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ABSTRACT

Context. A significant amount of conventional plastics waste, especially in the form of microplastics
(MPs), has accumulated in soils due to its limited degradation. Oxo-degradable and biodegradable
plastics have also contributed to MP contamination in soils. Aims. In this study, we examined the
degradation of a conventional plastic [fruit and vegetable (F&V) bag], two biodegradable plastics (bin
liner and mulch film) and an oxo-degradable plastic (drinking straw). Methods. These plastics
(5 mm) were mixed into a soil and incubated in the laboratory at 37 + 1°C for 185 days. The
CO,-carbon (C) mineralisation of the four plastics was determined using a 5'3C technique, because
the difference in the §'3C values of studied plastics and the experimental soil was >10%..
Key results. Bin liner showed the greatest C mineralisation (5.7%), followed by mulch film (4.1%),
straw (0.4%) and F&V bag (0.3%) at the end of the incubation period. All plastics, except the mulch
film for 23-77 days of incubation, caused a positive priming effect on soil organic carbon (SOC).
Fourier transform infra-red spectroscopy and scanning electron microscopy analyses were consistent
with the C mineralisation data. Conclusions. This study determines the degradation of various MPs in
soil using a reliable and practical §'3C method, which has been lacking in this field of study. The priming
effect of various MPs on SOC is a significant finding. Implications. The lack of consideration of
priming effect on SOC may overestimate the mineralisation of plastics in soil.

Keywords: biodegradable plastics, CO,, FTIR, microplastics, mineralisation, priming effect, SEM,
8'3C technique.

Introduction

It has been estimated that over 6000 Mt of conventional plastic waste, mostly including
polyethylene (PE), polypropylene (PP), polyvinyl chloride (PVC), polystyrene (PS) and
polyethylene terephthalate (PET), has been generated since 1950 (Geyer et al. 2017). Much
of this plastic waste ends up on land (e.g. landfills and agricultural soils), with estimates of
4-23 times greater plastic waste on land than in aquatic environments (Horton et al. 2017).
In soil environments, conventional plastics may disintegrate to form micro- and nano-
plastics (MPs and NPs) of sizes 1 pm to 5 mm and 1-1000 nm, respectively (Gigault et al.
2018; Frias and Nash 2019). In addition to conventional plastics, biodegradable plastics
consisting of polymers [e.g. polylactic acid (PLA), polyhydroxyalkanoates (PHAs),
polybutylene adipate terephthalate (PBAT), polycaprolactone (PCL) and polybutylene
succinate (PBS)] and oxo-degradable plastics (i.e. conventional plastics containing pro-
oxidants such as iron, cobalt and manganese to enhance their degradation through
oxidation) also contribute to MPs and NPs in soils. Biodegradable and oxo-degradable MPs
and NPs can be formed in compost facilities or under natural environments, which can
potentially end up in soils (Kubowicz and Booth 2017; Yu et al. 2021). Consequently, a
significant amount of MPs, mostly conventional plastics, have been observed in different
soil settings, including farmlands, industrial areas, public parks, forests and deserts
(Rafique et al. 2020; Abbasi et al. 2021; Alvarez—Lopeztello etal. 2021). Recently, Huo et al.
(2022a) reviewed the presence of MPs in soils worldwide and found mean and median
values of 6153 and 1080 particles kg™! soil, respectively. The presence of MPs and NPs
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can cause a variety of adverse effects on soil ecosystems, such
as affecting soil aggregation, inhibiting flora and fauna growth,
and changing microbial community structures (Lehmann et al.
2021; Huo et al. 2022b).

Conventional plastics are highly resistant to degradation
due to their long C-chain backbones and lack of degraders
in soils. Indeed, research has shown that degradation of
conventional PE, PET and PP buried in soils is very slow, with
less than 5% weight loss after 6 months of incubation (Yussuf
et al. 2018; Datta and Halder 2019; Beltran-Sanahuja et al.
2021). Among the biodegradable plastics, PBS, PHA, PBAT
and PCL showed relatively fast degradation in soil due to
the presence of relevant degraders and easily breakable
bonds in their backbone, especially PCL which degraded
almost 50% (weight basis) within 1 year (Palsikowski et al.
2018; Al Hosni et al. 2019). A wide range of degradation rates
have been observed for oxo-degradable plastics depending on
pre-treatments (e.g. UV/heat exposure), addition of pro-
oxidants, intrinsic plastic characteristics and incubation
conditions (Chiellini et al. 2003; Gémez and Michel 2013;
Kérouani et al. 2018). More than 60% of total mineralisation
was observed for thermally pre-treated low density polyethylene
(LPDE) with Totally Degradable Plastic Additives™ (TDPA™)
after 600 days of soil incubation, whereas only 1% of total C
was mineralised from PP with MasterBatch Pellets™ additive
after 2 years of incubation (Chiellini et al. 2003; Gémez and
Michel 2013). Nevertheless, the degradation of conventional
and oxo-degradable or biodegradable MPs in soil environ-
ments is still uncertain, with limited research data (Ferreira-
Filipe et al. 2022; Lin et al. 2022; Schopfer et al. 2022).

Addition of C amendments, such as biochar and fresh
organic matter, causes different priming effects (suppressing
or accelerating) on the mineralisation of existing soil organic
carbon (SOC) (Keith et al. 2011; Zhu et al. 2022). Similarly,
plastics (a C substrate) could suppress or accelerate the
mineralisation of SOC. However, there is no research on the
priming effect of plastics on SOC. Conventional plastics are
highly stable and thus their priming effect on SOC is likely
to be indirect via influence on soil biota. However, biodegrad-
able plastics, especially mixed with easily degradable fillers
such as starch, cellulose and lignin, can serve as an easily
available energy source for soil microorganisms that may
influence the degradation of native SOC. In addition, some
plastics contain toxic additives and plasticisers, which
can negatively influence microbial activities and inhibit
decomposition of native SOC (Zaborowska et al. 2020; Xiao
et al. 2021; Mondal et al. 2022). Rillig et al. (2021) suggested
that the negative priming from plastics could be due to the
adsorption of dissolved SOC on plastic surfaces, or substrate
switching, with easily mineralisable organic C in plastics being
preferentially metabolised by microbes. These hypotheses
need testing.

Degradation of plastics has been investigated using various
analytical approaches, such as visual observation using
scanning elecron microscopy (SEM), mechanical ductility
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measurements and observation of chemical changes in
plastics using Fourier transform infra-red (FTIR) spectroscopy
and Raman spectroscopy. These methodologies are qualitative
and do not measure the actual degradation of plastics. Other
methods, such as weight loss, CO, evolution and O, consump-
tion have been also frequently used in plastic degradation
studies (Tachibana et al. 2010; Al Hosni et al. 2019;
Al-Salem et al. 2019). However, weight loss of plastics can be
hampered by difficulties in separating small plastic fragments
(micro and nano sized) and the release of additives from
plastics. Carbon dioxide and O, are affected by the priming
effect of plastics on SOC, and thus may lead to underesti-
mation or overestimation of plastic degradation. Some
studies have measured the CO, mineralisation of PE and
PBAT plastics in soil using the carbon (*3C/'*C) isotope-
labelling technique (Albertsson 1978; Zumstein et al. 2018).
The use of isotope-labelling technique can distinguish
CO,-derived SOC and plastic C mineralisation. However,
use of this approach is limited because of specialised equipment
requirements, high cost for acquiring radioactive '*C-labelled
plastics and specific measures needed for the disposal of
radiolabelled samples (Raddadi and Fava 2019). Some
studies have used the difference in 5!°C values between the
original plastic and plastic samples removed from marine or
soil environments to characterise the plastic degradation
(Berto et al. 2017, 2019; Giebel et al. 2022). However, this
method is unable to measure plastic degradation rate. Plastic
degradation in soil can be determined through isotope
analysis of CO, respiration in control (without plastic) and
plastic-added soil samples, and a linear mixing model to
separate soil- from plastic-derived CO,. This approach has
been widely used for differentiating C sourced from SOC and
biochar (black C) and is easy to use under both laboratory and
field conditions (Keith et al. 2011; Fang et al. 2014). To the
best of our knowledge, only two studies have used this
approach to investigate plastic mineralisation in soils
(Guliyev et al. 2023; Zhang et al. 2023).

In this study, we employed the §!3C technique (based on
different 8'3C signatures of C in soil and plastics) to
determine CO, mineralisation of four commonly used plastics
in a soil: conventional fruit and vegetable (F&V) bag,
biodegradable bin liner, biodegradable mulch film and oxo-
degradable straw. Priming effects of the four plastics on
SOC mineralisation were also assessed. In addition, SEM and
FTIR techniques were used to further investigate the plastic
degradation processes.

Materials and methods

Plastics

Four commercial plastic products were selected based on their
composition and 8'3C values (Table 1). Biodegradable bin
liner and mulch film plastics were made of PBAT and starch,
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Table I. Important properties of plastic products used in the incubation experiments.
Preferred name Plastic products (manufacturer/source) Composition (stated on web Major composition §'3C C  Thickness
in the text sites) of plastic products under FTIR (%) (%) (pm)
Bin liner Biodegradable bin liner bag (Multix Greener) ~ Corn starch® PBAT and starch —2423 534 12
Mulch film Biodegradable plastic mulch film (BioBag) Mater-Bi (polyester and starch)® PBAT and starch —25.35 60.1 15
Straw Oxo-degradable drinking straw (Eco-straw) PP and additive ‘ReverteTM’® PP —27.48 86.1 60
F&V bag Conventional fruit and vegetable bag - HDPE —30.54 848 5

(Australian Woolworths supermarket)

Ahttps://www.multix.com.au/product/multix-greener-compostable-bags-mini-28-pack/.

Bhttps://biobagworld.com.au/product-information/agriculture-more/.
Chttps://bygreen.com.au/oxo-bio-straws-breaking-down/.

the oxo-degradable straw was made of PP with a pro-oxidant
called Reverte™ additive, while the conventional F&V bag
comprised high density polyethylene (HDPE). The §!3C
values of the four selected plastics were between —30.5%o0
and —24.2%o.

Soil

Surface soil (0-25 cm; a Solonetz) was collected from a field
near Gordonvale in North Queensland (17.085°S, 145.808°E),
which has been continuously used for sugar cane cropping for
more than 15 years. The soil had a distinctively different §!3C
value (—15.2%o) than the four plastics, which allowed us to
determine the proportion of plastic C and the soil C
mineralised in soil-plastic mixtures. Soil was air-dried, ground
and sieved to obtain <2 mm fraction. Data of important soil
properties are presented in Supplementary Table S1. Soil pH
and electrical conductivity were measured in a 1:5 solid:
solution ratio in deionised water using a pH electrode and
electrical conductivity meter, respectively. Particle size analysis
was done by the hydrometer method. Total C and nitrogen (N)
were measured by dry combustion using a vario MACRO cube
CHNS elemental analyser (Elementar Analysensysteme
GmbH, Hanau, Germany), with the CHN mode. The §'3C
signatures of the soil and plastic samples were determined
using a Costech Elemental Analyser fitted with a zero-blank
auto-sampler coupled via a ConFlo IV to a Thermo Finnigan
Delta VPLUS using Continuous-Flow isotope ratio mass
spectrometry (IRMS) at James Cook University’s Advanced
Analytical Centre (Cairns, Australia).

Incubation experiment

Plastic samples were cut into 5 mm x 5 mm pieces for use in
the incubation experiment. Each plastic sample (2 g) was
uniformly mixed with soil (250 g oven-dry basis) at 0.8%
(w/w) and transferred into a 2 L wide-mouth jar (Ball Mason).
A non-amended control soil, a blank control (without plastic
and soil) and a positive control (Whatman cellulose filter
paper + soil; 0.8% w/w) were included in the incubation
experiment. Extra soil-plastic treatments were included in the
experiment and removed after 77 and 185 days of incubation

for analysis using FTIR and SEM (see below) to examine
surface and chemical changes. Three replicates of each treat-
ment were used in the incubation study. To support microbial
growth during incubation, a nutrient solution (mg kg™! soil)
containing 183 mg N, 28 mg P, 22 mg K and 13 mg S was
added into the soil and soil-plastic mixtures. To introduce a
diverse range of microbial communities, a microbial inoculum
obtained from a mixture of soils (i.e. eucalyptus forests, pine
plantation, oat farmland, garden, grazed pastures and
compost) was mixed with the nutrient solution in a 1:125
ratio. The water holding capacity (i.e. the moisture content
of soil, when, after saturation, the downward percolation of
water is essentially ceased) of control soil and soil-plastic
mixtures was maintained at 70%. Two open glass bottles were
placed in each jar, one containing 30 mL of 2 M sodium
hydroxide (NaOH) to trap evolved COs,, and another containing
20 mL of distilled water to maintain moisture. The incubation
experiment was conducted in darkness at a constant tempera-
ture of 37 + 1°C for 185 days in the laboratory. The CO, traps
were replaced after 1, 4, 9, 23, 43, 77, 126 and 185 days of
incubation.

Plastic mineralisation, priming effect and mean
resistance time

The total CO,-C mineralised in various treatments was
determined by titrating 1 mL of NaOH against 0.1 M HCI
using phenolphthalein as an indicator. To determine §'3C in
the CO, evolved, a 10 mL aliquot from each CO, trap (NaOH
solution) was precipitated with 1.25 M SrCl,. The SrCO;
precipitates were analysed for §!3C using IRMS (as described
above). From the 8'3C data, the proportion of CO,-C derived
from plastic was then determined using the following equation
(Keith et al. 2011):

$13C0, — 513CO
Corooi (V) = L =27 78 =2 6}
Plastlc( ) S%SCOZ _ 6§3C02

where 813CO, is the §'3C value of the total CO»-C evolved
from soil-plastic mixture, 5;2CO, is the §'3C value for the
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CO,-C evolved from soil without plastic, and 533CO, is the
813C isotopic value of the plastic.

The priming effect of plastic CO,-C (PE,) (i.e. changes in
soil CO,-C mineralisation induced by plastic) on soil was
determined as follows:

PEP = Cp - CS (2)

where Cp is the amount (mg kg™! soil) of CO,-C mineralised
from plastic-amended soil and Cg is the amount (mg kg~!
soil) of CO,-C from non-amended control soil.

A two-pool exponential model was used to estimate the
mean resistance time (MRT) of each plastic in the soil:

Cpe(%) =Cp x (1 — e78) + (100 — Cp) x (1 —e~kat)  (3)

where Cp; (%) is the cumulative proportion of plastic-C
mineralised at time (t); C. and (100 — C;) are the propor-
tions of labile and recalcitrant C pools in plastic-C,
respectively; and k;, and ki are the constants of labile and
recalcitrant mineralisation rates, respectively. The MRT is the
inverse of the labile (1/k;) or recalcitrant (1/kg) mineralisa-
tion rate constant. For each plastic, the proportion (C;) of
labile plastic-C and its labile (k;) and recalcitrant (kg)
mineralisation rate constants were estimated using a non-
linear least squares regression analysis in R. Eqn 3 was fitted
using the function nlsLM from the ‘minpack.lm’ package
(Elzhov et al. 2022).

FTIR and SEM

The pristine (original) and plastic samples removed from the
soil after 77 and 185 days of incubation were analysed by
FTIR and SEM. The incubated plastic samples were rinsed
thoroughly in ultrapure water, followed by an ultrasonic
cleaning (Microson Ultrasonic Cell Disruptor, Misonix,
Farmingdale, USA) for a few minutes to remove adhered
soil particles.

The FTIR spectra were collected using a Bruker Alpha FTIR
spectrometer with a diamond crystal attenuated total reflection
(ATR) accessory (Bruker Optik GmbH, Ettlingen, Germany).
For each sample, 32 scans were recorded in the range of
400-4000 cm™! at a resolution of 4 cm~!. Both pristine and
aged plastics were observed to evaluate changes in surface
features using a JCM6000 Neoscope Tabletop SEM (JEOL Ltd,
Tokyo, Japan). Washed and dried plastic specimens were
coated with 10 nm gold nanoparticles to enhance sample
conductivity. The SEM images were captured at 10 kV under
2400x magnification.

Statistical analyses

Generalised least-squares model (nlme package) (Pinheiro
et al. 2021) was used for cumulative C mineralised and
C mineralisation rates from different treatments in R.
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A correlation of replicates by time (a repeated measure) was
specified in each analysis. ANOVA was used to determine the
statistical significance of plastic and time factors, as well as
their interactions. Plastics, time and their interactive
effects played a vital role (P < 0.0001) in all the analyses
described above. To further explore the differences between
plastic treatments at various time points, pairwise tests
using estimated marginal means with a Tukey adjustment
were performed and adjusted P-values are presented in
Table S2.

Results

Total and plastic CO,-C mineralisation

Total C mineralisation rates (mg CO,-C kg™ soil day!) were
the greatest on the first day in all samples and then reduced
sharply, except in the bin liner treatment for which the
decrease was gradual over time (Fig. Sla). Mineralisation
rates of bin liner and mulch film were consistently greater
than for F&V bag and straw plastics during the 185-day
incubation (Fig. 1a). The C mineralisation rate of bin liner
plastic was greater than mulch film during the first 9 days of
incubation; whereas, in the following period of 9-126 days,
the C mineralisation rate was consistently greater for the
mulch film. Similar trends of plastic C mineralisation rate
(as a proportion of total plastic C) were observed for the
four plastics (Fig. S2a).

There was an increase in the cumulative total C (mg
CO,-C kg~ ! soil) mineralised from all four plastics treatments
and the control soil (without plastics) with time until about
126 days of incubation, and all samples reached a plateau
during 126-185 days (Fig. S1b). The cumulative plastic C
mineralised from bin liner plastic was significantly greater
(P < 0.0001) than from straw and F&V bag plastics over the
185-day incubation, except on day 1 (Fig. 1b). Similarly, the
cumulative C mineralised from bin liner was significantly
(P < 0.0001) greater than the mulch film during 4-23 days.
However, later on the difference was non-significant and
their cumulative C mineralised was similar towards the end
of the incubation period. At the end of the incubation period,
5.7% and 4.1% of the total C was mineralised from bin liner
and mulch film, respectively, whereas the total plastic-C
mineralised was only 0.4% and 0.3% for straw and F&V
bag plastics, respectively (Fig. S2b). Correspondingly, the
estimated MRT of the recalcitrant C in bin liner was 15 years,
while for straw and F&V bag plastics the MRT values were 163
and 193 years, respectively (Table S3). The MRT of mulch film
could not be estimated because a positive infinity was
obtained in the fitted model. The MRT of the labile C pool in
all plastics was not estimated because the estimated labile C
only constituted a small (less than 5%) proportion of the total
C in all plastics.
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FTIR analysis

The absorption bands and assigned functional groups of the
four plastics are shown in Table S4. The composition of bin
liner and mulch film had typical bands for PBAT and starch,
including OH stretch in 3000-3600 cm™! range due to the
presence of starch, 1711 ecm™ (C=O stretch), 1267 cm™!
(C-O stretch) and 1017 ecm™! (C-O stretch or CH in-plane
bend) (Ruggero et al. 2021). Straw plastic was characterised
as PP, with absorption bands at 2838, 2917 and 2949 cm™!
(CH, or CHj stretch); 1456 and 1375 cm~! (CH, or CHj
bend); and 1167, 998, 973 and 841 cm™! (isotactic PP bands)
(Jung et al. 2018). The F&V bag was characterised as HDPE
and its strong characteristic absorption bands were at
718 cm~! (CH, rock), 1471 cm™! (CH, bend) and 2847 and
2914 cm™! (CH, stretch) (Jung et al. 2018).

Chemical structures of the pristine bin liner and mulch film
were similar (Fig. 2). A decrease in the broad band (3000-
3600 cm~!) was observed in both plastic samples extracted
after 77 days of incubation in the soil (Fig. 2a, b). The
decrease in band intensity was greater for bin liner than for
mulch film plastic. There were no observable changes in both
bin liner and mulch film samples during 77-185 days of
incubation. For the straw plastic, the intensity of a band at
1745 cm™! was increased after 77 and 185 days of incubation
compared to the original sample (Fig. 2c). The intensity of this
band was greater for the straw sample isolated after 77 days of
incubation than the sample after 185 days. Similar changes in
the 1745 cm™! band were also found for the F&V bag plastic
(Fig. 2d). Additionally, new bands at 1033 and 1099 cm™!
appeared in the F&V bag spectra after 77 and 185 days of
incubation.

SEM observations

There was a varying degree of surface deterioration of plastics
after incubation in the soil (Fig. S3). After 77 days of

incubation, the surface of bin liner and mulch film plastics
became rough and deteriorated, with a greater number of
holes in the bin liner plastic than in the mulch film plastic
(Fig. S3a, b). With increasing degradation, cavities spread
in the bin liner became larger by the end of the incubation
period compared to those after 77 days. Mulch film surface
was eroded to a greater extent and more cavities appeared
on the surface after an extended period of degradation in the
soil. However, there were fewer holes distributed on the
mulch film surface than the bin liner surface. There were
bumps embedded in the original straw plastic and the bumps
disintegrated after 77 days incubation (Fig. S3c). After
185 days, the bumps disappeared from the straw surface,
which became relatively smooth. There were no obvious
changes in the surface of F&V bag plastic after 77 days of
incubation in the soil (Fig. S3d); however, a few small pits
were observed on the surface in the sample after 185 days.

Mineralisation of SOC and priming effect

The mineralisation rates of SOC were greatest on the first day
and decreased sharply in all plastic treatments except for the
bin liner plastic where it declined gradually over the incuba-
tion period (Fig. S4a). The amount of cumulative soil-C
mineralised increased for all plastic treatments during the
first 126 days of incubation and then stabilised during 126—
185 days (Fig. S4b). All plastics, except for mulch film during
23-77 days of incubation, showed a positive priming effect on
SOC mineralisation (Fig. 3). The addition of bin liner caused
the greatest positive priming effect on soil-C mineralisation,
which significantly increased with time until sampling at
126 days and after this it remained the same. In contrast,
the positive priming effects of F&V bag and straw gradually
increased and then decreased over the incubation period
(temporarily for F&V bag). Only the addition of mulch film
resulted in temporarily reduced SOC mineralisation.
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substantial changes in absorption bands were observed, are presented on the right-hand side of the figure.

Discussion

Degradation of biodegradable bin liner and
mulch film

A greater cumulative C mineralisation of bin liner than mulch
film at the beginning of incubation was observed and this
difference in C mineralised was much smaller towards the end
of the experiment (Fig. 1b). These observations are consistent
with SEM results (Fig. S3a, b). The corresponding MRT of bin
liner was 15 years. However the MRT of mulch film was not
properly obtained, indicating that a longer incubation period
may be needed to obtain a robust estimate of its MRT. The
total mineralisation of both bin liner (5.7%) and mulch film
(4.1%) plastics in this study is much less than reported by
other studies (Bettas Ardisson et al. 2014; Tosin et al. 2020).
Tosin et al. (2020) found 41.9%, 83.3% and 88.0% total CO,
mineralised from Mater-Bi EFO4P mulch film (i.e. a mulch
film comprising biodegradable polyester, starch and a natural
plasticiser) in a sandy loam soil after 119, 292 and 364 days of
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incubation, respectively. Similarly, more than 60% total C
mineralisation of Mater-Bi mulch film was observed after
150 days of soil incubation, and reached 77.5% after
318 days (Bettas Ardisson et al. 2014). Although composi-
tions of the plastics in these studies are broadly similar to
the mulch film (Mater-Bi) and bin liner in our study, some
differences in the fillers, incubation conditions and/or soil
characteristics may have affected their abiotic degradation
and/or mineralisation. An increase or decrease in carbonyl
groups of Mater-Bi material after soil incubation has been
observed in other studies, indicating abiotic or microbial
degradation, respectively (Rapisarda et al. 2019; La Mantia
et al. 2020). However, plastic mineralisation was not
measured in these studies. In our study, no obvious changes
in the intensity of carbonyl groups (1711 cm™!) were found
in mulch film and bin liner plastics, possibly due to limited
abiotic and/or biotic degradation of PBAT. Also, plastic
mineralisation in the earlier studies was calculated using
the difference in the total C mineralised from plastic
treatments and the control soil (Bettas Ardisson et al. 2014;
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Fig. 3. Cumulative priming effect (mg CO,-C kg' soil) of plastic
treatments on soil organic C mineralised at 37 + 1°C over a 185-day
incubation period. Error bars represent + s.em. (n = 3).

Tosin et al. 2020) — this approach assumes that addition
of plastic substrate does not alter the CO, mineralisation of
native SOC. Based on this assumption, the amount of
plastic-C mineralised may have been overestimated. In this
study, although the mulch film plastic did not show much
positive priming effect on SOC, the addition of bin liner
plastic with a similar major composition caused a cumulative
positive priming of up to 396 mg CO,-C kg™! to SOC. Other
studies have assessed the degradation of Mater-Bi material
buried in soils based on weight loss. Weight losses of 3.4—
37% have been observed after incubation of 90-120 days,
depending on the incubation temperature and soil conditions
(Accinelli et al. 2019; Rapisarda et al. 2019; La Mantia et al.
2020). Degradation in these studies may also have been
overestimated because the weight loss of non-visible small
fragments and additives released were not considered.
Different plastic characteristics (e.g. thickness and
additives) may explain the difference in the degradation rate
of PBAT/starch in the bin liner and mulch film. The cumula-
tive mineralisation from the mulch film was significantly
lower than from the bin liner at the beginning of incubation,
suggesting that mulch film contained toxic additives and
plasticisers that may be released during the initial incubation
period, leading to decreased microbial abundance and
activities, and thus lower mineralisation during the initial
period than that observed for the bin liner. Bandopadhyay
et al. (2020) investigated the effects of four biodegradable
plastics on soil microbial communities and found that only
Mater-Bi mulch film caused a significant decrease in bacterial
16S rRNA and fungal ITS gene copy abundances, which may
partially explain the lower mineralisation of mulch film (also
made of Mater-Bi) in our study. Starch also plays a major role
in the degradation of PBAT/starch blend, with the degradation
rate measured by weight loss. This increased with increasing
starch concentrations in the range of 5-40% (Someya et al.
2007; Wang et al. 2015; Pokhrel et al. 2021). In our study,

the cumulative C mineralisation of bin liner was greater than
mulch film across the entire incubation, so possibly the starch
proportion in the bin liner plastic was greater than in mulch
film and so caused a greater mineralisation. Our FTIR results
also showed a greater intensity of starch hydroxyl groups in
the original bin liner than in the mulch film (Fig. 2a, b). The
decreased intensity of the hydroxyl group after 77 and 185 days
of incubation compared to pristine samples in both bin liner
and mulch film treatments further suggests that starch played
an important role in the degradation of both plastics. Thus,
with a higher starch content in bin liner than in mulch film,
greater mineralisation would be expected for the bin liner
treatment. In addition, the bin liner plastic was thinner than
the mulch film, which may have contributed to its greater
mineralisation compared to mulch film. Thick plastics impede
diffusion of moisture and microorganisms and therefore exhibit
relatively slow hydrolysis and mineralisation (Rujni¢-Sokele and
Pilipovi¢ 2017; Barron and Sparks 2020).

Degradation of oxo-degradable straw

In general, degradation of PP plastic is very slow in soils
(Raslan et al. 2018; Darwish et al. 2021). Half-life of up to
780 years has been estimated for a PP container, with a
thickness of 800 pm (Chamas et al. 2020). Addition of a
pro-oxidant into PP plastics can accelerate oxidative degrada-
tion reactions that lead to the formation of small molecular
hydrocarbons and oxidation products, like ketones, carboxylic
acid and alcohols, which can be easily assimilated by soil
microorganisms (Ammala et al. 2011). The oxidative and
microbial degradation processes of PP plastic were confirmed
in our FTIR results. There was an increase in carbonyl groups at
the 1745 cm™! band in straw plastic, indicating that oxidative
degradation occurred during the first 77 days of incubation.
The intensity of carbonyl functional group substantially
decreased towards the end of the incubation experiment,
suggesting that soil microorganisms utilised PP plastic.
Several studies have shown a decrease in the carbonyl group
of PP plastic on exposure to a biotic environment (Arkatkar
et al. 2010; Jain et al. 2022).

In this study, the total amount of C mineralised from straw
plastic (PP plastic blended with a pro-oxidant) was less than
0.5% after 185 days of incubation. This is consistent with 1% C
loss observed for PP with the pro-oxidant of ECM Masterbatch
Pellets™ after 660 days of soil incubation (Gémez and Michel
2013). In contrast, Sable et al. (2019) found that up to 8.0%
and 8.4% of C was mineralised from PP blended with the pro-
oxidants of calcium and cobalt stearate, respectively, after
45 days compositing (at 58°C) with a municipal solid waste
inoculum. Municipal waste compost has a high level of
biological activity and a higher temperature (58°C), which
may have enhanced both abiotic oxidation of plastics and
microbial mineralisation in their study. Later studies demon-
strated that the concentration of added pro-oxidants and
abiotic treatments play vital roles in oxo-degradation of PP
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(Sable et al. 2020a, 2020b, 2021). Yussuf et al. (2018) found
that PP containing TDPA® pro-degradant additive experienced
more than 4% weight loss after outdoor burial for 6 months,
whereas no weight loss was observed for pure PP during the
same period. The PP containing pro-oxidant can be more
easily degraded than pure PP, but it is still very slow in soil
with an estimated 163 years of MRT of the recalcitrant C
pool observed in this study. The SEM showed that straw
plastic was relatively intact after 185 days of incubation
corresponding to the small total C mineralisation. Bumps
embedded in the straw sample had disintegrated after 77 days
of incubation (Fig. S3c), probably due to the catalysation of
the pro-oxidant. This could enhance oxidative and microbial
degradation of straw plastic and lead to a greater C minerali-
sation rate than with the F&V bag especially at the beginning
of incubation experiment.

Degradation of conventional F&V bag

Polyethylene is a highly recalcitrant and inert material that
degrades very slowly in the environment. Only partial
deterioration and negligible weight loss in a PE sheet were
observed after keeping it in soil for 32 years (Otake et al.
1995). The recalcitrance of PE is due to its insolubility in
water, hydrophobicity, high stability of C-C backbones,
high degree of crystallinity and its large molecular weight
(Tokiwa et al. 2009; Restrepo-Florez et al. 2014). Despite its
low degradability, more than 10% of LDPE was mineralised,
when mixed with specific isolates from soil or landfill for
60 days (Das and Kumar 2015; Das et al. 2018). However,
these conditions do not represent real soil environments,
which contain a mixture of microbial species. In contrast,
the mineralisation of PE plastics in natural soil has been
found to be very small. Esmaeili et al. (2013) found that
only 7.6% was mineralised from pure LDPE films after a
126-day soil incubation. The degradability of HDPE in our
study was even lower than that of LDPE, probably due to
longer C chains that lack functional sites for microbial
degradation. Albertsson (1978) found that only approximately
0.5% of HDPE films were mineralised in cultivated soil after
incubation for 2 years using a relatively accurate !*C labelling
technique, similar to our results with 0.3% mineralisation for
F&V bag after 185 days of soil incubation. The small degrada-
tion of the F&V bag was also exhibited in SEM results, where
no obvious surface changes were observed after 77 and
185 days of incubation. Similar to the straw plastic, an initial
oxidative degradation followed by microbial degradation of
the F&V bag has been suggested. An increase in the carbonyl
group of the F&V bag was observed after 77 days of
incubation, but this decreased in the sample taken after
185 days. In addition, the formation of alkoxy groups between
1000 and 1090 cm~! was observed in the F&V bag spectrum
after 77 days of incubation, and the intensity of these bands
decreased with prolonged incubation.
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Priming effect

We found an overall positive priming effect on SOC with the
addition of all four plastics at the termination of incubation,
consistent with observations in another two studies (Guliyev
et al. 2023; Zhang et al. 2023). The positive priming could be
due to co-metabolism resulting from increased microbial
biomass and simultaneous increase in enzyme production.
Specifically, the increased SOC mineralisation was probably
due to an increased extracellular enzyme activity stimulated
by plastics and/or the addition of energy brought by plastics
catabolites for SOC decomposers to utilise. Conventional F&V
bag and oxo-degradable straw are not readily available energy
sources for microbial communities, thus a small positive
priming effect was observed. However, PBAT and starch-
based bin liner is hydrolysable through enzymes such as
lipases, cutinases and esterases and biodegrades through
microbial assimilation (Perz et al. 2016), which could lead to
co-metabolic SOC mineralisation. Notably, the mulch film,
mainly consisting of PBAT and starch, had a cumulative
positive priming effect over the incubation period, but it was
far less than for the bin liner. There was a negative priming
effect for the mulch film during 23-77 days of incubation.
The negative priming of mulch film could be a result of
toxic additives present in the plastic, which may have
reduced microbial activities and led to a negative priming
effect on SOC. However, further research is needed to
confirm this hypothesis.

Conclusions

Increasing usage of PE as mulch film has led to the accumu-
lation of a large amount of plastic waste in soil environments.
The low degradability of PE plastic and difficulties in
collecting and recycling contribute to plastic contamination
in soils. Biodegradable mulch films offer an advantage due
to their relatively rapid degradation in soil environments. It
has been estimated that demand for biodegradable mulch
film will increase to USD 82.82 million by 2030 compared
to USD 45.24 million in 2022 (Grand View Research 2022).
However, MPs and NPs can be formed from degradation of
biodegradable mulch film in soils (Sintim et al. 2020;
Griffin-LaHue et al. 2022). Concerns have arisen over the
generation of MPs and NPs because they may persist in soils
for extended periods. Our results showed that the mineralisa-
tion of biodegradable mulch film MPs in soil is rather limited
(only 4.1% after ~6 months) and this mineralisation was mainly
due to the decomposition of starch in the film. Biodegradable
MPs and NPs can pose environmental hazards to plant growth,
microbial community and function and adversely affect soil
functions and properties (Huo et al. 2022b). Therefore, the
use of biodegradable mulch film should be carefully considered.

Carbon dioxide efflux from soils is one of earth’s largest
fluxes of C to the atmosphere and any changes in soil CO,
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flux would have crucial impacts on climate, food security
and atmospheric CO, concentration (Myers et al. 2017).
Consequently, it is important to preserve and even increase
SOC to mitigate greenhouse gas emissions and meet the food
security challenge. As observed in this study, MP contamina-
tion can cause a positive priming to SOC, especially biodegrad-
able bin liner blended with readily degradable starch. Therefore,
the increased SOC mineralisation caused by plastics may affect
climate change. Further research is needed on this aspect,
particularly under field conditions and over a longer period to
evaluate the effect of MPs on natural soil.

This study demonstrates that the §'3C technique is a
powerful tool for investigating the rate of mineralisation of
biodegradable, conventional and oxo-degradable MPs in soils.
Not only is it capable of distinguishing between plastic and
soil-derived C, but also allowed us to determine plastics’
priming effect on SOC. One limitation of this technique is
the need to have contrasting §'3C values for soil and plastics,
which may not be possible in all instances. However, with
terrestrial plastic pollution becoming an increasing problem,
understanding the mineralisation of plastics is crucial.
Additionally, the effect of MP characteristics (e.g. size, type and
thickness), soil characteristics (e.g. pH, texture and organic
matter content), temperature (mesophilic and thermophilic)
and moisture on plastic mineralisation should be the focus of
future studies.

Supplementary material

Supplementary material is available online.
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