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ABSTRACT: Soil biodegradable polyesters are designed to undergo to o
microbial utilization in aerobic soils, forming carbon dioxide and microbial {4, @ Suantlﬂcatlon i L
5 . . . - iodegradable polyesters in soil
biomass. These polyesters are thus viable substitutes for conventional, e 9 by solvent extraction + 'H-NMR
persistent polymers (e.g., polyethylene) in specific applications for which the
transfer of some of the polymers into the soil is inevitable. While polymer
biodegradability is often assessed in laboratory incubations using respirometric
analysis of formed CO,, approaches to accurately quantify biodegradable mf:;
polyesters in soils and to track their mass loss in field incubations over time mi—’ll
remain missing. This study first introduces an analytical workflow combining 2. el
Soxhlet extraction with proton nuclear magnetic resonance spectroscopy for
the accurate, high-throughput, and chemically selective quantification of eight
commercially important biodegradable polyesters (i.e, poly(butylene adipate-co-terephthalate), polylactic acid, poly(3-
hydroxybutyrate-co-3-hydroxyhexanoate), poly(3-hydroxybutyrate-co-3-hydroxyvalerate), polycaprolactone, polybutylene adipate,
polybutylene azelate, and polybutylene succinate), and the nonbiodegradable polymer polystyrene, in six soils spanning a range of
types and physicochemical properties. This work introduces an effective sample deployment—retrieval approach that, combined with
the analytical method, allows the biodegradation of poly(butylene adipate-co-terephthalate) and polylactic acid from a biodegradable
mulch film in three agricultural soils to be monitored. In combination, the two parts of this work lay the foundation to accurately
quantify and monitor biodegradable polymers in soils.
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Bl INTRODUCTION conditions) and microbial biomass. The safe environmental
application of biodegradable plastics requires that this
conversion reproducibly reaches adequate end points within
defined times. Exactly for this purpose, biodegradability testing
and certification standards for different receiving environments
have been developed.lg_20 In the case of soils, certification
standards rely on quantifying the conversion of the polymer
carbon to CO, during aerobic soil incubations in the
laboratory;'”*'™** for example, the European Norm EN
17033 for soil biodegradable mulch films requires that at
least 90% of the polymer carbon (either absolute or relative to
a biodegradable reference material, e.g., cellulose) is converted
to CO, within two years of laboratory soil incubation under
constant, controlled conditions.*’

Laboratory incubations are well-suited to assess polymer
biodegradability under controlled, reproducible conditions

Biodegradable polymers are increasingly recognized as being
fundamental to achieving a circular plastic economy and to
addressing environmental plastic pollution."”” While, for many
applications, plastic reuse and recycling are preferable options,
as they retain at least a minimum of value in the use chain of
the polymers,' the use of biodegradable polymers is
particularly beneficial in applications in which plastic products
are directly employed in the open environment but cannot be
collected in their entirety after use, and/or for which the
collected fractions are too damaged or soiled to be reused or
recycled.”* Prime examples of these applications include
agricultural plastics®™ " (e.g, thin mulch films, plant fixing
clips, control-release carriers for agrochemicals, seed coatings)
and tree shelters,">~"* all of which have soils as the anticipated
receiving environment.

Most commercially relevant biodegradable plastics are
currently manufactured from polyesters,">™"” including poly- Received:  October 6, 2024
(butylene adipate-co-terephthalate) (PBAT), polylactic acid Revised:  March 3, 2025
(PLA), poly(butylene succinate) (PBS), and polyhydroxyalka- Accepted:  March 4, 2025
noates. During the biodegradation process in soils, these Published: April 18, 2025
polyesters undergo microbial metabolic utilization, resulting in
conversion of their carbon to CO, (and CH,, under anaerobic
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Table 1. Key Physicochemical Properties of the Six Soils Included in This Study

(8/8ay sot (%))

soil sand silt clay texture”
AGR-1 30.5 49.0 20.5 loam
AGR-2 12.1 52.0 35.9 silty clay loam
AGR-3 22.7 44.1 332 clay loam
LUFA 2.1 86.1 10.2 3.7 loamy sand
LUFA 2.4 32.1 41.6 26.3 loam
LUFA 6S 23.8 353 40.9 clay

pH TOC" (gc/ Zary soil (%)) TN (gn/8ary soit (%))
4.9 1.52 0.19
7.0 3.40 0.41
6.9 2.02 0.25
4.9 0.71 0.06
7.3 2.03 0.22
72 1.77 0.18

“Soil texture according to the United States Department of Agriculture (USDA) classification system (sand, particle diameters of 0.05—2.0 mm;
silt, diameters of 0.002—0.05 mm; clay, diameters of <0.002 mm).* bTotal organic carbon content expressed as the percentage of carbon (C) by
mass of the total soil dry mass. “Total nitrogen content expressed as the percentage of nitrogen (N) by mass of the total soil dry mass.

with high precision. However, these benefits come at the cost
of representativeness, since laboratory incubations are only a
reductionist miniaturization of the actual polymer receiving
environment (e.g., agricultural soils) and do not capture all the
highly variable environmental conditions that do affect
biodegradation (e.g., seasonal temperature changes and wet—
dry cycles). Instead, laboratory soil incubations are commonly
run under conditions that favor microbial activity (e.g.,
constant temperatures between 20 and 28 °C and favorable
soil water contents®') and, therefore, likely overestimate
biodegradation rates compared to in situ conditions.'”**

Assessing polymer biodegradation directly in soils outside of
the laboratory has, however, proven challenging, as the
respirometric analysis of polymer-derived CO, cannot readily
be implemented in larger mesocosms nor in the field.”**°
Previous field studies, therefore, have often relied on indirect
and, at best, semiquantitative methods to monitor biode-
gradation (e.g, polymer mass loss over time based on
gravimetric analysis of fragments” ). To overcome this
deficit, analytical methods that allow the accurate quantifica-
tion of residual biodegradable polymers in soils are needed.

Proton nuclear magnetic resonance spectroscopy (IH-
NMR) has been shown to be a viable method to quantify
polymers with different chemistries, after their appropriate
extraction from the environmental matrix.’'~>® We recently
introduced an analytical method”” coupling 'H-NMR to
Soxhlet extraction with the potential for routine quantification
of polyesters in soils. Solvent extraction has the unique benefit
that micro- and nano-meter sized polymer particles, if present,
are dissolved into individual polymer chains and then
extracted—thereby ensuring that polymers within these particle
size fractions are also quantified. The original method was
validated for PBAT, and also shown to enable the
quantification of both PBAT and PLA components of one
commercial biodegradable mulch film in a single soil.¥” Yet, it
remains to be demonstrated that the principle of this analytical
approach is broadly applicable to commercially relevant
biodegradable polyesters, across different soils, with high
accuracy, sensitivity, and high sample throughput. The latter is
critical for field incubations, which typically investigate
multiple contrasts (e.g., multiple time points for multiple
soils) and, thus, can require relatively large sample numbers.
Furthermore, the analytical method needs to be complemented
with an approach to deploy samples in soil in the field and,
after incubation, retrieve any residual polymers in their entirety
for the analysis.

The goal of this work is twofold. First, this work aims at
advancing a universally applicable analytical workflow for the
accurate and high-throughput quantification of major bio-

8109

degradable polyesters across agricultural soils. Second, in a
proof-of-concept, this work aims at monitoring the biode-
gradation of selected polyesters during mesocosm soil
incubations (as a proxy for field incubations), by introducing
and validating a sample deployment—retrieval approach based
on mesh bags and combining it with the analytical workflow
developed in the first part.

The methodological work in the first part relies on spike—
recovery experiments. Two alternative procedures are
presented to address the potential interference from soil
organic matter (SOM) co-extracted during the Soxhlet
extraction®” on polyester quantification: a methanol
(MeOH) pre-extraction step, to selectively remove SOM
from the samples before polyester extraction, and matrix-
matching with soil-only samples, to correct the 'H-NMR
spectra at the data processing stage. The limits of detection
(LOD) and quantification (LOQ) for PBAT and PLA (from
one of the mulch films) are established for both options and in
two soils. The effect of shorter extraction times (down to 30—
60 min extraction compared to 480 min, as used previously37)
on polyester recoveries is assessed. In addition, the broad
applicability of the method is demonstrated with a total of
eight biodegradable polyesters (PBAT, PLA, poly(3-hydrox-
ybutyrate-co-3-hydroxyhexanoate) (PHBH), poly(3-hydroxy-
butyrate-co-3-hydroxyvalerate) (PHBV), polycaprolactone
(PCL), polybutylene adipate (PBA), polybutylene azelate
(PBAz), and polybutylene succinate (PBS)) and one non-
biodegradable polymer (polystyrene, PS). In the second part, a
sample deployment—retrieval approach based on polypropy-
lene (PP) mesh bags is presented. Such bags are then used to
incubate one biodegradable mulch film (containing PBAT and
PLA) and PHBH (as positive control) in soil mesocosms in
three different soils to monitor polymer biodegradation.

B MATERIALS AND METHODS

Soils. Three standard soils (i.e, LUFA 2.1, 2.4 and 6S)
sieved to 2 mm were acquired from LUFA Speyer (Germany;
May 2018) and stored as received at 4 °C in the dark until use.
Three additional soils were included, one collected from a
noncultivated ecological buffer strip®® (hereafter named AGR-
1) and two from agricultural fields (hereafter, AGR-2 and
AGR-3) in November 2020 at Agroscope (Reckenholz,
Switzerland). The AGR soils were also sieved to 2 mm and
stored at 4 °C in the dark until use. Table 1 summarizes the
texture and main physicochemical properties of the soils.
Further information on the AGR soils, including the sampling
procedure, is provided in Section 1 of the Supporting
Information (SI).

https://doi.org/10.1021/acs.est.4c10664
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Polymers and Mulch Films. The following polymers and
commercial mulch films were included in this study: PHBH
(Aonilex X151C, Kaneka), PHBV (403105, Sigma-Aldrich),
PCL (764105, Sigma-Aldrich), PBA, PBAz, PBS (all three
provided by BASF SE Germany), PS (ST316090/3, Good-
fellow), and the biodegradable mulch films Bio Mulchfolie
32.00009 (hereafter named MF-R, gvz-rossat SA, Switzerland),
Biofolie 15 p (MF-S, Sansonnens FG Fréres SA, Switzerland),
and ecovio M2351 (MF-E, BASF SE, Germany). All mulch
films were 15 um thick and composed of PBAT and PLA at
different mass percentages (MF-R: 56 + 1% PBAT and 14 +
1% PLA; MF-S: 70 + 1% PBAT and 4 + 1% PLA; MF-E: 67 +
1% PBAT and 7 + 1% PLA; average =+ standard deviation, n =
45). All polymer chemical structures, polymer purities, and the
monomer ratios of PHBV, PHBH, and PBAT in the mulch
films are provided in Section 2, SI.

Spike—Recovery Experiments. For spike—recovery ex-
periments, 20 g of freeze-dried soil (frozen at —20 °C
overnight, and then freeze-dried for 48 h, Alpha 2—4 LD plus,
Christ, Germany, at 0.01 mbar) were transferred to cellulose
extraction thimbles. Known amounts of a polymer (20 mg) or
mulch film (35 mm diameter discs, average mass ~17 mg)
were then manually mixed into the soil, extracted and
quantified as described below.

Polymer Extraction. Extractions were carried out on
freeze-dried soil samples in cellulose extraction thimbles
(VWR, 516—0252P). Each thimble was capped with a small
wad of glass wool (Merck, 1.04086) and placed in a Soxhlet
extractor chamber (heating apparatus: R306S, behr Labor-
Technik; extractor chamber: EZ30H, behr Labor-Technik, 30
mL volume). The extraction procedure consisted of either a
single CHCl;:MeOH (9:1 v/v) extraction step (K977, VWR
and 1.02444, Merck, respectively, both HPLC grade) or two
sequential steps: a MeOH pre-extraction step to remove
extractable SOM, followed by the CHCl;:MeOH extraction
(9:1 v/v) step to extract the polymer(s). MeOH pre-
extractions were conducted at 100% heating power (360 W)
under continuous reflux for 30 min in 100 mL clean round-
bottom flask containing 70 mL MeOH. Polymer extractions
were conducted at 90% heating power under continuous reflux
with clean 100 mL round-bottom flasks containing 70 mL of a
9:1 v/v CHCl;:MeOH mixture, for a total of 60 min
(corresponding to 18 to 24 extraction cycles), unless specified
differently. Teflon stir bars were added to the flasks to avoid
flash boiling. After the polymer extraction, the CHCl;:MeOH
was evaporated off. Each flask was connected to a vacuum line
for 20 min to ensure complete solvent removal. The dried
extracts were then reconstituted in 3 mL deuterated chloro-
form (CDCl;) (DLM-7—100S, CIL) containing the internal
standard (IS) 1,4-dimethoxybenzene (DMB; used for all
polyesters) (D0629, Tokyo Chemical Industry) or 14-
bis(trifluoromethyl)benzene (TFB, B1408, Tokyo Chemical
Industry; used for PS because of overlapping peaks in the 'H-
NMR spectra of PS and DMB) at a known concentration
(~1.5 mg/mL) and sonicated for 20 s at 25 °C. Selected
extracts from the MeOH pre-extractions were reconstituted in
the same way to test for potential (undesired) polymer
extraction in this step.

Polymer Quantification. Concentration standards were
prepared by dissolving known amounts of a given polymer or
mulch film in CDCI; containing the IS. Similarly, for all spike—
recovery experiments (first part of the work) and for the
incubation experiments (second part), dried polymer extracts
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were reconstituted in CDCl; containing the IS specified above.
The acquisition parameters for the 'H-NMR routine are
reported in Section 3, SI. Quantification of polymers by 'H-
NMR gpectroscopy is described in detail in the SI and previous
work.”” Briefly, the mass of each polymer in a given sample was
calculated according to®

#Hg-a,

n
w, 1S
#H, -ag

(1)

where m, (g) is the mass of the polymer x, M,, (g/mol) is the

molecular weight of the polymer repeat unit, a, and ag
(arbitrary units) are the areas of the proton peaks in the 'H-
NMR spectra at the characteristic chemical shifts chosen for
quantification of the polymer x and IS, respectively, #H;g and
#H,, are the number of protons per single molecule/repeat unit
contributing to the signal of these peaks, and nyg is the known
amount (mol) of IS in a given sample. The linearity, accuracy
and unbiasedness of the 'H-NMR response underlying eq 1
have been previously established.””

"H-NMR spectra were processed in MestReNova 14.2.0.
The spectra were first referenced to the 'H peak of residual
nondeuterated CHCly in CDCl; (at chemical shift § = 7.26
ppm*'). The phase was manually corrected, and the baseline
set to an intensity of approximately zero with a piecewise linear
correction. All characteristic peaks were then manually
integrated using MestReNova integration routine. Annotated
'"H-NMR spectra, the characteristic peaks chosen for
quantification, and values of M,,, #H, and #Hj of each

polymer are provided in Section 3, SL

All further data analysis was performed in R 4.3.2"” with the
IDE RStudio 2023.06.1* (see Section 4, SI, for a complete list
of packages). The results of the extractions are provided as
average and standard deviation of the percentage of the mass of
polymer added to the respective samples.

Limits of Detection and Quantification. The LOD and
LOQ for PBAT and PLA in MF-R were determined in soils
AGR-2 and LUFA 6S using a linear calibration method"* with
six concentration values (0 to 0.7S mg polymer/mL). These
soils were selected because the co-extracted SOM interfered
with polyester quantification due to overlaps in different
regions of the 'H-NMR spectrum (see Section S, SI). The
LOD and LOQ were determined for four different cases: MF-
R dissolved in pure CDCl; (as best case scenario, with no
matrix interference); MF-R dissolved in the CHCl;:MeOH
extracts of either AGR-2 or LUFA 6S (extraction time: 60
min); MF-R dissolved in the CHCl;:MeOH extracts of either
AGR-2 or LUFA 68 (extraction time: 60 min) after each soil
had been pre-extracted with MeOH to remove extractable
SOM (extraction time: 30 min); and MF-R dissolved in the
CHCl;:MeOH extracts of either AGR-2 or LUFA 6S
(extraction time: 60 min) and subsequently matrix-matched
(i.e., spectra of samples containing only the corresponding soil
were subtracted from the spectra of the samples containing
both the polymer and the soil to correct for the SOM
background). All samples were prepared as duplicates.

Linear calibration curves ('H-NMR signal intensity as a
function of the polymer concentration) were constructed for
each of the four cases. The LOD was determined using eq 2 for
pure CDCl, (i.e., no matrix interference):

LOD = 22%(a, p-q — 2)

https://doi.org/10.1021/acs.est.4c10664
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Table 2. Recoveries of Poly(butylene adipate-co-terephthalate) (PBAT) and Polylactic Acid (PLA) from the Three
Biodegradable Mulch Films MF-R, MF-S, and MF-E and of the Polymers Poly(3-hydroxybutyrate-co-3-hydroxyhexanoate)
(PHBH), Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), Polycaprolactone (PCL), Polybutylene Adipate (PBA),
Polybutylene Azelate (PBAz), Polybutylene Succinate (PBS), and Polystyrene (PS) Added to Six Soils and Extracted in
CHCI;:MeOH (9:1 v:v, 30 min), after a MeOH Pre-extraction (30 min) to Remove Extractable Soil Organic Matter”

polymer soil (extraction recoveries of polymer (% of added mass, average + sd, n = 3))

AGR-1 AGR-2 AGR-3 LUFA 6S LUFA 2.1 LUFA 2.4
MF-R PBAT 101 £ 2 98 +1 9 +1 98 +1 9 +1 98 +1
PLA 102 £1 101 £2 9 +1 97+ 1 9 +1 97+ 1
ME-S PBAT 102 £1 97 £ 3 100 £ 2 92 +1 96 + 1 91 +1
PLA 106 + 3 100 + 3 103 + 3 95 +2 9SS +1 95 +1
MF-E PBAT 9+1 98 +2 97 + 1 94 +2 96 + 1 S +1
PLA 102 £1 98 +3 100 + 3 93 +£3 94 +1 94 +£2
PHBH 9 £2 9 +1 101 £ 1 99 + 4 100 + 2 9S £35S

PHBV nd* 100 + 3 nd* 101 + 4 nd® nd*

PBA nd* 96 + 1 (~4%)" nd" 95 + 2 (~3%)" nd* nd*

PBS nd* 91+2 nd‘ 89+ 5 nd® nd*

PBAz nd* 93 + 1 (~7%)" nd* 92 + 1 (~3%)" nd* nd*

PCL nd® 92 + 1 (~8%)° nd® 93 + 1 (~9%)" nd® nd®

PS nd* 100 + 4 nd* 100 + 2 nd® nd*

“All values are expressed as a percentage of the mass of the polymer initially added to the samples. bPercentage of the total mass of the polymers
detected in the reconstituted MeOH pre-extraction (30 min) of soil organic matter (triplicate samples were pooled for analysis). “Not determined.

and eq 3 for all other cases (for which the matrix interference
of the soils needs to be accounted for**):

LOD—ZSY_’xt(a P.q_z). \““L+_+i72
b ! \/ m  pq 21111 (x; — i)z
(3)

where b is the slope of the calibration curve, s, is the standard
deviation of the peak areas of the blank samples (i.e., 0 mg/mL
polymer), t(a, p-q—2) ~ 1.81 is the value of the Student-t
distribution for a type I error probability @ = 0.05 (one-sided
test) and p-q degrees of freedom, p = 6 is the number of
different concentration standards included in the calibration
curve, q = 2 is the number of replicates of each concentration
standard, s, is the standard deviation of the residuals of the
calibration curve, m 1 is the number of repeated
measurements of each calibration standard, x; is the
concentration of the i-th calibration standard, N = p-q is the
total number of calibration standards, and X is their average
concentration. The factor 2 in front of eq 3 is included to
account for a symmetric type I and type II error probability.
Examples of the calibration curves are shown in Section §, SL
The LOQ was then calculated according to eq 4:**

LOQ = 3.3-LOD

(4)

As PBAT is a copolymer, the LOD and LOQ were
determined for both its 1,4-butanediol-adipic acid (BA) and
1,4-butanediol-terephthalic acid (BT) repeat units.

Polyester Incubations to Monitor Biodegradation in
Soil over Time. Known amounts of PHBH powder and MF-R
film (containing both PBAT and PLA) were incubated in three
soil mesocosms constructed from PP boxes (60 cm X 40 cm X
32.3 cm L X W X H; Rako Utz) filled with 70 kg of thoroughly
mixed soil (one box per each AGR-1, AGR-2, or AGR-3). Each
mesocosm was lined with a PP fleece (sandpit fleece, 06059,
Windhager) and had holes drilled in the bottom of the box.
The holes were strung with capillary PP fleece wicks to ensure
efficient water drainage. The mesocosms were placed on tables
in a heated greenhouse (minimum, median and maximum
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temperature during the entire incubation period: 13 °C, 18 °C,
and 34 °C), regularly irrigated with stored rainwater using a
custom-made system (average artificial irrigation rate during
the entire incubation: 2.3 mm/d) and received artificial
lighting (in addition to natural light) daily from 6 to 10 pm.
The samples were prepared by adding 20 g of sieved soil and
either PHBH (20 mg of powder) or MF-R discs (35 mm
diameter, average mass ~17 mg) into small (~4 cm X 9 cm)
PP mesh bags (PROPYLTEX 05—150/34, Sefar S, mesh size
150 pm, closed by heat-sealing). Polypropylene was chosen as
it does not dissolve in either MeOH or CHCI; used in the
later extraction steps. The bags were carefully filled to ensure
that the PHBH powder or mulch film discs were completely
enclosed by soil, then buried at approximately 20 cm of depth
in the mesocosm filled with the respective soil. English ryegrass
Lolium perenne “Arvicola”™ was sown to cover each mesocosm.
A first set of samples was retrieved after four months of
incubation and served to optimize the sample preparation
procedure for the subsequent extraction and quantification of
residual polyesters. A second set of samples was retrieved after
six months, worked up using the optimized sample preparation
procedure established with the four-month samples, then
extracted (30 min MeOH pre-extraction; 60 min
CHCl;:MeOH polymer extraction) to quantify the residual
amounts of PHBH, and of PBAT and PLA from ME-R.

Bl RESULTS AND DISCUSSION

Analytical Workflow to Quantify Biodegradable
Polyesters in Soils. The first part of this work presents
method developments to advance an analytical workflow for
the accurate and sensitive quantification of a broad set of
polyesters in diverse soils at high sample throughput.

Addressing Interference from Co-extracted SOM. Soxhlet
extracts of soil samples can contain SOM that interferes with
polymer quantification, due to overlaps in the 'H-NMR spectra
of extracted SOM constituents and polymers.”” Indeed, initial
spike—recovery experiments of MF-R in soil AGR-2 (the soil
with the highest organic carbon content; Table 1) showed
overquantification of both PBAT and PLA in the MF-R (i.e.,
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Table 3. Limits of Detection (LOD) and Quantification (LOQ) of the Poly(butylene adipate-co-terephthalate) (PBAT) and
Polylactic Acid (PLA) Components of Biodegradable Mulch Film MF-R in Soils AGR-2 and LUFA 6S“

LOD/LOQ pg repeat unit/mL (ug of repeat unit/g of soil®)

CDCl,
(pure) AGR-2 soil extract LUFA 68 soil extract
No SOM” removal, SOM removal by Correction by ~ No SOM removal, SOM removal by Correction by
no correction MeOH pre-extraction  matrix matching no correction MeOH pre-extraction  matrix matching
30/97 7/25 19/65 59/199 $3/178 12/30
BT 0.3/1
PBAT (4/15) (1/4) (3/10) (9/30) (7/27) (1/6)
26/86 22/72 9/30 55/180 46/152 48/159
BA 0.3/1
(4/13) (3/11) (1/4) (8/27) (7/23) (7/24)
PLA 03/1 43/143 37/121 23/76 72/236 54/178 48/158
’ (7/22) (5/18) (3/11) (11/35) (8/27) (7/24)

“Since PBAT is a random copolymer, the LOD and LOQ are reported for both its 1,4-butanediol—adipic acid (BA) unit and 1,4-butanediol—
terephthalic acid (BT) unit (see also Section 3, SI). bSOM, soil organic matter. “In this study, 20 g of soil was extracted and reconstituted in a final
sample volume of 3 mL of CDCl;. The LOD and LOQ are dependent on the ratio of soil extracted to the volume of solvent used to reconstitute

the extract.

PBAT and PLA recoveries of 108 + 1% and 123 + 8%,
respectively, average =+ standard deviation, n = 3). To address
this bias, a pre-extraction with a solvent that selectively
removes SOM, but not the polymers, was tested. Despite the
relatively high water-solubility of SOM, a water extraction was
excluded, as it may introduce polyester losses due to the
hydrolysis of ester bonds.***” Instead, MeOH was chosen for
pre-extraction (30 min), given that all polyesters tested herein
have limited solubility in this solvent, and that it is used as
cosolvent in the subsequent polymer extraction step (note that
MeOH serves to increase extraction efficiency by competitively
suppressing H-bonding between H-bond donors on soil
particle surfaces and the H-bond accepting ester bonds in
the polyesters®”).

The MeOH pre-extraction effectively removed extractable
SOM components, thereby increasing the signal-to-noise ratio
in the 'H-NMR spectra of PBAT and PLA extracted in the
subsequent (second) CHCl;:MeOH extraction step (Section
S, SI). More importantly, the MeOH pre-extraction eliminated
overquantification of PBAT and PLA (i.e., recoveries of 98 +
1% and 101 + 2%, respectively, average + standard deviation,
n = 3). Finally, reconstitution of the MeOH pre-extracts into
CDCl; showed that neither PBAT nor PLA was extracted in
this step. The MeOH pre-extraction step was thus included
routinely in all subsequent experiments, unless specified
differently.

Establishing Short Extraction Times to Ensure High
Sample Throughput. The time needed for complete polyester
extraction depends on several factors, including the specific
polyester—soil combination, the degree of compaction of the
soil sample (as this affects solvent transfer into the sample; see
below), the mass loading in the extraction thimble, as well as
the number of extraction cycles per unit time supported by the
apparatus. Using a series of spike—recovery experiments with
MF-R in soil AGR-2, the viability of short polymer extraction
times was tested. Sets of triplicate samples were pre-extracted
for 30 min with MeOH, then extracted with CHCl;:MeOH for
varying times from 10 to 240 min. As shown in Section 6, SI,
extraction times as short as 30 to 60 min were found to be
sufficient for the complete extraction of both PBAT and PLA
(and for most other tested polyesters, as shown in the next
section and the results in Table 2).

Demonstrating Complete Recoveries for a Broad Set of
Polymer—Soil Combinations. The broad applicability of the

8112

polyester extraction and quantification workflow was demon-
strated with spike—recovery experiments with a total of six
biodegradable polyesters, three commercial biodegradable
mulch films (ie, MF-R, MF-S, and MF-E, each containing
PBAT and PLA), and PS, in a total of six agricultural soils. In
all cases, samples were extracted for 30 min with MeOH to
remove extractable SOM, then for 30 min with CHCl;:MeOH
to recover the polymers. PBAT and PLA (from biodegradable
mulch films) and PHBH were extracted from all soils, since
biodegradable mulch films are the focus of this work, while
PHBH may be used as positive control in incubation studies.
The remaining polymers were extracted from soils AGR-2 and
LUFA 6S, which were selected since their co-extracted SOM
causes interference with polymer quantification in different
regions of the 'H-NMR spectra (see also Section S, SI).

Complete recoveries (i.e., 97—100% of the polymer mass
initially added to the soils, see Table 2) were obtained for
PHBH and PHBYV from all tested soils, for the PBAT and PLA
components of MF-R, MEF-S, for MF-E from soils AGR-1,
AGR-2 and AGR-3, and for the PBAT and PLA components of
MF-R from soils LUFA 2.1, LUFA 2.4 and LUFA 6S.
Complete recoveries were also obtained for PS from all tested
soils (Table 2).

Recoveries of PBAT and PLA from MF-S and MF-E from
soils LUFA 2.1, LUFA 2.4, and LUFA 6S, for PBS in soils
AGR-2 and LUFA 6S, and for PBA, PBAz, and PCL were
slightly incomplete (i.e., 89—96% of the spiked polymer
masses) (Table 2). In the cases of PBA, PBAz, and PCL, the
extracts from the MeOH pre-extractions were found to contain
small amounts of the respective polyesters (i.e., 3—9% of the
initial polymer mass; Table 2). Adding the amounts in the
MeOH pre-extracts to those in the CHCl;:MeOH extracts
yielded closed mass balances. This finding highlights the
importance of carefully testing for potential polymer losses
during the MeOH pre-extraction in future studies employing
this approach. In all other cases, the MeOH pre-extracts did
not contain any detectable amount of the respective polymer.
However, reproducible recoveries above 80% are commonly
considered acceptable for analytical methods,”® " and, in such
cases, the bias introduced by an incomplete extraction can be
accounted for with recovery factors.”” Note that mesocosm
incubations (see below) were conducted with polymer—soil
combinations that showed complete recoveries and, therefore,
did not require the use of recovery factors. Overall, the high
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Figure 1. Effect of sample pretreatment on the masses of (a) polylactic acid (PLA) and (b) poly(butylene adipate-co-terephthalate) (PBAT) from
mulch film MF-R extracted from soil AGR-2 after four months of incubation in greenhouse soil mesocosms. The samples were incubated inside
polypropylene mesh bags. The masses are expressed as a percentage of the polymer masses added to the mesh bags before the incubation. The
heights of the bars represent the average of each group, and the error bars the corresponding standard deviation (n = 3). The values above the
brackets (labeled TOT for “total”) correspond to the sum and standard deviation of the sum (n = 3) of the masses of each of the two polymers
extracted over the two sequential extraction steps (30 min each, CHCl;:MeOH; 9:1 v/v). All samples were pre-extracted to remove interfering soil
organic matter (30 min, MeOH) before two sequential polymer extraction steps.

and, in most cases, complete recoveries highlight that the
analytical method is broadly applicable to a large set of
polymer—soil combinations. In future studies, similar spike—
recovery experiments need to be carried out to confirm
complete recoveries for the polymer—soil combination(s) of
interest.

Determination of the Limit of Detection and Limit of
Quantification for Two Selected Polyesters. The LOD and
LOQ depend on the peaks in the "H-NMR spectrum chosen
for quantification, the amount and composition of co-extracted
SOM, and the number of measurement scans in the 'H-NMR
routine (Section S, SI). Copolymers, such as PBAT, PHBH,
and PHBYV, have distinct LOD and LOQ_values for each of
their repeat units.

Herein, the LOD and LOQ for PBAT (both for the BA and
BT units) and PLA based on calibration standards are reported
for different matrices. As expected, the LOD and LOQ were
lowest (i.e, 0.3 and 1 pug/mL, respectively) for concentration
standards prepared directly in pure CDCl, (i.e., in the absence
of interfering SOM; Table 3). Conversely, the LOD and LOQ
were highest (i.e., 26—72 and 86—263 ug/mlL, respectively;
approximately 70 to 240-fold higher than in pure CDCl;) for
concentration standards prepared in the CHCl;:MeOH
extracts of AGR-2 and LUFA 6S, without MeOH pre-
extraction or correction by matrix-matching. By comparison,
the LOD and LOQ were approximately 25% lower (on
average) for concentration standards prepared in the
CHCI;:MeOH extracts of soils AGR-2 and LUFA 6S after
their pre-extraction with MeOH, and approximately 45% lower
(on average) for the matrix-matched standards. Therefore,
both MeOH pre-extraction and matrix matching are viable
procedures to improve the LOD and LOQ_of the analytical
method. The choice of which procedure to implement, if
needed, should weigh the positive and negative aspects of both.
For example, in terms of sample processing, MeOH pre-
extraction and matrix-matching require comparable effort and
time (i.e., sequential extractions versus extractions of polymer-
free soil samples). Yet, matrix-matching requires additional
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time for "H-NMR analysis and data processing. Furthermore,
for matrix-matching, dedicated polymer-free samples need to
be included in the experimental design in advance (for
instance, for each time polymer samples are retrieved during an
incubation). Conversely, for MeOH pre-extraction, selected
MeOH extracts need to be worked up to demonstrate that no
polymer is lost in this step.

Soil Mesocosm Incubations. The second part of this
work introduces an approach to deploy polymer samples in
soils and retrieve them after incubation to monitor their
biodegradation over time. The approach relies on sealing the
polymer(s) together with homogenized and sieved soil into PP
mesh bags and is demonstrated herein with soil mesocosm
incubations in a greenhouse as a proxy for field incubations.

Effect of Sample Preparation on Extraction Efficiencies.
To ensure that incubated samples could be adequately
prepared for polymer extraction, a set of polymer samples
(i.e., mesh bags filled with 20 g AGR-2 and a disc of MF-R)
was incubated in soil mesocosm and retrieved after 4 months.
Freeze-drying of these samples resulted in highly compacted
soil blocks inside the mesh bags. To determine if this
compaction affected the extraction of residual PBAT and
PLA, the samples were divided into three groups: two groups
to test different pretreatments (i.e., coarse crushing of the soil
block inside the mesh bag or removal of the soil block from the
mesh bag and manual grinding on glassine paper) and one
group as control (i.e., the soil block was left in the mesh bag
with no further treatment), before being transferred to
extraction thimbles. All samples, including the mesh bags,
were then pre-extracted to remove SOM (30 min, MeOH),
and sequentially extracted twice (30 min each, CHCl;:MeOH)
to assess whether all residual polymer was extracted in the first
extraction step. Note that the total masses of PBAT and PLA
extracted from these samples do not add up to 100% of their
initial value if the polyesters have biodegraded over four
months of incubation.

Without sample pretreatment, the amounts of PBAT and
PLA extracted in both the first and the second extraction step
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Figure 2. Biodegradation of poly(butylene adipate-co-terephthalate) (PBAT) and polylactic acid (PLA), both from biodegradable mulch film MF-
R, and of poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBH) after six months of incubation in three different soils: (a) AGR-1, (b) AGR-2,
and (c) AGR-3. The individual values of the residual PBAT and PLA masses of each replicate sample are plotted against each other in the insets
with the corresponding linear regression (solid line) and the 1:1 line for reference (dashed line). The residual polymer mass is expressed as a
percentage of the respective polymer mass initially added to the samples. The heights of the bars represent the average of each group, and the error
bars the corresponding standard deviation (n = 3). All samples were ground before extraction, pre-extracted for 30 min with MeOH to remove
interfering soil organic matter, and then extracted for 60 min with CHCl;:MeOH, 9:1 v/v, to extract residual polymer(s).

were highly variable (Figure 1, sample pretreatment: “none”).
Furthermore, larger amounts of both polyesters were extracted
during the second extraction step. These findings show that
soil compaction impaired extraction, likely due to slow solvent
diffusion through the soil blocks.

Both coarsely crushing and finely grinding the samples
before extraction substantially improved the reproducibility of
the extraction and increased the amounts of both polymers
extracted during the first step (Figure 1, sample pretreatment:
“crushing” and “grinding”). For both pretreatments, however,
small amounts of PBAT and PLA were present in the second
extraction step, implying that a single extraction step of 30 min
was insufficient for a complete extraction from the compacted
soil.

It is noteworthy that the total amount of PLA extracted over
both extraction steps from the finely ground samples matched
the amount of PLA initially added to the mesh bags (i.e., 100
+ 5%): all of the PLA was thus extracted, implying not only
that PLA did not biodegrade within four months of soil
incubation, but also that no PLA losses occurred during the
delivery, incubation, retrieval, freeze-drying, and grinding of
the samples. This latter finding demonstrates that the mesh
bags are an effective mean to deliver and retrieve polymer
samples in soil incubations.

In contrast to PLA, the total amount of PBAT extracted
from the same samples was only 78 + 19% of the initial
amount (Figure 1). Since PBAT and PLA are uniformly
blended into MF-R (see Section 3, SI), this corresponds to an
actual decrease in the mass of PBAT in the sample, and,
therefore, biodegradation of PBAT.

Based on these results, all samples collected from the
mesocosm incubations presented below were manually ground
before extraction, pre-extracted to remove SOM (30 min,
MeOH) then extracted (CHCl;:MeOH) for 60 min in a single
step to ensure complete extraction. A model protocol for these
extractions is included in Section 7, SI.

PBAT, PLA, and PHBH Biodegradation in Soil Mesocosms.
The biodegradation of PBAT and PLA from MF-R and of
PHBH was assessed in soil mesocosms filled with AGR-1,
AGR-2, or AGR-3 for 6 months. Upon retrieval, the samples
were processed using the sample preparation method
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described above, before extraction and quantification by 'H-
NMR.

In all soils tested, the mass of PHBH extracted after six
months of incubation was only about 20 to 30% of the mass
initially added to the soil (Figure 2). PHBH thus underwent
extensive biodegradation, consistent with the high biodegra-
dation rates of polyhydroxyalkanoates reported for different
environments, including soils.”>>*~>* Compared to PHBH, the
mass losses of PBAT and PLA, and thus their biodegradation
extents, were smaller. In fact, in soil AGR-1, the extracted
masses of both PBAT and PLA were in good agreement with
their initial masses, implying that neither PBAT nor PLA had
biodegraded in this soil. This lack of biodegradation may be
linked to the low soil pH and/or a soil microbial community
characterized by a low abundance of biodegrading micro-
organisms.

Compared to soil AGR-1, the masses of PBAT and PLA
extracted from AGR-2 and AGR-3 corresponded to only 40 to
60% and to 80 to 90% of their initial masses, respectively. This
finding implies that both polymers had biodegraded in these
two soils over six months. The more extensive biodegradation
of PBAT compared to PLA is consistent with previous studies
reporting higher biodegradation rates for the former.>>~>”

Although the difference in the biodegradation extents across
soils was significant (weighted least-squares ANOVA, p < 0.05)
for each polymer, the large variations in the residual masses of
PBAT and PLA among triplicate samples imply substantial
variations in their biodegradation rates within the same
mesocosm, likely reflecting spatial heterogeneity in the
incubation conditions (e.g, temperature, soil water content,
abundance of microbial degraders). At the same time, the
relatively good correlation between the residual masses of
PBAT and PLA within each group of replicates (Figure 2,
inserts) suggests that this heterogeneity affected the biode-
gradation rates of both polyesters in a similar manner.

Opverall, these results demonstrate that the sample deploy-
ment approach presented herein, combined with the analysis of
residual polymer with the analytical method developed above,
allows monitoring polymer biodegradation in soil incubations
outside of the laboratory. As suggested by the large differences
in the extent of PBAT and PLA biodegradation observed
across the three soils during mesocosm incubations, studies
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that monitor polymer biodegradation in different soils in the
field are needed. During typical farming practices, biodegrad-
able mulch films are applied to agricultural soils repeatedly
over the year(s). Predictions of the fate of biodegradable
polymers and the potential formation of steady-state
concentrations in agricultural soils remain based on laboratory
incubation rate data.’”®" The workflow presented here can be
used to establish robust biodegradation performance of the
polymer(s) also in field soils under natural conditions.

B IMPLICATIONS

This work presents an analytical workflow to quantify
biodegradable polyesters in soils that can be retraced and
validated for additional polymer—soil combinations in future
work. While only quantification using '"H-NMR was presented
herein (achieving a LOD of the order of 10 pg polymer/g soil),
the extraction process can be coupled with different analytical
techniques (e.g., gas chromatography—mass spectrometry®” or
pyrolysis-gas chromatography—mass spectrometry), potentially
further increasing the method’s sensitivity (but possibly
compromising on selectivity). Additionally, the workflow can
be coupled with the sample deployment system presented
herein to directly monitor polyester biodegradation in the field
over time (as showcased herein in a proof-of-concept
mesocosm incubations for three agricultural soils). Such field
incubation studies are needed to assess and demonstrate the
transferability of biodegradation results from highly controlled
laboratory incubations (which form the basis for polymer soil
biodegradability certification standards) to the actual receiving
environment to which the biodegradable polymers are applied
(e.g., agricultural fields). We anticipate that the approach
developed herein will also be applicable to biodegradation
studies in other natural and engineered systems, such as
sediments, sludge, and compost,”® after appropriate adapta-
tions of the analytical method for the different incubation
matrices: all polymers that are chloroform-extractable and
show distinct 'H-NMR peaks can, in principle, be quantified.

B ASSOCIATED CONTENT
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B ABBREVIATIONS

"H-NMR proton nuclear magnetic resonance spectroscopy

BA 1,4-butanediol—adipic acid repeat unit in PBAT

BT 1,4-butanediol—terephthalic acid repeat unit in
PBAT

CDCl;  deuterated chloroform

CHCI;  chloroform

DMB 1,4-dimethoxybenzene

IS internal standard

LOD limit of detection

LOQ limit of quantification

MeOH  methanol

ME-E biodegradable mulch film ecovio M2351, BASF SE,
Germany

ME-R biodegradable mulch film Bio Mulchfolie 32.00009,
gvz-rossat SA, Switzerland

ME-S biodegradable mulch film Biofolie 15 y, Sansonnens
FG Freres SA, Switzerland

PBA polybutylene adipate

PBAT  poly(butylene adipate-co-terephthalate)

PBAz polybutylene azelate

PBS polybutylene succinate

PHBH  poly(3-hydroxybutyrate-co-3-hydroxyhexanoate)

PHBV  poly(3-hydroxybutyrate-co-3-hydroxyvalerate)

PLA polylactic acid

PS polystyrene

SI Supporting Information

SOM soil organic matter

TFB 1,4-bis(trifluoromethyl)benzene
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