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Considering the increasing global plastic demand, there is a critical need to gain insight into environmental
processes that govern plastic degradation in order to inform novel design of sustainable polymers. Current
biological degradation testing standards focus on formation of CO, (ie.,, mineralization) alone as
a diagnostic, ultimately limiting identification of structure—degradation relationships in a timely fashion.
This work developed a sequential abiotic (i.e., photodegradation and hydrolysis) and biotic degradation
test and applied it to a suite of 18 polymers, including ten lab produced, novel polyhydroxyalkanoate
polyesters, and eight commercially available, bio-based (i.e., polylactic acid and poly-3-hydroxybutyrate)
and fossil-derived (i.e., polystyrene, polypropylene, low density polyethylene, poly(ethylene terephthalate)
and tire rubber) polymers. Biomineralization alone following standard methods (i.e., ASTM 6691-17, ISO
23977-1 2020) underestimated polymer degradation up to two-fold over 28 days. Simulated sunlight
enhanced the overall polymer degradation by mobilizing dissolved organic carbon (DOC). After
photoirradiation, up to 100% of released dissolved organic carbon was bioavailable for marine microbes

over 14 days. Photodegradation and hydrolysis could be explained by structural drivers in the commodity
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Accepted 11th March 2025 polymers, and the lab-synthesized polymers illustrated a limit to total degradation beyond which no

enhancements in degradation were achieved. Taken together, this workflow allows for relatively fast
experimental determination of environmentally relevant stimuli to help support eventual elucidation of
rsc.li/espi structure—property relationships for enhanced a priori design of degradable polymers.
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Environmental significance

Growing plastic consumption demands an improved fundamental understanding of the environmental processes that degrade polymers. Standard biodeg-
radation tests focus mainly on mineralization to CO, and can underestimate plastic fate in natural systems. This study illustrates that combined abiotic
(photodegradation and hydrolysis) and biotic (biodegradation and mineralization) processes substantially contribute to degradation, mobilizing dissolved
organic carbon that marine microbial organisms can consume. Adopting an expanded definition of “environmental degradability”—tracking CO,, biomass, and
dissolved carbon release—will enable more comprehensive test frameworks for elucidation of the mechanisms by which the polymer structure imparts
degradability to a material. Such holistic approaches can guide new design strategies, reduce pollution, and better align emerging materials with the Earth's
ecosystems, helping to meet society's growing material demands sustainably.
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guidelines.®* This is due to a limited capacity to accurately
simulate natural systems in lab experiments,* the complexity of
natural environments, and undisclosed additives in commer-
cial polymers, and a lack of systematic data collection to relate
chemical structural properties to environmental degradation
rates.

Environmental degradation mechanisms for polymers can
be classified as abiotic or biotic, where abiotic degradation
refers to transformations that occur due to non-living stimuli,
such as light, physical stress, or chemical modifications. Two
examples include hydrolysis and oxidation, which can be
accelerated by light, heat, or some combination thereof.** Biotic
degradation refers to the ability of organisms, often microbial
organisms, to consume carbon-rich polymers and convert those
solid materials to biomass, carbon dioxide (CO,), water (H,O)
and/or dissolved organic carbon (DOC).® Despite these known
myriad endpoints, biodegradation is often measured as CO,
generation alone (or corresponding oxygen (O,) consumption),
which provides a limited view of what is truly bioavailable and
correspondingly limits the development of structure-degrada-
tion relationships by obfuscating the distribution in degrada-
tion rates that may arise with modest structural modifications.
While seldom considered together in standard tests, in the
natural world, abiotic and biotic degradation mechanisms
likely work in tandem to enhance mineralization of polymer-
derived carbon.” Investigating both processes may result in
a more comprehensive representation of environmental
weathering pathways and yield degradation rate results that can
be related to chemical structures of the reactive substrates,
ultimately serving to inform the design of more environmen-
tally compatible polymers.

Currently, there are several standards available to measure
polymer degradability, each of which simulates distinct envi-
ronments (e.g., non-floating,®® buried in sandy marine sedi-
ment,"”® sediment-seawater interface'*'> and pelagic'**'%)
(Table S1t). A few recently published standards attempt to
provide better simulation of environmental conditions by
accounting for biotic and abiotic degradation implicitly (i.e.,
physical and biological weathering), but typically only via visual
assessment or dry mass change.”” These approaches have
several limitations, including (1) poor-reproducibility due to the
diversity of inocula, leading to a lack of intercomparable results,
(2) slow degradation kinetics as a result of operating in the dark
and often with biologically dilute inocula, translating to testing
that takes between 28 days and up to 2 years, and (3) providing
low temporal and chemical resolution (e.g., monitoring CO,
evolution alone), limiting understanding of kinetic processes
that can be related to the material structure. Here, it is worth
noting that these test methods are often used as regulatory
assays rather than to guide innovation. Nevertheless, these
factors limit the utility of the results to inform design of new
materials with engineered degradation rates, particularly by
limiting the size of the intercomparable data set, the pace of
discovery, and the resolution of the data (i.e., the distribution
between kinetic rates or total degradability as a function of
polymer structure). That is, when many polymers return “non-
degradable” results (due to the use of CO, alone as an endpoint,
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with a dilute inoculum, in the dark), there is insufficient vari-
ation in degradation rates as a function of material type to relate
the structure to environmental performance.

Indeed, CO, is often a minor product of polymer degradation
in standard tests, and one of the primary products of abiotic
degradation can be DOC.* Previous work to characterize the
impact of photo-transformations on DOC fate provides some-
what conflicting results. For instance, Romera-Castillo et al.*®
first reported the rate of microbial consumption of photo-
weathered DOC as slower compared to that of non-
photoweathered DOC generated from low density polyethylene
(LDPE), high density polyethylene (HDPE), polyethylene (PE)
and polypropylene (PP). This finding was further echoed by Zhu
et al.,'”” who hypothesized that photo-weathered DOC released
from PE could have an inhibitory effect on marine microbial
community growth. However, Romera-Castillo et al.*® later re-
ported higher derived DOC bioavailability in irradiated
samples, contradicting their earlier findings,'® and this could
have indicated a sensitivity to either the experimental photo-
weathering, the polymer variability (e.g., due to additives), or
known heterogeneities in marine inocula. These factors could
be a cause for the great distribution of results present in the
literature." Others have shown widely variable influences of
polymer-derived DOC on marine microorganism growth.'2°3¢
For example, plastic leachate was found to impair growth and
oxygen production in Prochlorococcus (a photosynthetic bacte-
rium),>*” but enhance photosynthesis in four other marine
microalgal species.** Overall, while it is important to consider
potential impairments in the microbial community, these prior
results support the inclusion of mobilized DOC in the quanti-
fication of bioavailable, polymer-derived carbon, and that DOC
formation is a critical step in polymer breakdown.

This work considered DOC generation from abiotic degra-
dation (i.e., photodegradation and hydrolysis), giving a distrib-
uted set of total degradation and providing a better
understanding of polymer breakdown mechanisms. Applying
this approach to a series of lab-synthesized materials, this study
illustrated the utility of such data to guide more informed
decisions during the material development phase. Note that
commercial polymers, with a variety of additives, may exhibit
distinct behaviors compared to the relatively pure materials
used here, which are preferable for a systematic study of
structure-function relationships.®® The methods described
provide an experimental assay of biotic and abiotic degradation
together, allowing for a more representative assessment of
degradation mechanisms of new or proposed materials, with
the ultimate goal of informing sustainable polymer invention
practices.

Materials and methods
Materials and the overarching approach

Test materials included a suite of petroleum-based polymers,
commercially available biopolymers, and lab-synthesized poly-
mers of systematically varied composition (Table 1). All poly-
mers acquired were sold as the highest purity commercially
available materials, which was desired to isolate the impact of

This journal is © The Royal Society of Chemistry 2025
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Table 1 Materials used in the degradation experiments. Crystallinity, molecular weight, and morphology are summarized in Table S2

Polymer (material) name Label Structure Supplier/acquisition date
d dimethyl i ?
acid (3 ydronypivlic aeid) 3P Ho > Non Sigma Aldrich
0}

6-Hydroxyhexanoic acid 6 HA HOM Sigma Aldrich
OH

o
Poly(hydroxypivalic acid) P(3HP;¢-c0-6HA o) \éo /%9\ o
Poly(hydroxyhexanoic acid) P(3HPgy-c0-6HA; o) /éo \/M _
lyl(hyd lic acid) i o
Poly|(hydroxypivalic acid)-r- o N ran B
(hexanoic acid)]” P(3HPy,c0-6HA,)) o @) S
x y
Low density polyethylene LDPE M Sigma Aldrich (427772-250 G) 10/18/2020
n

O CHs
Poly[(R)-3-hydroxybutyric acid] P3HB /Pk/ko Sigma Aldrich (363502-10 G) 10/18/2020
n

0N NatureWorks
C ial polylactic acid NPLA N .
ommercial polylactic act (INEGO biopolymer 2003D) 10/18/2020

)

n

CHs
Polypropylene PP Sigma Aldrich (428116-250 G) 10/18/2020
N
n
o}
O\/\o
Poly(ethylene terephthalate) PET Sigma Aldrich (429252-250 G) 10/18/2020
o

n
Polystyrene PS 5\(\ Sigma Aldrich (331651-500 G) 11/20/2021

Polyhydroxyalkanoates PHA N/A Phade 7.75” Jumbo straws (10/20/2021)
(commercial phade straws)?
Tire rubber® TR N/A MRH

“ Poly[(hydroxypivalic acid)-~-(hexanoic acid)] is a polymer formed by the copolymerization of hydroxypivalic acid and hydrodxyhexanoic acid. “r” is
a qualifier used to denote a polymer made of more than one monomer (i.e., a copolymer). * Commercial polyhydroxyalkanoate phade straws were
purchased and cut into small square shaped pieces using a new, acetone washed razor blade. © Micronized Tire Rubber*® was obtained from MRH
(Miilsener Rohstoff-und Handelsgesellschaft mbH, Miilsen, Germany).

the molecular structure of the polymers on degradation, except should be characterized independently for purity, comprehen-
for tire rubber and polyhydroxyalkanoate straws (Phade®, sive identification of additives in a non-target fashion was not
which were colored light blue). While all industrial materials possible; crystallinity and molecular weight distribution were
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Scheme 1 Experimental schematic of sequential polymer photodegradation and biodegradation. (A) Polymers were irradiated for 14 days under
simulated sunlight, and then the dissolved and particulate (over 0.45 um) fractions were separated and incubated with natural sea water (NSW) for
14 additional days (I and Il, respectively). (B) A traditional biodegradation test of the polymer was conducted in parallel according to the modified
ASTM 6691-17 standard (28 days). DOC,, DOCy and DOC; represent the amount of polymer-derived DOC, total DOC at time 0 and total DOC at
the end of the experiment, respectively. DOC measurements were conducted to evaluate carbon mobilization into synthetic sea water and DOC
assimilated by microorganisms after incubation (I). CO, measurements were conducted in all biodegradation tests. The natural sea water (NSW)
inoculum contributed no more than 20% of the total organic carbon after the addition of the test polymer, following the recommended standard.

The illustration was produced using BioRender.*?

investigated using methods described in the ESL{ The authors
acknowledge here that off-the-shelf products contain many
diverse additives that substantively impact environmental life-
time, often by design (e.g., UV stabilizers), and caution that the
lifetimes reported here may be distinct from that of commercial
products.”* Lab-synthesized materials were prepared via
catalyst-free polycondensation using different starting ratios of
3-hydroxypivalic acid (3HP) and 6-hydroxyhexanoic acid (6HA).*
The shorthand P(3HP,,-6HA,,) indicates the relative propor-
tions (by mass) of 3HP (given by xx) and 6HA (given by yy) in
a series of poly[(hydroxypivalic acid)-r-(hexanoic acid)]. The
polymer crystallinity dropped on increasing 6HA loading from
74% to less than 1% for P(3HP;,-co-6HAy) and P(3HPgs-co-
6HA;;5), respectively. The melting and glass transition temper-
atures ranged from 154 4 13 °C and 48 + 6 °C to 50 & 4 °C and
—39 = 1 °C for P(3HP;40-c0-6HAyy) and P(3HPgs-co-6HA35),
respectively (Table S27).

Pre-combusted (450 °C in air for 8 h) sample quartz cuvettes
(Technical Glass Products; 3 cm dia. x 10 cm length) were filled
with 5 mg of test polymer and 30 mL of synthetic sea water
(prepared according to ASTM D1141-98 (41)), then closed with
Teflon-lined polypropylene caps, and held horizontally in
a solar simulator (described below and in the ESIt) on orbital
shakers for 14 days. For each polymer material, six total samples
(three irradiated and three covered with aluminum foil as dark

1306 | Environ. Sci.: Processes Impacts, 2025, 27, 1303-1316

controls) were prepared. On day 14, the samples were filtered
using 0.45 pm, pre-combusted glass fiber filters (GFF; What-
man) to separate particles from colloids and dissolved
compounds. (No ultracentrifugation or nanofiltration was con-
ducted to remove colloidal materials or those below 0.45 um;
little is known about the mobilization rates from larger particles
of plastics versus nano-sized particles of the same materials,
although this is the subject of subsequent study from the Plata
research group). Aliquots of the filtered liquid were split, where
10 mL was transferred to 60 mL serum borosilicate bottles
(Wheaton) for further experimentation (see the Biodegradation
testing section below) and the remainder were stored in pre-
combusted, 40 mL EPA VOA vials at 4 °C for further experi-
mentation and TOC analysis (Scheme 1). Collected filters, along
with their particulate content, were transferred into 60 mL
serum bottles for further experimentation. A traditional
biodegradation test of the polymer was conducted in parallel
according to the modified ASTM 6691-17 standard (28 days).

Photoweathering of polymers

All photodegradation experiments were conducted in a custom-
built solar simulator, which is described in detail in the ESIL}
Briefly, this low-cost (less than $3000) simulator emulated the
UV and visible ranges of the solar output spectrum, had a wide
operating area (5000 cm?), and was evaluated using an Ocean

This journal is © The Royal Society of Chemistry 2025
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Optics FLAME-S-XR1-ES to have less than 10% variability over
the irradiated surface. The solar simulator irradiance dose
across the UV and visible light range is 0.91 kW h m™> h™*,
comparable to the ASTM G173 standard total irradiance of 0.9
and 1 kW h m~2 h™* for direct and hemispherical tilted spectra,
respectively.* The power delivered by the solar simulator is 21.9
kW h m 2 day '. The average daily solar power in Boston,
Massachusetts, ranges from 4.93 to 7.46 kW h m~> day ' in
December and September, respectively.** The full solar simu-
lator description and characterization spectrum are provided in
the ESI (Fig. S1, S2 and Tables S3-S571). Here, the authors note
that higher fluency is generally accepted for accelerated pho-
toweathering protocols, and because the wavelengths of light
are not changed, the energies of the associated transitions and
subsequent reactions hold.'*™** After 14 days of irradiation,
DOC released from studied polymers was quantified (see
Carbon analysis, below) and assessed for bioavailability (see
Biodegradation testing, below) and this was related to tradi-
tional biodegradation testing (Scheme 1). The temperature
during the photo-degradation and leaching (dark controls) was
25 £ 5 °C; all water was equilibrated with air, and had a pH of
8.04. We prepared and analyzed triplicate samples and tripli-
cate blanks that included synthetic seawater without added
polymers.

Biodegradation testing

Aerobic biodegradation experiments were conducted on pho-
toweathered polymers, released DOC, and unweathered poly-
mers using seawater collected from Boston, MA near Castle
Island (42°19'49.9"N 71°00'54.8"W). Note that two distinct
inocula were used: one collected on December 10, 2021 for
commercial polymers and one collected on March 30, 2022 for
all laboratory-synthesized polymers. Hence, the individual sets
were self-consistent, but intercomparisons between the two are
not valid due to potential variations in the marine community at
the time of sampling. A probe (YSI 556 handheld Multiparam-
eter Instrument) was submerged in a 500 mL beaker to deter-
mine pH, temperature, and specific conductance (Table S67).
Then, seawater was collected in two pre-combusted, 3 L Duran
glass media bottles and returned to the laboratory. Within an
hour of collection, the seawater was filtered into clean, pre-
combusted 3 L glass media bottles using a paper filter (What-
man, England; Cat. No. 1440 090; pore size 2.7 pm) to remove
coarse particles. The bottles were left slightly ajar and placed on
a shaker table (80 rpm) for 7 days to reduce background dis-
solved organic matter (DOM) and/or allow enrichment of
microbial culture, as recommended by the ASTM standard. On
day 7, 0.1 g L ™" of monopotassium phosphate (KH,(PO,)) and
0.05 ¢ L™' ammonium chloride (NH,Cl) were added as inor-
ganic nutrients. All blanks and experimental samples were
tested in triplicate in 60 mL serum bottles sealed with bromo-
butyl rubber septa (Bellco Glass, NJ) secured with aluminum
crimp caps (Supetco) for 14 days (following photoirradiation) or
28 days (traditional biodegradation testing) as described below.

Following 14 days of photoweathering (Scheme 1), the
samples were filtered using 0.45 pm GFFs. The filters, along

This journal is © The Royal Society of Chemistry 2025
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with any remaining particles, were transferred into clean, 60-mL
serum bottles, and 10 mL aliquots of post-filtration liquid with
DOC were transferred to additional clean, 60-mL serum bottles.
To preserve a low available-carbon-to-native seawater DOC ratio
of less than 20% (recommended by aerobic biodegradation
ASTM 6691-17), 18 mL of natural seawater were added to the
filter-and-particle containing serum bottles, whereas 0.5 mL of
natural seawater brought to a final volume of 18 mL using
artificial seawater was added to the DOC samples. CO,
measurements were carried out at 5, 7 and 14 days. On day 14,
after the CO, measurement, serum bottles were opened, and the
solution was filtered using a 0.45 um GFF to measure total DOC
loss and pH during the biodegradation, where the net change in
DOC concentration was attributed to mineralization and
biomass formation. Particulate organic carbon (POC) was not
measured because the particulate matter was carried forward in
the degradation experiments.

As a point of comparison, unweathered polymers were sub-
jected to traditional biodegradation testing over 28 days
(modified ASTM 6691-17); these samples combined 5 mg of
native polymer materials (Table 1) and 18 mL of natural
seawater inoculum. The temperature during biodegradation
experiments was 20 £ 5 °C.

Carbon analysis

DOC was measured via an Elementar Vario-EL analyzer (TOC
analyzer) with a liquid interface. Calibration was conducted
using a potassium hydrogen phthalate standard solution (Lab-
Cem, USA). The limit of detection (LOD) and limit of quantifi-
cation (LOQ) were determined to be 0.13 pg L™ " and 0.27 ug L™,
respectively (computed according to Harris et al., 2020 (ref. 50)).
Briefly, the standard deviation (SD) was calculated from seven
replicate measurements of the lowest calibration point
(0.5 mg L™ "). This standard deviation was then used to compute
the method's LOD and LOQ. The LOD was calculated as 3 times
the standard deviation divided by the slope of the calibration
curve, while the LOQ was calculated as 7 times the standard
deviation divided by the slope of the calibration curve. The
samples were first filtered through 0.45 pm GFFs (Kinesis KX,
Canada) and diluted 5 times with Milli-Q water to reduce the
salt content. The samples were then acidified with 3 drops of
12.1 M (37% wi/w) hydrochloric acid and analyzed via a TOC
analyzer. The samples (0.5 mL aliquots) were analyzed in trip-
licate directly after collection, and a flush sequence was con-
ducted between samples. Blanks and control experiments were
conducted for all experimental conditions. We prepared blanks
that did not include polymer derived carbon (polymer particles
or DOC) with a marine inoculum and controls that had polymer
derived carbon (polymer particles or DOC) without a marine
inoculum. Controls of a marine inoculum alone and polymer
carbon alone were also tested.

Mineralization to CO, was measured via an SRI 8610C gas
chromatograph (GC) equipped with a methanizer connected to
a flame ionization detector calibrated with authentic gas stan-
dards using standard sample loops. Measurements were con-
ducted on day 5, 7, and 14 by extracting 1 mL of headspace

Environ. Sci.. Processes Impacts, 2025, 27, 1303-1316 | 1307
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(through the butyl rubber stoppers) using a gas-tight syringe
(Hamilton Company) and replacing the displaced volume with
lab air. After the samples were opened, we measured the pH to
account for the dissolved inorganic carbon (DIC). All samples’
pH ranged from 7 to 8 at the end of the biodegradation
experiments.

Results and discussion
Consideration of abiotic and biotic degradation processes

For ease of access and to reduce cost, the majority of standard
biodegradation assays rely on the measurement of CO,
production or O, consumption alone as an indicator of polymer
remineralization (Table S1}).****** Applying one such standard
approach with a natural sea water inoculum, commodity poly-
mers poly(ethylene terephthalate) (PET), polystyrene (PS), LDPE,
PP, and tire rubber (TR) exhibited less than 7 £+ 2 (by mass)
mineralization to CO, over 28 days (Fig. 1; exact values were 0.01
=+ 1 (insignificant), 0.01 £ 1 (insignificant), 2 + 1, 0.4 £+ 0.3
(insignificant), and 7 + 2%, respectively). Similarly, one
commercially available biopolymer, NatureWorks™ poly(lactic
acid) (NPLA) was recalcitrant in this marine inoculum, showing
no additional mineralization compared to LDPE (less than 0.6 +
1%). In contrast, the polymers polyhydroxyalkanoate (PHA,
a biopolymer) straw fragment and poly(R-3-hydroxybutyric acid)
(P3HB, a biopolymer) showed 17 + 6 and 80 + 7% mineraliza-
tion to CO,, respectively. Note that the straws contain a light
blue dye, and the effect of this dye is unknown but certainly
would be expected to be important to photo transformation
rates.” Efforts to obtain dye-free PHA were unsuccessful due to
supply chain limitations, which may be relieved in the future
and enable further study. While the observed results were
consistent with previous understanding of broad categories of
degradation® (i.e., more or less biodegradable), CO, generation/

(a)
100 ]
80 §
P3HB
T 25-
o
i PHA
8 20 '
+
15
~ TR
S ] 5o
101 | ppe
5_
PS _“NpLA
01 per
AL . . . . —
0 5 10 15 20 25 80 100
CO, (%)
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mineralization (headspace CO, and DIC; see ESI Section 37)
represents only a single possible product of polymer-derived
carbon and excludes the possibility that carbon mobilized
from the polymer as dissolved organic matter (DOC) will be
bioavailable as well. Zakem et al. recently argued that nearly
84% of marine dissolved organic matter is bioavailable over
some timescale,” but it remains to be demonstrated that
polymer-derived DOC can be similarly utilized and for which
polymer resins specifically. To account for the carbon mobili-
zation pathway via DOC, we subjected test polymers to 14 days
of photoweathering and quantified the possible transfer of solid
carbon to DOC via photolysis, hydrolysis, or desorption (i.e.,
leaching) (Table S77). Accounting for this pathway, LDPE, TR,
and PHA all showed enhanced carbon release, where LDPE and
TR underwent a more than 2-fold increase (from 2 + 1 to 12 +
2% and 7 + 2 to 12 + 4%, respectively) and PHA mobilization
increased modestly (from 17 + 6 to 19 + 4%). TR was not
purchased as a high-purity polymer and certainly contains
additives,* and the release rates may include both polymer-
derived and additive-derived materials. Note that LDPE is
commonly a negative control for such releases, and other tests
of LDPE in the same photoreactor showed differential release
rates (2 & 1% for 28 days) in the same photoreactor. High-purity
polymers were used in all cases, so additive leachate should
have been minimized. Differences in light scattering associated
with polymer crystallinity (subject of subsequent study by the
authors), additives and morphology would feasibly impact
photochemical degradation and could potentially account for
the LDPE-derived DOC mobilization." In contrast, there was no
measurable photochemical, hydrolytic, or desorptive enhance-
ment of carbon transfer from the particles to the dissolved
phase for PET, PS, PP, or NPLA above the 0.001% of the added
polymer detection limit. This is unsurprising for PP, but PET
and PS should show some degree of photolability (i.e., light
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Fig.1 Polymer degradation measured as mineralization to CO, and dissolved organic carbon (DOC) versus mineralization to CO, alone for (a)
commercially available polymers and (b) laboratory-synthesized polymers. In panel (a), PET is poly(ethylene terephthalate); PP is polypropylene;
PS is polystyrene; LDPE is low density polyethylene; PHA is polyhydroxyalkanoate Phade® straw fragment; TR is tire rubber; P3HB is poly(3-
hydroxybutyrate); NPLA is Nature Works® polylactic acid (PLA). In panel (b), polymers with variable hydroxypivalic acid (3HP) and hexanoic acid
(6HA) loading were prepared, and the shorthand P(3HP,,-6HA,,) indicates the relative proportions (by mass) of 3HP (given by xx) and 6HA (given
by yy) in a series of poly[(hydroxypivalic acid)-r-(hexanoic acid)]. Circles symbolize these polymers, where the blue-to-red gradient corresponds
to increasing proportions of 6HA. Squares indicate pure 3HP (blue) and pure 6HA (red). A 1: 1 relationship is shown by the solid dark line. Error
bars represent standard deviation on triplicate measurements (data in Table S8%).
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absorbing aromatic rings in the monomers terephthalic acid
and styrene), and NPLA should be hydrolysable in principle (i.e.,
hydrolysable ester bonds).*** Indeed, previous studies of
commercial PS*® and PET*® illustrated degradation in the pres-
ence of light. This apparent disparity could have resulted from
previous work using higher light irradiance, strong UV wave-
lengths (i.e., UVC), a higher polymer ratio of DOC and/or poly-
mers with photoactive additives.*”**

There are two noteworthy implications of the findings: first,
accounting for mineralization alone may give a false indication
of what is truly degradable in the environment, as DOC
formation is an important step on the path to remineralization
of carbon-derived plastics’*” (see subsequent discussion of
DOC bioavailability and fate). It is important to recognize that
some mobilized carbon, over long timescales, will become CO,
whereas other materials may crosslink with other particles or
form larger, non-degradable DOC structures.”® Second,
accounting for carbon mobilization to the dissolved phase may
produce a wider distribution of degradation rates, which is
necessary to construct structure-degradation relationships to
inform design. Specifically, elucidating the fundamental
mechanisms of environmental degradation that can be related
to the material structure will ultimately require a broad spec-
trum of polymers with variable structural or physicochemical
properties (e.g., light absorption or molecular composition) and
measurable distinction between corresponding transformation
rates. Third, and documented elsewhere, the role of additives is
clear in photochemical weathering, which must be considered
in any efforts to produce intercomparable datasets from the
literature or cross-laboratory comparisons.***** The study of
pure polymers adds utility for first principles understanding to
inform design, whereas the study of commercial materials may
help constrain relevant environmental degradation timelines
and/or the impact of additives.

To explore the possibility that systematic variation in the
chemical structure could lead to measurable, and someday
predictable, modifications in the degradation rate, we produced
a series of polymers of variable 3-hydroxypivalic acid (3HP) and
6-hydroxyhexanoic acid (6HA) composition and subjected them
to paired abiotic-biotic degradation testing. The shorthand
P(3HP,,-6HA,,) indicates the relative proportions (by mass) of
3HP (given by xx) and 6HA (given by yy) used to produce the
series of poly[(hydroxypivalic acid)-~-(hexanoic acid)] materials,
where r indicates a co-polymer (Table 1). Increasing the fraction
of hexanoic acid (6HA) led to systematically increasing rates of
bioavailability, as measured by CO, generation in the ranges of
12 £+ 7% and 50 £+ 3% mineralization for P(3HP;y,-6HAo) and
P(3HP,-6HA; ), respectively (Fig. 1). The impact of 6HA on
increasing mineralization may be a result of the structure of
bioavailable carbon; 6HA contains a linear alkane chain,
whereas 3HP includes a branched structure at the alpha carbon
position. Linear alkanes are known to be more bioavailable to
marine organisms than branched structures,® which tend to be
more persistent.>® This is presumed to be due to steric limita-
tions on enzymatic processing of branched structures.®* These
structural differences could account for the higher CO, gener-
ation in polymers with greater 6HA content. Accounting for the

This journal is © The Royal Society of Chemistry 2025
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formation of DOC produced from a similar trend as CO,
generation, where total carbon released from the polymers
increased with 6HA content, varying from 15 + 8% and 54 +
11% for P(3HPg50-6HA;) and P(3HP,,-6HAg), respectively.
Although 3HP and 6HA introduce ester linkages throughout the
polymer, no particular moiety enhanced DOC formation more
than another; for example, P(3HPg5-6HAy5), P(3HPg,-6HA),
P(3HPg5-6HA;5) and P(3HPg(y-6HA,,) showed approximately
equivalent enhancements of DOC release ranging from 1.2- to
2.1-fold higher carbon mobilization (DOC and CO,, as
compared to CO, alone), respectively. Following this release, it
is important to understand what fraction of this polymer-
sourced dissolved organic carbon is labile for consumption
and/or mineralization.

Fate of polymer released DOC

To develop a quantitative understanding of the bioavailability
and lability of DOC derived from polymers, the DOC pool was
quantified before and after incubation with a marine inoculum
to develop a mass balance. The contribution of biologically
generated DOC was approximated via a control experiment, in
which only a natural sea water inoculum was added to synthetic
sea water. Here, bioavailability is defined as uptake into the
marine biomass plus CO, mineralization, and this was reported
as a percentage of the original DOC (a detailed explanation of
the calculation is available in ESI Section 31). Among eight
tested commercially available polymers, bioavailability and
lability ranged from 2 + 8% (i.e., insignificant) to 84 + 18%
(Fig. 2a). DOC derived from PP showed insignificant bioavail-
ability (p-value > 0.05) compared to the control. DOC derived
from LDPE, PET, TR, NPLA, PS, PHA and P3HB exhibited
progressively increasing lability of 25 4+ 17, 44 + 19, 29 + 10, 17
+7,63+19,79 + 12, and 84 + 18% bioavailability, respectively
(mean and standard deviation on triplicate measurements).
Residual fractions ranged from less than 16% for P3HB-derived
DOC to insignificant changes for PP-derived DOC. Considering
the total fraction of carbon taken up as biomass or mineralized
to CO, illustrated that relatively large fractions of DOC were
labile for many of the tested polymers.

These results are challenging to compare to prior work due
to variable approaches in experimentation. Nevertheless, there
are some prior studies that sought to account for both photo
and biological transformations and should be noted. First, Zhu
et al.®* found that up to 76 £+ 8% of DOC derived from photo-
weathered expanded PS was bioavailable in 96 days, whereas
this 14 day experiment gave 63 + 20%. Furthermore, Romera-
Castillo et al'® found that DOC derived from PLA lacked
elevated bioavailability relative to LDPE, PS and EPS, contrast-
ing our results that NPLA, PHA and P(3HP,,-6HA,,) were more
bioavailable. The broad heterogeneity among biodegradation
studies could result from many influences: differences in
polymer formulations (e.g., inclusion of photoactive additives),
and known variability in marine microbial consortia in space,
time, and competing carbon substrates. Thus, it is important
that all biodegradation studies benchmark material environ-
mental performance with well-known standards (e.g., both

Environ. Sci.. Processes Impacts, 2025, 27, 1303-1316 | 1309
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(gray). Bioavailable carbon reflects the amount of DOC that is consumed by microorganisms (i.e., mineralization + biomass). The residual is the

difference between the initial concentration of DOC and remaining (see

ESI Section 37). (a) Commercial polymers: PET, PP, PS, LDPE, PHA, TR,

P3HB, and NPLA. (b) Lab-synthesized poly[(hydroxypivalic acid)-r-(hexanoic acid)] co-polymer with varying mass fractions of hydroxypivalic acid
(3HP) and hexanoic acid (6HA). Error bars represent standard deviation on triplicate measurements.

recalcitrant and labile polymers) prior to declaring materials as
stable or bioavailable. Furthermore, intercomparison studies
that inform material design principles or machine learning
models relating the structure to the absolute transformation
rate should draw from datasets where there is some consistency
in the experimental approaches. Note that any studies that rely
on natural inocula could be subject to poor interoperability, and
efforts to build degradation datasets may ultimately require
reliance on abiotic approaches to probe biological degradation
potential (e.g., enzyme-substrate activity tests) or well-
controlled cultures.

Using the same inoculum to compare bioavailability
amongst systematically varied polymer structures, DOC lability
varied but in a non-linear fashion (Fig. 2b). Specifically, the
addition of bioavailable copolymer (e.g., 6HA) did not enhance
the bioavailability of DOC derived from polymers in a system-
atic way quantitatively. For instance, DOC produced from
P(3HPgs-6HA;5) and P(3HP45-6HA35) showed a similar bioavail-
ability (uptake of DOC into bacterial biomass plus reminerali-
zation to CO,) of 65 + 11% and 64 + 10%, respectively (i.e., no
change in bioavailability in spite of a 20% increase in 6HA
loading). Similarly, a 60% increase in 6HA content between
P(3HPg(-6HA () to P(3HP,-6HA, ) resulted in only a modest
increase in total lability of DOC (92 %+ 5 to 100 + 10%). In other
cases, a minor (5%) addition of 6HA from P(3HPss-6HA3;5) to
P(3HPg(-6HA,,) enhanced DOC bioavailability dramatically,
from 64 + 10 to 92 + 5%, respectively. Interestingly, all poly-
merized co-polymers generated DOC with higher bioavailability
than the respective monomers. For example, 3HP (a fully
soluble monomer) showed 19 + 9% bioavailability, whereas 42
+ 12% total C was bioavailable for consumption from P(3HP; (-
6HA()-released DOC. Similarly, while 6HA showed 66 + 16%
lability, P(3HPyy-6HA o) showed 100 £ 10% DOC mobilization

1310 | Environ. Sci.. Processes Impacts, 2025, 27, 1303-1316

into biomass uptake and CO,. Finally, the authors acknowledge
that the self-consistency within each of these sets of experi-
ments (Fig. 2a and b) does not necessarily imply that the order
of degradation would be the same in every circumstance. It is
well documented that several factors, including the composi-
tion of available DOC, influence the overall bacterial growth and
associated degradation. Nevertheless, this is true for all
biodegradation studies, and a strong effort to standardize
degradation tests*® is needed alongside the development of
deeper understanding of the fate of polymers in natural
systems.

Comparison of dark and light-mediated processes on polymer
bioavailability

One argument for processing standard biological tests in the
dark is to avoid light-induced effects on the microbial species
(e.g., death) and the test materials. To investigate the impact of
photo-weathering on the overall carbon mobilized from the test
materials and the impact on the growth of the surrounding
marine microbes, we compared dark controls subjected to
standard biodegradation tests to photo-irradiated samples
treated with subsequent biological testing. First, DOC liberated
by photo-processing was as or more bioavailable than that in
dark biodegradation experiments alone (i.e., sunlight contrib-
uted to a net enhancement of carbon mobilization, Fig. 3a and
b). Two commercial polymers (PHA and TR at 0.8 £ 0.6% and 2
+ 1%, respectively) and six of the lab-synthesized co-polymers
(P(3HPg5-6HA;5), P(3HP,5-6HA,5), P(3HP,-6HA;,), P(3HPgs-
6HA;5), P(3HP4o-6HA ) and P(3HP,-6HA o) at 7 + 3,4 + 2,3 +
2, 5+ 3, 14 + 3 and 1.3% =+ 0.9%, respectively), showed
enhanced DOC bioavailability, whereas all others showed no
significant difference between photo-bio processing testing and
standard dark biodegradation approaches. This suggests that

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Comparison between photoweathered polymers and dark controls (light—dark). DOC produced from abiotic testing was taken up by
biomass or converted to CO, (combined) for photo-weathered polymers minus the dark control in (@) commercial polymers and (b) laboratory-
synthesized co-polymers. Residual solids from abiotic testing were converted to CO, for (c) commercial polymers and (d) laboratory-synthe-
sized co-polymers. Error bars represent the standard deviation on triplicate measurements.

the light mediated release was not significant for those poly-
mers. Second, CO, generated from photo-weathered polymer
particles was not significantly different from CO, generated in
standard dark biodegradation studies except in the cases of
LDPE, P3HB and PHA. LDPE showed a minor reduction in CO,
generation (—0.9 + 0.6% (light-dark)) while P3HB and PHA
showed an increase in CO, mobilization due to photo-
irradiation at 6 £ 2% and 4.6 + 0.7%, respectively (Fig. 3c
and d). For the polymers tested here, a minor mobilization
enhancement was expected, because the majority of these solids
are not known to have a high degree of photo activity (Table
S77). Nevertheless, the results are consistent with previous
evidence that photo-degradation accelerates the rate of DOC
formation.*'?331:4957.63.64 For the 18 polymers tested, there was no
measurable negative impact of photo-weathered DOC on
microbial activity. Furthermore, ten out of the 18 tested poly-
mers showed that irradiation for only 14 days (with elevated
fluence relative to the Boston sun) caused the mobilization of

This journal is © The Royal Society of Chemistry 2025

up to 14 + 3% more carbon (Fig. 3), which eventually was more
bioavailable for marine microbial degradation.

Pathways of polymer degradation

Abiotic and biotic. Leveraging the complementary assess-
ments of biotic and abiotic environmental degradation, a rapid
delineation of the overall degradation of the polymer can be
visualized (Fig. 4). Here, abiotic degradation is defined as the
carbon mobilized from the original polymer material within 14
days of irradiation in seawater as DOC, and biotic degradation
is defined as CO, generated during 14 days of inoculation with
natural seawater. We caution that the biological degradation
axis must only be utilized with self-consistent experiments,
especially regarding the inoculum.?” In this plot, the lower left
quadrant indicates polymers resistant to both biotic and abiotic
degradation under marine conditions (i.e., NPLA and PP); the
lower right quadrant hosts polymers that are most susceptible

Environ. Sci.. Processes Impacts, 2025, 27, 1303-1316 | 1311
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degradation is defined as the percent of carbon mobilized from fresh
polymers as DOC after 14 days of photoweathering under simulated
sunlight. Biotic degradation is defined as the percent of carbon
consumed as CO, from fresh polymers by natural marine microor-
ganisms after 14 days of incubation (i.e., without photostimulation).
The authors underscore that these are operational definitions highly
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to biotic degradation and resistant to abiotic degradation (i.e.,
P3HB); and the upper left quadrant indicates abiotically
degradable polymers with limited biodegradation potential.
The upper right quadrant of the plot (biotically and abiotically
degradable), while counterintuitive, is theoretically possible
because the experimentation sets are isolated (e.g., each starts
with the same mass of degradable material and the abiotic and
biological transformation mechanisms do not co-occur, except
for potential hydrolysis pathways). Applying these criteria, all
commercial polymers are resistant to environmental degrada-
tion, except for P3HB, which exhibited biodegradation poten-
tial. With regard to exploration and optimization of potential
degradability of new materials through the lens of the P(3HP,,-
6HA,,) polymers: (1) addition of linear monomer structure 6HA
in the polymer improved overall biotic degradability (e.g., 7 +
1% for P(3HPy5-6HAys) to 35 £ 3% for P(3HP;¢-6HA3)) and (2)
heteropolymers (i.e., any co-polymer mixture) showed approxi-
mately 2.5-fold improved abiotic degradability compared to
homopolymers (i.e., P(3HP;0p-6HA(,) and P(3HP,-6HA;q);
homopolymers exhibited similar abiotic degradation, around
10 = 3%, whereas heteropolymers exhibited 27 + 5% abiotic
degradation). Taken together, these raise important questions
regarding the independent tuning of polymer properties and
degradation rates using co-polymers or low-level additives,* as
well as what might fundamentally give rise to improved abiotic
degradation in heteropolymers (e.g., via increased light
absorption or scattering, or access to internal hydrolytic sites
via heterogeneities in crystallinity (ESI Table S27), morphology,
or other impacts of co-polymer assembly; and light-morphology
or light-crystallinity interactions are also possible). In partic-
ular, a designer must reflect on the use phase of the intended
application prior to selecting a compatible degradation strategy.
For example, high rates of hydrolysis would be undesirable for
products that hold aqueous fluids (e.g., biomedicine, hydration,
or plumbing) and photostabilizers may be necessary in outdoor
or performance polymers (e.g., aerospace). Nevertheless, there
is currently a large gap between the useful lifetimes of most
polymers (e.g., order of a year or less for packaging®®) and their
corresponding environmental lifetimes (e.g., order of decades
or more'?), implying that there is great opportunity for chemical
innovation to support meaningful reductions in the environ-
mental accumulation of industrial polymers.

Finally, readers are encouraged to recognize that the results
reported here are a function of the experimental conditions
(e.g:, light fluence, innocula, and polymer types) and duration
(e.g., time), where further degradation is likely possible over
longer timescales (Tantawi et al., unpublished work). The ability
to track polymer dynamics in high throughput and with

dependent on the experimental system. Polymer degradation (a)
presented in a framework to simultaneously show abiotic and biotic
degradability of polymers, (b) commercial polymers and (c) lab-
synthesized co-polymers of poly[(hydroxypivalic acid)-r-(hexanoic
acid)]. Circles symbolize these polymers, where the blue-to-red
gradient corresponds to increasing proportions of 6HA. Squares
indicate pure 3HP (blue) and pure 6HA (red). Error bars represent
standard deviation on triplicate measurements.

This journal is © The Royal Society of Chemistry 2025
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chemical specificity would be a great asset for a more complete
understanding of polymer fate in environmental and experi-
mentally simulated systems.

Implications

These results illustrate that polymer-derived DOC is available
for consumption by marine organisms and represents a non-
trivial allocation of carbon mobilized from polymers, in addi-
tion to fully remineralized CO,. Efforts to trace polymer-derived
byproducts could be aided by isotopic labeling studies (i.e., **C-
enriched polymers to enable explicit tracking of DOC in
complex mixtures), as demonstrated by Zumstein et al.,*” and
natural abundance isotope experiments may be useful in
restricted circumstances where the starting polymer's isotopic
signature is unique compared to the environmental back-
ground (Foster et al., unpublished work). Furthermore, experi-
mentation leveraging advanced high-throughput
experimentation and data analysis®®®® to understand polymer
fate more comprehensively will rapidly augment current
knowledge of polymer chemical fate. Specifically, the identity of
polymer-derived DOC products will be critical to anticipate their
degradability, partitioning, or ecological effects, and ongoing
efforts to accelerate polymer-derived DOC classification and
identification are needed.

The work presented here underscores that the definition of
biodegradable should be expanded in standard tests to include
the production of DOC as well as CO, and biomass.**1¢:57:63,6469,70
Furthermore, inclusion of abiotic transformation processes is
critical to capture a broader range of environmentally relevant
removal mechanisms and a more encompassing term (ie.,
“environmental degradability”) may provide a more accurate
description of material fate than biodegradation alone. Such
a description would inform sustainable design practices by
virtue of providing a range of degradation rates (i.e., rather than
simple assignment as biodegradable or not) and mechanisms
that can be related to underlying chemical or physical struc-
tures of the materials.*®*”"”> Hence, intercomparable databases
could be constructed to both inform new fundamental under-
standing of what gives rise to environmental degradability and
enable prediction of degradation rates from novel structures
alone. In this way, novel materials necessary to meet the
growing demands of society can be reconciled with the
requirement to build materials that are fundamentally
compatible with the earth system.
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