Humicola insolens cutinase (HiC),'® Thermo-
myces lanuginosus lipase (TIL),"" and Aspergillus oryzae
cutinase (AoC)."¥ Monitoring of the fate of the polyester
using HPLC with RI-detector quantification of the ethylene
glycol (EG) formed by hydrolysis showed that at 37°C all
three enzymes were capable of hydrolyzing PE-2,18 (Fig-
ure 3a and cf. Supporting Information for details of
procedures, reference experiments and results). Most nota-
bly with HiC a complete depolymerization to monomer was
observed within days, and also with AoC a substantial
portion (ca. 55%) of the PE-2,18 was broken down to the
monomers over the course of one week. Monitoring
hydrolysis at ambient temperature (25°C) for HiC, the most
active tested enzyme toward PE-2,18, showed a substantial
degradation to monomer occurs also under these conditions
within one week (Figure 3b).

Incubations of the three different enzymes were per-
formed at activity-normalized enzyme concentrations (as
measured against model ester substrates, adjusted to reach a
final enzyme activity of 0.21 kat L' in the medium).
Therefore, differences in PE-2,18 hydrolysis rates and
extents indicate different affinities of each enzyme toward
this polyester. Using an approach of modelling active site
surface area,!''! the vast difference between activities of HiC
and AoC vs. that of TIL toward PE-2,18 could at least in
part be explained by an increased accessibility of the active
sites for the respective enzymes (cf. Figure S23). This result
indicates that, similar to results for aromatic-aliphatic
polyesters, active site accessibility may be a controlling
factor of the ability of an enzyme to hydrolyze crystalline
polyesters such as PE-2,18.

An alternative monitoring of the degradation to mono-
mers by LC-MS quantification of the formed C,; diacid
allowed for a comparison to PE-18,18. Note that the
enzymatic degradation protocol and sample preparation
were slightly adapted vs. the above procedure monitoring
EG monomer in terms of amount of polymer and aqueous
phase to account for the limited solubility of C; diacid
monomer (cf. Supporting Information). Under the condi-
tions that resulted in complete degradation of PE-2,18
within days (Figure 3a), PE-18,18 was hydrolyzed much
slower resulting in a conversion of less than 1 % to monomer
after one week by HiC (cf. Figure S22).

The degradability of PE-2,18 by microorganisms was
assessed by a controlled laboratory composting test, mon-
itoring the evolution of carbon dioxide formed by minerali-
zation of the polyester according to ISO standard 14855-
1.4l Remarkably, PE-2,18 mineralization reached 9642 %
(n=3) within only two months at 58°C, despite its crystal-
line nature (Figure 4). This mineralization profile compares
qualitatively to the behavior of commercial, less crystalline,
biodegradable polyesters and fulfills standard requirements
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Figure 4. Mineralization curves based on CO, evolution measured
under industrial composting conditions following the standard ISO
14855-1 for PE-2,18 and for cellulose as a reference material. Shadows
in light color correspond to the standard deviations.

for biodegradation under industrial composting conditions.
By comparison, PE-18,18 exhibited only partial biodegrada-
tion in industrial composting, with two replicates plateauing
around 30 % mineralization after two months in the same
setup (cf. Figure S28).

Despite its semicrystalline nature, given by a poly-
ethylene-like solid state structure that also reflects in its
tensile properties, polyester-2,18 can undergo enzymatic and
microbial degradation (Figure 5). Compared to PE-18,18,
which degraded much slower and to a limited extent in the
experiments performed, PE-2,18 will likely have a consid-
erably higher ester bond density in the amorphous phase
(while ester groups can be incorporated in the polyethylene
crystalline lamella, they are known to preferentially locate
in the amorphous phase).” This and other possible effects
such as different chain conformations at the amorphous—
crystalline interphase may facilitate the onset of degrada-
tion, and via the formation of less hydrophobic domains
promote the further degradation process.
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Figure 5. Biodegradation of PE-2,18 probed here via enzymatic hydrol-
ysis (a key step in overall biodegradation) (top) and mineralization
under industrial composting conditions (bottom).
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On a different note, ethylene glycol as a monomer for
polyester synthesis offers the advantage of commercial
availability, and like the commercially available C4 diacid it
can be sourced from renewable feedstocks.'>?!! In addition,
in preliminary chemical recycling experiments both the Cig
monomer (>90 % recovery by weight vs. PE-2,18 employed)
and ethylene glycol could be recovered (cf. Figure S8 and
S9).

The high enzyme concentrations employed in the in vitro
depolymerization experiments, and the conditions of biode-
gradation in the controlled composting test certainly favor
enzymatic and microbial degradation if compared to natural
environments. Field studies, for example in the marine water
column and sediments as well as soils, will be of interest to
further elucidate the behavior and environmental fate of this
material in natural environments. Notwithstanding, our
findings underline the feasibility of plastics that can be
alternatives to traditional polyolefins by covering their
desirable properties and being biodegradable.
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