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Characterisation of the unknown chemical
composition of a commercial biodegradable
agricultural plastic mulch film using
complementary spectrometric and spectroscopic

techniquest
Charlie Monkley, (22 *@ Michaela K. Reay, (2% Helen L. Whelton,® Richard P. Evershed?®
and Charlotte E. M. Lloyd*®®°

Biodegradable polyester mulch films are a viable alternative for use in agriculture to polyolefin-based
films, offering reduced long-term microplastic pollution in agroecosytems with comparable protections
for food security. However, these films carry diverse organic additives and non-intentionally added sub-
stances (NIASs), representing an underexplored source of anthropogenic chemicals in agroecosystems.
Comprehensive chemical characterisation of these films is critical but hindered by restrictions on reveal-
ing proprietary formulations. This study presents a non-targeted screening (NTS) workflow employing
multiple complementary analytical techniques to elucidate the organic composition of a polylactic acid
(PLA)/polybutylene adipate-co-terephthalate (PBAT) mulch film. *H nuclear magnetic resonance (NMR)
quantified polyester contributions to the blend and revealed an unreported polybutylene sebacate (PBSe)
component, likely from polybutylene sebacate terephthalate (PBSeT). Dissolution-precipitation extraction
of the film followed by gas chromatography—mass spectrometry (GC-MS) and GC-flame ionisation
detection (GC-FID) identified key additives in the extracted soluble fraction, including acetyl tributyl citrate
(ATBC) plasticiser (4210 + 135 pg g™, and 8 cyclic oligoesters up to dimers. High-performance liquid
chromatography-Orbitrap-mass spectrometry (HPLC-Orbitrap-MS) and direct infusion (DI)-Orbitrap-MS
expanded oligoester detection to 83 additional components beyond the analytical window of GC-MS.
The detailed oligoester profiles underscore the need to apply this workflow to biodegradable mulch films
from diverse commercial sources and food industry applications to assess their broader chemical varia-
bility. These methodologies offer critical tools for the life cycle assessment of biodegradable agricultural
plastic mulch films, advancing our understanding of the environmental impact and safety of these new
materials.

leading to increased water use efficiency and crop yields.”™
China is the predominant country to adopt agricultural plastic

Agricultural plastic mulch film is one of the most economically
viable and accessible cultivation practices, whereby, film is
stretched over the soil prior to cropping to maintain a humid
microclimate at the crop root-soil zone." Application of the
film over the cropping season simultaneously acts as a protec-
tive barrier against pests, weeds and detrimental weather,
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mulching practices and in 2012, it is estimated to have
increased the production of wheat, maize, and rice by
30 million tonnes.> Agricultural plastic mulching also reduced
the use of irrigation water by 35 million m* per year and herbi-
cide use by 16 000 tonnes per year in China, helping to provide
food for approximately 85 million people annually.” Thanks to
these benefits, agricultural plastic much film aids food secur-
ity, especially for those in resource-constrained regions or
adverse and changing climates.®

However, the use of low density polyolefin-based mulch
films, such as polyethylene (LDPE) or polypropylene (PP),
brings with them potential negative environmental impacts.”
These arise from the accumulation of long-lived macro-
(>5 mm) and/or microplastic (<5 mm) particles in agroecosys-
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tems as a consequence of improper disposal or
fragmentation.®° Because of this, biodegradable mulches have
been developed as a means of alleviating long-term agroecosys-
tem plastic pollution, comprising polyesters, including poly-
butylene-co-adipate terephthalate (PBAT), poly(butylene succi-
nate) (PBS) and poly(e-caprolactone) (PCL) often blended with
compostable polylactic acid (PLA) or naturally occurring poly-
saccharides.'® Such films have been shown to have comparable
agronomic benefits to LDPE films for multiple crop types.'**?
In addition to the polymer matrix of plastics, inorganic and
organic chemical additives are incorporated to aid with proces-
sing, improve functionality, alter aesthetics and reduce pro-
duction costs.">** Both additives and polymers are subject to
degradation, transformation or intermediate formation during
production and infield use, to non-intentionally added sub-
stances (NIASs). There is potential for these diverse chemical
components to be released to soils used for food production
through leaching from the bulk material or following material
degradation in cases where the biodegradable mulch film is
unrecovered or tilled into the soil after functional use.'®
Therefore, for biodegradable mulches to be a successful
alternative to polyolefin films, the additive content, along with
the bulk polymeric composition and any derivatives it may
form, must be passively incorporated into the environment
without negative implications to ecosystem functioning."” A
recent EU standard for biodegradable mulches intended for
end-of-use tilling recognises this, mandating (eco)toxicity
assessments (for plants, worms and nitrifying bacteria) for the
material as a whole and for chemical constituents incorpor-
ated above 1%, whilst also limiting compounds listed by the
European Chemicals Agency (ECHA) as substances of very
high concern (SVHC) to specified thresholds.'®"°
Comprehensive characterisation methodologies are essen-
tial for life cycle assessment of biodegradable mulch films.>
The polymer composition is usually reported by manufacturers
and can be confirmed with spectroscopic or spectrometric
techniques either for pristine or aged material. For instance,
Nelson et al.”* demonstrated the utility of "H nuclear magnetic
resonance (NMR) spectroscopy in identifying and quantifying
residual PLA/PBAT mulch films in soils and it has further
application for the monitoring of PLA/PBAT biodegradation.?*?*
In comparison, Fourier transform infrared (FTIR) spectroscopy
suffers from poorer spectral resolution to NMR and lacks
quantitative precision required for mixed polyester plastics,
but still holds value for monitoring functional group changes
during biodegradation.>”>>* Alternatively, pyrolysis-gas chrom-
atography-mass spectrometry (Py-GC-MS) may be combined
with thermogravimetric analysis (TGA) to provide quantitative
polymer composition,> and multi-shot Py-GC-MS can also
characterise additives via initial thermal desorption.>® Overall,
polyester compositional analysis using '"H NMR is the pre-
ferred technique for detailed characterisation of PLA/PBAT-
based films, owing to the insight it provides into molecular
structure, including monomer identity, ratio, and sequence
connectivity. Crucially, NMR analysis is made feasible by the
high solubility of both PBAT and PLA in deuterated chloroform
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(CDCl;), which allows for effective dissolution and reliable
spectral acquisition.>®

Beyond the main polymer components, the additive com-
ponents of mulch films are rarely specified as they are
regarded as propriety information. For additive component
characterisation of mulch films, targeted analyses are typically
used for additives of known environmental or human health
concern, which involves solvent extraction followed by hyphe-
nated mass spectrometry (MS) analyses. For example, reverse-
phase high performance liquid chromatography (HPLC)
coupled with electrospray ionisation mass spectrometry
(ESI-MS) has been effective for benzotriazoles, benzophenones,
and hindered amine light stabilisers (HALS),”””*® and organo-
phosphite/organophosphate  antioxidants.>®  Additionally,
GC-MS and GC-high resolution MS (GC-HRMS) is commonly
used for determination of phthalate and adipate
plasticisers.>* > Therefore, to obtain a complete perspective of
the chemical composition of plastic mulch films, a range of
analytical techniques are required.

Importantly, the chemical complexity of biodegradable
mulch films extends beyond additive components typically
evaluated as substances of known concern. Non-targeted
screening (NTS) of PLA/PBAT mulch films by Cui et al*
detected 80 components via GC-MS, including 23 alkane lubri-
cants, 9 amide slip agents and 5 fatty acids, which do not
present any environmental hazards, whereas other additives of
concern were identified including 3 phthalates and bisphenol
A, which are known to cause reproductive toxicity.'® Xu et al.*°
analysed PLA/PBAT mulch film extracts using GC-quadrupole
time-of-flight (QTOF)-MS and LC-QTOF-MS but only reported
45 additive components, which included priority phthalates,
bisphenols and organophosphate triesters."> NTS reduces
detection bias compared to targeted approaches but other
organic components of PLA/PBAT mulches remain unexplored.
Polyester synthesis generates oligoester by-products, which can
comprise significant portions of pristine materials.>*” Reay
et al.'® found PLA/PBAT derived NIASs to comprise 37.4% of
the detected organic content, which was greater than the com-
bined additive content (24.3%). Biodegradation further
increases oligoester derivatives,*® and concern has been raised
due to the potential for polyester-derived chemicals to interfere
with microbial functioning or alter soil properties.*® While the
aforementioned reports have provided important insight into
the potentially complex compositions of biodegradable mulch
films, they do not provide a workflow which allows chemical
composition (bulk polymer, intentional and unintentional
chemical components) of commercially available mulch films
to be defined for use in environmental risk assessments.

Herein, we present a NTS workflow designed to characterise
the comprehensive composition of organic components in
PLA/PBAT mulch films. Sample preparation strategies and a
combination of complementary analytical techniques are pre-
sented that detect chemical components across the molecular
weight range, from volatiles to polymers. Bulk polyester com-
position was characterised with 'H NMR, and hyphenated
chromatography MS techniques utilised for the characteris-

This journal is © The Royal Society of Chemistry 2025
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ation of solvent extracted components. The dissolution-pre-
cipitation extraction procedure was chosen due to its univer-
sal applicability and assurance of dissolving the polyester
matrix,>® ensuring additive and NIAS recovery to the extrac-
tion solvent was not hindered by limited diffusion through
the polymer matrix."”> A key novelty lies in the tailored MS
data analysis workflows, which overcome challenges posed by
unknown composition. Overall, this approach enables the
detection and identification of both additives and NIASs,
as well as unreported polymer components, thereby fully
addressing the chemical complexity of these materials, which
would be of value in supporting environmental life cycle
assessments.

Experimental
Chemicals, reagents and sample collection

Information on solvents, plastic, additive and oligoester stan-
dards is presented in the ESI (Section S1).t The internal stan-
dards benzyl benzoate (CAS 120-51-4, >99% purity, 2.01 mg
mL™") and butyl benzyl phthalate (BBP) (85-68-7, >98%,
1.98 mg mL™'), and N-methyl-N-(trimethylsilyl)trifluoroaceta-
mide (MSTFA) for derivatisation, were purchased from Sigma-
Aldrich, Merck Life Sciences UK Ltd.

A commercially available, biodegradable mulch film of
reported composition 85% PBAT and 15% PLA (PLA/PBAT
mulch) was purchased directly from a UK manufacturer. The
pristine PLA/PBAT mulch was cut to ~5 mm? pieces and stored
in furnaced aluminium foil prior to extraction and analysis.

Polymer compositional analysis: "H NMR

"H NMR was used to confirm the polymeric composition of
the mulch film and their relative proportions. Plastic mulch
and polymer standards (PLA, PBAT and PBSe) (5 mg) were dis-
solved in 700 pL deuterated chloroform (CDCl;) within
Norell® Select Series™ 5 mm NMR tubes (NORS55007).

"H NMR spectra were recorded on a 600 MHz Bruker Neo
spectrometer equipped with a 5 mm TXO cryogenically-cooled
probe at 25 °C. Topspin 4.1.3 was used for data acquisition
and processing. The standard Bruker PROTON experiment
acquisition parameters were used and the analysis software
was MestReNova 14.2.1.

Molar ratios were determined through the following
equation, using assigned proton signals that represent the
monomeric units of each polymer:*°

I;
m;
n Iypr)  Ie(pra)

mol % = 100

Io(pBA)

n Ty(pBse)
Mg (pBA)
i = a(PBA), b(PBT), ¢(PLA), d(PBSe)

Mpeer)  Mc(PLA)  Md(PBSe)

where I is the intensity of the assigned "H NMR signal for the
repeated monomeric unit of the polymer, m is the number of
protons in the assigned 'H NMR signal for the monomeric
unit of the polymer, a(PBA), b(PBT), c(PLA) and d(PBSe) are 'H
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NMR signals for PBA, PBT, PLA and PBSe moieties,
respectively.

By using the same equation but multiplying the molar
equivalents by the molecular weight of the repeat units, the
weight percentage of the polymers were calculated, assuming
that the contribution from end groups is negligible. Additional
additive mass is not accounted for.

mol wt%(polymer) =
I;
— MWpolymer
m;
IypBa) Iy(pBr) Ie(pLa) Ly(pBse) x 100
222 Mwppa + ——— MWppr + Mwprs + Mwpsse
Mg(pBA) Mp(pBT) M (pLA) Mg (pBSe)

i = a(PBA), b(PBT), c(PLA), d(PBSe)

where Mwpgy, MWpgr, MWp s and Mwpgg. are the molecular
weights of the monomeric units of PBA, PBT, PLA and PBSe.
Mwpolymer Tefers to the polymer of interest of the three.

Dissolution-precipitation extraction procedure

An overview of the extraction procedures, recovery assessment
and characterisation considerations are outlined in Fig. 1.
Extracts and procedural blanks were produced in triplicate.
PLA/PBAT mulch (0.1 g) was dissolved in 2 mL DCM and 30 pL
of 2.01 mg mL™" benzyl benzoate was added as an internal
standard (IS). Extracts were sonicated (10 min) before polymer
was precipitated with the gradual addition of MeOH (10 mL)
and vortex mixed (30 s). Extracts were filtered through pre-com-
busted 1.2 pum glass microfibre filters (Whatman® GF/C
Grade; Merck Life Sciences Ltd), the remaining polymer was
washed with MeOH (2 x 5 mL) and the combined extracts were
evaporated under N, to <2 mL at room temperature. At this
point, polymer was observed to evolve from solution as sus-
pended “white precipitate”. Extracts were centrifuged at 3000
rpm (3 min) and supernatant was transferred. This was
repeated three times with 1 mL MeOH and the supernatants
combined. The precipitate was dried at 50 °C and confirmed
as residual polymer (Section S2; ESIT). MeOH extracts were
evaporated to dryness under N, and redissolved in 250 pL of
MeOH.

Extracts were analysed both with and without MSTFA deri-
vatisation for GC-FID and GC-MS. For derivatisation, a dried
sub-sample (50 pL) was derivatised with MSTFA (30 pL, 1 h,
70 °C). Excess MSTFA was evaporated under N,, and the deriva-
tised extract was diluted in ethyl acetate (GC-FID and GC-MS,
this was 1:10 by redissolving in 500 pL and for GC-QTOF-MS,
this was 1:50).

GC-FID analyses

GC analysis for quantification was undertaken on a Thermo
Fisher Scientific™ Trace™ 1300 Gas Chromatograph fitted
with a non-polar Agilent HP-1 column (50 m x 0.32 mm,
0.17 pm film thickness). Extract (1 pL) was introduced to the
programmable temperature vaporiser (PTV) inlet at an injec-
tion temperature of 50 °C in splitless mode for 2 min, followed
by split flow at 12 mL min~". The oven temperature pro-

gramme was: 50 °C (1 min), ramping (5 °C min™') to a final
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Fig. 1 Overview of dissolution-precipitation extraction procedure and subsequent analytical workflow with instrumental analyses highlighted in

coloured cells.

temperature of 300 °C (10 min). Helium (He) carrier gas was
set at a constant flow rate of 2 mL min~". The flame ionisation
detector (FID) was held at 320 °C with a data collection rate of
10 Hz. Data collection and analysis was performed in
Chromeleon® 7 (Version 7.2.1.5833; Thermo Fisher
Scientific™).

GC-MS analyses

GC-MS analysis for compound identification was undertaken
on a Thermo Fisher Scientific™ ISQ™ LT single quadrupole
GC-MS system. The GC set up was the same as used in GC-FID
analyses. The MS operated under electron ionisation (EI) (70
eV) under a full scan range (m/z 15-650) at a scan time of 0.2 s
with a scan delay of 5 min. The transfer-line to the MS and ion
source were maintained at 300 °C, and the carrier gas (He) was

set at a constant flow rate of 2 mL min~*.

Analyte identification, quantification and recovery assessment
with GC-FID and GC-MS

GC-MS data analysis was conducted using Xcalibur Version
4.1.31.9 (Thermo Fisher Scientific™ Ltd). Spectral libraries
included: NIST 14 Main Library, NIST 2019 Additives Library,
NIST 2019 Flame Retardants Library, NIST Stabilisers-
Antioxidants Library and the NIST 2019 Plasticisers Library.
Compounds with structural matches >80% were tentatively
identified in extracts and those identified were confirmed with
reference to standards, where available. Quantification of each
analyte and recovery of the IS was with reference to the
amount of known BBP solution (125 pL 1.98 mg mL ™%
250 pg), added post extraction. Response factors (RF) were

3322 | Analyst, 2025, 150, 3319-3332

determined with reference compounds of suspects (0.10 mg
mL™") relative to BBP using GC-FID. When a reference com-
pound was unavailable, the RF for a chemically similar surro-
gate was used for quantification. The relative recovery for ana-
Iytes with available reference material is outlined in the ESI
(Section S3).f Additionally, GC-QTOF-MS was used for the
structural elucidation of unknown PLA/PBAT mulch film com-
ponents not present in MS libraries (Section S4; ESI).t

DI-Orbitrap-MS analyses

Direct infusion (DI)-Orbitrap-MS was utilised for the detection
of oligomeric components in extracts. Method development
with 1,6,13,18-tetraoxacyclotetracosane-7,12,19,24-tetraone,
pharacine and cyclotris(1,4-butylene terephthalate) (10 pg
mL™" in MeOH) found optimal ionisation using a mobile
phase of MeOH with 0.5 mM ammonium acetate for the for-
mation of [M + NH,]". No analyte ion signals distinct to back-
ground ion signals or solvent blanks were found in negative
mode (spray voltage —2500 V). Dissolution precipitation
extracts and procedural blanks were diluted by 1:1000 in
MeOH, equivalent to a final BBP concentration of 1 pg mL™".
The Orbitrap-MS was calibrated with Pierce™ FlexMix™
Calibration Solution (Thermo Fisher Scientific) prior to ana-
lyses and MeOH blanks (10 pL) were injected between each
sample.

DI-Orbitrap-MS was undertaken using the HPLC stack for
consistent flow rates and injection volumes while bypassing
the column. The system comprised a Thermo Scientific™
UltiMate™ 3000 UHPLC System coupled with a Thermo
Scientific™ Orbitrap ID-X mass spectrometer. The mobile

This journal is © The Royal Society of Chemistry 2025
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phase was MeOH (0.5 mM ammonium acetate) which was held
at a constant flow rate of 0.2 mL min~". The extract (10 uL) was
injected and flowed directly to the fitted heated-ESI (HESI)
probe. The ion source was set to positive polarity mode with a
spray voltage of +3500 V. Sheath gas (25 arbitrary units (arb)),
auxiliary gas (10 arb) and sweep gas (4 arb) were maintained
along with constant ion transfer tube temperature (300 °C)
and vaporiser temperature (50 °C). Total acquisition time was
6 min with Orbitrap resolution set to 240 000 in profile mode
with an m/z scan range of 150-2000.

Thermo .raw files were centroided and outputted as .mzML
files using the MSConvertGUI software for analysis,*' which
was adapted from the work of Pemberton®? and detailed in the
ESI (Section $5).7*>** In brief, ion signals separated by a con-
stant m/z difference equivalent to the monomeric units for
PLA (72.02113 Da), PBA (200.10486 Da), PBT (220.07356 Da)
and PBSe (256.16746 Da) were extracted as oligomer sequences
within R.*®> This was constrained at an intensity threshold of 1
x 10* and within a mass tolerance of +0.001 Da. Following
sequence construction, each ion was assigned an elemental
composition, which additionally informed the adduct formed
(e.g. [M + NH,]" or [M + Na]) along with any isotope contri-
bution (e.g. *C or *®0) (isotopologues could be disregarded).

The elemental composition of the first ion in a sequence
was compared to a compiled predicted structure database,
which included 91 linear and cyclic combinations of the
monomer components from each polyester component in the
system (ESI; Spreadsheet 1).t Tentative structural assignment
for the lowest ion in the series facilitated analogous assign-
ment of consecutive ions, which would increase by a single
monomer unit each time. In cases where comparison to the
compiled predicted structure database was ineffective, mole-
cular formula were compared to the ChemSpider online data-
bases and interpreted for probable chemical components
based on those already characterised through GC-MS and
GC-QTOF-MS. Accurate molecular formula assignment along
with tentative structural information sets identification confi-
dence for oligoester components detected through this
approach at level 3, of 5, on the scale set by Schymanski
et al.*®

HPLC-Orbitrap-MS analyses

Dissolution precipitation extracts and procedural blanks were
diluted by 1:100 into MeOH (BBP concentration of 10 pg
mL ") for reverse phase HPLC-Orbitrap-MS. A mixed solution
of reference material that included 1,6-dioxacyclododecane-
7,12-dione, pharacine, BBP, ATBC, cyclotris(1,4-butylene tere-
phthalate) and pentaerythritol monostearate (PMS) was pre-
pared in MeOH at 10 ug mL~" and monitored over the analyti-
cal run for consistency in retention times (RTs) (maximum
deviation: +0.04 min) and mass accuracy (maximum RSD of
precursor ion: 7 x 10 °%).

The HPLC-Orbitrap-MS system comprised the same HPLC
stack and MS as that used for DI-Orbitrap-MS, with the
addition of an Acquity C18 BEH column (2.1 x 150 mm,
1.7 pm particle size), which was maintained at 45 °C. The

This journal is © The Royal Society of Chemistry 2025
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mobile phase consisted of: (A) H,O and (B) MeOH, both with
0.5 mM ammonium acetate. The same solvent system with the
addition of 0.1% formic acid was tested but did not result in
the detection of novel compounds or present any advantage
compared to 0.5 mM ammonium acetate alone. The solvent
gradient started at 50% (B) for 3 min, which was then linearly
ramped to 95% (B) at 24 min, held at 95% (B) for 20 min, and
returned to 50% (B) by 46 min for 10 min equilibration.

The same source and MS scan properties were as outlined
for DI-Orbitrap-MS analysis were used. Alongside positive MS
data acquisition, data-dependent MS/MS (ddMS?) occurred
with the number of data-dependent scans set to 5 and iso-
lation of precursor ions within an isolation of m/z 1 using the
quadrupole trap. Fragmentation was achieved with stepped
higher-energy collisional dissociation (HCD) energies at 20, 30
and 50% of the instrument’s maximum. A dynamic exclusion
window of 10 s was set with a mass tolerance of 3 ppm to limit
repeat ion fragmentation, and an intensity threshold was set
based on the signal intensity of the baseline (1 x 10°).

For analyte characterisation, peak by peak analysis was
undertaken within Xcalibur for the assignment of precursor
ions subjected to ddMS>. Elemental composition, adduct for-
mation and molecular formula were assigned in all cases.
Molecular formula could then be compared to online spectral
databases (ChemSpider, MassBank) for an initial list of
suspect hits, and to the constructed database of expected oli-
goester components. MS/MS data was additionally searched
against the mzCloud HRMS library for matches in both precur-
sor ion accurate mass and corresponding fragment ions. In
cases where cyclic oligoester components were absent from
spectral libraries, diagnostic fragment ions provided
additional structural information to determine the monomeric
components, previously assigned in Monkley et al.*” Therefore,
the confidence of identification fits the requirements for level
2 set by Schymanski et al*® for probable structures in all
cases. This was improved to confirmed structures with refer-
ence material where available (Table 1).

Quality assurance considerations

Stringent control measures are required to limit potential addi-
tive contamination following leaching from plastic equipment.
Aluminium foil and glass were used for storage, extraction
vessels or other practical equipment where possible, and
cotton lab coats were worn (Fisher Scientific™ Ltd). All glass-
ware, glass fibre filters and aluminium foil was wrapped in
aluminium foil and furnaced at 450 °C for 2 h prior to use.
Volumetric equipment was cleaned by successive washes with
double distilled water and solvents of different polarity
(n-hexane, MeOH and DCM) before drying. Handling of filters
and films was done with solvent sterilised tweezers. Effort was
made to minimise sample exposure time to the open air by
sealing vials with furnaced stoppers or covering with alu-
minium foil. Procedural blanks (n = 3) were ran in parallel to
mulch film extraction and analysis to ensure the analytes
detected were mulch film derived.

Analyst, 2025, 150, 3319-3332 | 3323
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Results and discussion

The following sections present detailed characterisation of the
bulk polyester composition of an agricultural plastic mulch
film with "H NMR, and mulch film extract composition with
GC, GC-MS, DI-Orbitrap-MS and HPLC-Orbitrap-MS/MS. The
methodology is evaluated with the aim of improving the
current understanding of the composition of polyester bio-
degradable mulch films. We show that combining analytical
approaches is essential, as each offers unique advantages for
revealing different aspects of the organic chemical compo-
sition of the film. Lastly, the significance of the presented
results with regards to potential environmental implications
and wider applications of the developed complementary spec-
trometric techniques are discussed, highlighting the impor-
tance of in-depth chemical interrogation of the composition of
biodegradable mulch films.

Characterisation of the bulk polyester composition with *H
NMR

To determine the polymeric composition, reported as 85%
PBAT and 15% PLA, 1D 'H NMR spectra of reference PLA,
PBAT and PBSe standards were compared to the PLA/PBAT
mulch film (Fig. 2). PBSe was an unreported polyester com-
ponent of the mulch film, likely as polybutylene sebacate-co-
terephthalate (PBSeT),"” or included as a biodegradable ther-
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moplastic adhesive.*®> The molar percentages (mol%) and
molar weight percentages (mol wt%) of the polymers, along
with the assigned "H NMR environment signal intensities and
proton numbers used in the calculations, are presented in ESI
(Section S6; Table S2).T Due to the possibility of PBSeT being
present in the material, PBT contribution to PBAT could not
be determined with confidence. The components of PBAT
were, therefore, broken down to PBA and PBT and evaluated
individually. As expected, PBA and PBT were the dominant
polymer constituents in the material at molar percentage of
the polymer content of 35 mol% and 40 mol% respectively.
When combined with the molar percentage of PBSe
(12 mol%), this totals 87 mol%, which aligns with the reported
contribution of PBAT (85%); albeit with the absence of PBSe.
The molar percentage of PLA was calculated as 13 mol%,
however, its molar weight percentage was only 5 mol wt%.
This indicates that PLA contributes less to the overall mass of
the material compared to the other polyester components: PBA
(35 mol wt%), PBT (45 mol wt%) and PBSe (15 mol wt%).

For polyesters, confirming polymeric composition is a key
step that informs characterisation of the extractable oligoester
content or vice versa. Py-GC-MS is another alternative
approach, which was successful in this study at characterising
the precipitated polymer formed during extraction (Section S2;
ESIf) and the pyrolysis products for PLA and PBAT are
well documented.””*® Crucially, here "H NMR enabled

2.35 H,O
i W I I PBAT
, b’
L0 1.60
(o) a
H,O
" cocl, 5.19 2
l l PLA
CDC|3 B C E
A C B EED § 231172 D | 132
Hig ™0 0 "0H A iyt
c Al bEESB 4.11 :
n
A PBSe
a CDCl, c i OB oh i
8.12 b 440  A(+e), 231185171168 - |
4.46 d 441 s iy
s 1235200 . |
: BN Mulch |
M(i‘ Film x.sé( 1.5)0 1.55
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Fig. 2 Stacked 'H NMR spectra (600 MHz, CDCls, 25 °C) of PBAT, PLA and PBSe standards and PLA/PBAT mulch film. Resonance signals for each
polymer standard are assigned to specific *H nuclei environments with a characteristic letter/symbol and correspondingly assigned in the mulch film
spectrum. Peaks were assigned for PBAT based on Nifant'ev et al.,*® de llarduya and Mufioz-Guerra®® and Nelson et al.,?* and for PBSe using Siotto

etal>t
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quantitative characterisation of the contribution from an
undeclared polyester component (PBSe) which made a com-
parable contribution to the bulk composition to PLA.

Organic chemical characterisation of PLA/PBAT mulch film
using a range of spectrometric instrumentation and
approaches

Compounds identified with GC-MS are presented in Fig. 3,
with further detail on characterisation and quantification pre-
sented in the ESI (Section S7; Table S3).t The plasticisers
acetyl tributyl citrate (ATBC; 4210 + 135 pg g™ '), tributyl citrate
(TBC; 104 + 23 pg ¢~ ') and fatty acid lubricants, palmitic acid
(18 = 3 pug g7") and stearic acid (4 = 2 pg g~'), were the only
identified additives in extracts. Accompanying ATBC and TBC
was the additive derived NIAS tributyl aconitate (TBA; 1400 +
170 pg g '). Pentaerythritol monopalmitate (PMP) and pen-
taerythritol monostearate (PMS) and their lactic acid functio-
nalised derivatives were uniquely detected in MSTFA deriva-
tised extracts, and their structural elucidation with
GC-QTOF-MS is detailed in the ESI (Section $4).+>"°% Possible
sources for these components are uncertain without initial
compositional knowledge but include derivatives of pentaery-
thritol fatty ester slip agents/lubricants,'”> PLA branching
agents®® or pentaerythritol phosphite PLA hydrolysis aids.®*®'
Other identified chemical suspects include cyclic polyester
derived compounds. Oligoesters are assigned identifiers based
on their monomeric constituents. This may be broken down to
the following nomenclature: AA - adipic acid, TA - terephthalic
acid, SeA - sebacic acid, LA - lactic acid and BD - 1,4-butane-
diol. The cyclic oligoesters, aside from lactide (cyclic [LA],) and

PBT PBA
1 | )
S WO/\/\/O ATBC—
¢ o
1001 ps PBSe
0%y %o
P A TN

TBA
@o
v

o

[4)]
o

Relative intensity

Y Cyclic [AA-BD], o
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1,6-dioxacyclododecane-7,12-dione (cyclic [AA-BD]), could not
be found through library comparison. Details on their identifi-
cation are discussed in Monkley et al®’ Extract content of
cyclic oligoesters ranged between 168 + 32 pg g ' for cyclic
[AA-BD] up to 772 + 5 pg g~ for cyclic [AA-BD], (Table 1). The
combined cyclic oligoester concentration reported here (2900 +
16 pg g ') is comparable to the total additive content (4370 +
130 pg g ') stressing the importance of characterising chemi-
cal constituents in biodegradable mulches beyond additives
alone.

Although no additional unique additives were detected
beyond those identified by GC-MS, both DI-Orbitrap-MS and
HPLC-Orbitrap-MS/MS revealed additional complexity of the
oligomeric components in the PLA/PBAT mulch (Fig. 4). The
structural assignment of oligomeric series is presented in
Table 1, with detailed overviews for assigned structures in the
ESI (Spreadsheet 2-7 and Spreadsheet 9, respectively).t
Common precursor adducts for oligoesters were primarily [M +
NH,]" and for additive components [M + H]". For larger cyclic
oligoester components, usually above 6 or more monomer
components, [M + 2NH,4]** was the most intense precursor ion
due to more sites for adduct formation. Along with homopoly-
meric cyclic oligoester components ([AA-BD], (n = 1-6),
[TA-BD], (n = 2-3), [SeA-BD], (n = 1-4) and [LA], (n = 6-12)),
other monomer combinations were limited to cyclic [AA-BD],-
[TA-BD], and cyclic [TA-BD],,-[SeA-BD],. The presence of the
[TA-BD],,-[SeA-BD],, oligoester sequence (Fig. 4) supports the
inclusion of PBSeT in the material. PBAT-derived cyclic oligoe-
sters comprising up to 9 monomeric components were
assigned, such as cyclic [AA-BD]5-[TA-BD], and cyclic [AA-BD]¢-

o Cyclic [TA-BD], o
Cyclic [TA-BDJ-[SeA-BD]

B

ey
Il

O

L/\O \Ojo
O'fl\/

Cyclic [AA-BD]-[TA-BD]

ey
U

Cyclic [LA], Cyclic [AA-BD]  Cyclic [SeA-BD] 1 \—l
1S Cyclic [SeA-BD],
L — 1 PMP-LA v 4
PMS-L.
10 15 20 25 30 35 40 45 50 55 60
Time (min)

Fig. 3 GC-MS TIC (m/z 15-650) of the dissolution precipitation MeOH extract of the the PLA/PBAT mulch, after MSTFA derivatisation. IS indicated

benzyl benzoate. Presented chemical structures include acetyltributyl citra

te (ATBC) and its derivative tributyl aconitate (TBA) and cyclic oligoesters.

Cyclic oligoesters are abbreviated to their monomeric components: adipic acid (AA), terephthalic acid (TA), sebacic acid (SeA), lactic acid (LA) and

1,4-butanediol (BD). Pentaerythritol monopalmitate (PMP) and pentaerythri
lised derivatives PMP-LA and PMS-LA.
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Fig. 4 Stacked HPLC-Orbitrap-MS chromatograms of a PLA/PBAT mulch film dissolution-precipitation extract. Presented chromatograms include
TIC (m/z 150-2000) (A) and extracted ion chromatograms (EIC) for oligomer sequences [LA],-Me (B), [AA-BD],, [TA-BD], and [SeA-BD], (C), and
[TA-BD],,-[SeA-BD], (D). EIC (B), (C) and (D) are presented with numbered peaks where the number corresponds to assigned oligoester structures
and the extracted ion m/z. Number assignment is specific to each individual chromatogram. In all cases, precursor ions are [M + NH,]* adducts,
except higher molecular weight cyclic [TA-BD],,,-[SeA-BDI,, where the most abundant precursor ion was [M + 2NH4]?>* denoted by a *. Circles indi-

cate compounds also detected with GC-MS.

[TA-BD];. The highest molecular weight oligoester component
detected with HPLC-Orbitrap-MS was [TA-BD]s-[SeA-BD], as the
[M + 2NH,4]" adduct. Additionally, methyl capped linear PLA
oligomers were detected from [LA],-Me up to [LA],-Me
through DI-Orbitrap-MS. There was a general trend for all oli-
goester series (e.g. cyclic [AA-BD],, cyclic [TA-BD],, cyclic [PBSe-
BD], and linear [LA],-Me) that peak intensities would decrease
as size increased (Fig. 4).

Linear [LA],-Me components displayed multiple retention
times for the same precursor ion with HPLC-Orbitrap-MS, with
maximum difference of 1.76 min (Fig. 4). These PLA oligomer
components include multiple stereogenic centers along the

This journal is © The Royal Society of Chemistry 2025

polymer chain, which means different combinations of R and
S configurations are possible at these sites.®? Similarly, some
detected oligomer components comprising AA, TA and BD
were found to have two or three similar retention times, with
maximum difference of 0.42 min. For example, extraction of
the precursor ion m/z 858.3907 for [M + NH,]" of cyclic
[AA-BD],-[TA-BD], results in two peaks with retention times of
27.10 min and 27.35 min. This can be attributed to the pres-
ence of structural or diastereoisomers and has been observed
elsewhere.®® Both the specific structure or stereochemistry of
each isomer and the eluting peak in the chromatogram they
relate to remains unclear.
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Biodegradable plastic mulch films represent a potential
anthropogenic chemical input source to agricultural soils used
for food production. Because of this, material compositional
analysis is necessary to inform potential implications for the
environment. Complications arise due to the chemical compo-
sition of plastic mulch films often being proprietary, requiring
investigation through appropriate analytical interrogation to
reveal the chemical components of the material. Analogous
analytical approaches to that presented herein for NTS of PLA/
PBAT solvent extracts have found diverse additive loads,
including bisphenols, phenolic antioxidants, organopho-
sphates, and diisocyanates,®® and benzotriazoles, benzophe-
nones and HALS.”’?® The reporting of methodologies that
account for the oligoester contribution to mulch films is less
common. Cui et al*® detected cyclic [LA], and quantified
cyclic [AA-BD] (97 pg g7') in the MeOH extracts of PLA/PBAT
mulch with GC-MS. Reay et al.'® attributed 37% of the volatile
fraction in biodegradable mulch film extracts to oligoesters,
including cyclic [AA-BD],, cyclic [AA-BD]{TA-BD],, and cyclic
[TA-BD],, and additionally highlighted their potential to leach
from the material to salt solutions. Furthermore, Serrano-Ruiz
et al.®® reported the detection of PLA/PBAT monomer com-
ponents in the leachate of biodegradable mulches, and
suggested other components detected with "H NMR were oli-
goesters but could not assign them identities. Differences in
the additive composition of biodegradable mulches highlight
the need for the expansion of NTS methodologies to provide a
diagnostic overview of chemical composition. This is especially
true for mulch films in use outside of China, given so far the
main body of sampling has occurred in this region.*
Therefore, this study provides a valuable characterisation work-
flow to comprehensively detect and assign both additives and
the significant oligoester components of PLA/PBAT mulch
films across a full molecular weight range.

Method evaluation

Dissolution-precipitation using DCM-MeOH was performed to
extract additives and NIASs from the polymer matrix. This
method was selected for its adaptability across different lab-
oratories without requiring specialised equipment and to
facilitate the extraction of oligoester components."® Recovery
rates for tested compounds ranged from 55-80% (compared to
plastic dissolved in DCM and passively dried before extraction)
and 67-86% (compared to pristine PLA/PBAT mulch)
(Table S1; ESIf). Notably, recovery from the reformed film
showed no significant difference from pristine PLA/PBAT
mulch (Student’s #test, p > 0.05), suggesting that pre-dis-
solution had no impact on extraction efficiency. Cui et al**
achieved 75-98% recovery using a similar spiking experiment
with microwave-assisted extraction with MeOH, followed by
dispersive liquid-liquid microextraction (DLLME), for a diverse
range of additives from PLA/PBAT mulches. This included
recovery of cyclic [AA-BD] at 86%. In contrast, the 67% recovery
for cyclic [AA-BD] observed here may result from occlusion
within the precipitated polymer matrix. It is feasible the lower
recovery herein is a result of entrapment within the re-formed
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solid upon polymer precipitation with the antisolvent
(MeOH)."* An alternative approach is solvent extraction with
no dissolution of the matrix, only swelling of the polymer,
however, diffusion limitations - including migrant molecular
weight and plastic particle size (surface area) - may also
impair recovery. Ultimately, the choice of extraction procedure
is dependent on the study aim, which in this case was maxi-
mising compositional understanding of the material.

GC and GC-MS were selected for their focus on detecting
lower MW components, which are most likely to be released and
be bioavailable in the environment. In total, 16 components of
the mulch were characterised with GC-MS and 12 were quantified
by GC-FID with reference or surrogate material (Table S2; ESIt).
Although detection of PBAT and PBSeT oligoester components
was limited up to dimers (e.g. cyclic [AA-BD],, [AA-BD]{TA-BD],
[SeA-BD],, etc.), GC-MS successfully detected all major additive
components. Furthermore, there was good -correspondence
between detection of the oligoester components with the highest
peak areas found through HPLC-Orbitrap-MS (Fig. 4). The
general decrease seen in intensity along oligoester sequences
would suggest that cyclic oligoesters towards the lower end of the
repeat unit scale (e.g. dimers and trimers) are most abundant in
the material and/or have higher extraction efficiency. This trend,
also reported for oligoesters from lacquers® or those migrating
from food packaging materials,”>® highlights the utility of
GC-MS for oligoester characterisation.'®*”*® To be more conclus-
ive of the decreasing abundance along oligoester series, quanti-
tative determination is required for oligoester components
beyond the GC analytical window. Challenges in confirming ion-
isation efficiency during HESI, due to limited reference materials,
could be addressed using predictive algorithms trained on avail-
able surrogate data.®®”°

DI-Orbitrap-MS extended the detection range of oligomer
components, but identification confidence was limited to
molecular formula assignment without diagnostic fragment
ions. Despite this, across 465 assigned ions, the mass accuracy
error (6) (difference between detected accurate mass of a given
ion and the calculated exact mass for the assigned elemental
formula of that ion) ranged from —0.00124 to 0.00278 Da. A
total of 106 ion sequences, after refining for duplicates and
isotopologues,  revealed 97  oligoester = components
(Spreadsheet 2-7; ESIT). HPLC-Orbitrap-MS analysis character-
ised 56 mulch film components, including major additives
and oligoesters previously detected by GC-MS (Spreadsheet 9;
ESI}). Therefore, DI-Orbitrap-MS broadened the detection
range of oligoesters beyond traditional peak-by-peak workflows
to an additional 38 oligoester components and predominantly
aided in the detection of linear PBAT components (BD-
[AA-BD],,-[TA-BD],)), cyclic PLA oligoesters ([LA],, n = 6-12) and
linear methyl capped PLA oligoesters ([LA],-Me (n = 11-20)).
The use of both DI-Orbitrap-MS and HPLC-Orbitrap-MS/MS is
advised given the latter provides diagnostic structural infor-
mation for both oligoesters and additive components. An
alternative complementary approach for HPLC-Orbitrap-MS/
MS to extend oligoester characterisation was developed by
Omer et al.,** which uses molecular networking to computa-
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tionally compare HPLC-HRMS/MS spectra for filtered precur-
sor ions to find analytes of spectral and structural similarity.
This resulted in the unique assignment of PBAT oligoester
series as well as the discovery of a new oligomer series com-
prising azelaic acid in the tested polyester formulations.

Environmental context and wider application

Additive composition analysis is crucial for evaluating the
potential risks biodegradable mulch film co-contaminants may
pose to agroecosystems, which may include the transfer of toxic
chemicals to agroecosystems.'*>”*®3! Hence, many characteris-
ation studies on plastic mulch films have focussed on hazar-
dous additive components of known concern.>”?*3° While this
study did not identify any concerning additives, aligning with
standardised biodegradable mulch film requirements within
the EU,'® it provides robust, unbiased NTS methodologies for
comprehensive assessment, exemplified by the identification of
PBSeT and substantial oligoester derivative components in the
material. This may be especially important given a significant
proportion of plastic chemicals in commercial articles, includ-
ing mulch films,'® are yet to be assigned structural identities or
lack sufficient hazard information, limiting our understanding
of their associated risk.”"”> Many of the oligoesters fall into this
category, and despite likely being readily biodegradable as
derivatives of biodegradable PBAT and compostable PLA,
environmental implications remain unclear. The environmental
relevance of oligoesters has been highlighted by Hu et al,*
who identified polyester mulch films as concentrated sources of
oligomers and monomers in agroecosystems, with their impacts
on soil properties, such as pH, or microbial functioning remain-
ing poorly understood. Similarly, Yoshinaga et al.”® observed
that short-chain oligoesters (up to four repeat units) from poly-
caprolactone exhibited toxicity to marine algae and mammalian
cells, whereas longer oligoester chain lengths and polyester
were less toxic. Therefore, holistic methodologies that are
unbiased in the screening of chemical components, such as
that presented herein, are necessary to assess the environmental
safety of the chemical burden introduced to agroecosystems
through biodegradable mulching practice.

Furthermore, the presented methods for oligoester detec-
tion can extend beyond plastic formulation characterisation to
molecular-level monitoring of material degradation. This may
be achieved by monitoring compositional shifts in oligoester
distributions as polyester degradation proceeds over time or
under different degradation stressors (e.g. UV light, biotic
activity, soil moisture content, etc.).*® There is further scope
for the analytical approaches presented here to be adapted for
environmental monitoring in leachate, soil, or biomass
matrices, providing essential insights for life-cycle assess-
ments of biodegradable mulch films.

Conclusions

This study presents a comprehensive workflow to characterise
the major organic components of PLA/PBAT mulch film

This journal is © The Royal Society of Chemistry 2025
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through the application of multiple complementary analytical
techniques. From the results obtained, the following con-
clusions can be drawn:

(i) "H NMR successfully attributed the relative contribution
each polyester component (PLA, PBA, PBT and PBSe) made to
the material, including an undeclared PBSe component likely
incorporated as PBSeT. Therefore, "H NMR with comparison to
polyester standards or reference materials is suggested as the
preferred spectroscopic approach for bulk polyester compo-
sitional analysis.

(ii) PLA/PBAT mulch solvent extracts were investigated with
GC-MS, DI-Orbitrap-MS (oligomer sequence extraction) and
HPLC-Orbitrap-MS/MS. A total of 107 plastic-derived com-
pounds were characterised. NTS with GC-MS and GC-FID
is suggested prior to subsequent DI-Orbitrap-MS or
HPLC-Orbitrap-MS as it can inform the content of additive
and oligoester components, the latter of which can be expected
to be of reduced abundance with increasing chain length. For
oligoester quantification beyond the GC-amenable window,
the production of suitable reference material or standards is
required.

(iif) Only through the combination of the presented analyti-
cal workflows can the complexity of the oligoester components
in biodegradable mulch films be characterised. It is important
that the workflow is applied to other PLA/PBAT mulches to
comprehensively map the organic chemical composition of
such materials, particularly the oligoester contribution. This is
of significant importance for improving our current knowledge
on the chemical burden introduced to agroecosystems through
biodegradable plastic mulch film practice.

(iv) There is additional scope to apply the combined analyti-
cal approach to monitor changes in oligoester distribution
during the biodegradation of mulch films or release of com-
ponents to surrounding agroecosystem compartments. This
can ultimately inform life cycle assessment of the material at
the chemical level.
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