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Biodegradable Mulch Films (BMFs) offer a sustainable alternative to traditional
non-degradable (Polyethylene) PE mulch films. However, their slow rate of
biodegradation can lead to plastics accumulation in soil. In this study, a
commercially available BMF based on poly (butylene adipate co-terephthalate)
(PBAT) and poly (lactic acid) (PLA) is examined. Here the effects of gliding arc
plasma treatment on the bulk and surface properties, as well as its degradation
behavior in soil and compost is studied. An increase in surface oxygen containing
species and hydrophilicity was observed following plasma treatment. Only a
small hydrophobic recovery was noted over 30 days. No changes in the bulk
polymermolecular weight or thermal properties following treatmentwere noted.
However, a decrease in mechanical strength was observed following gliding arc
plasma treatment. The onset of film fragmentation in both soil and compost
occurred earlier for a plasma treated film andwe attribute this to an improvement
in the initial adhesion of bacteria on the surface.
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plasma treatment, mulch films, poly (lactic acid) (PLA), poly(butylene adipate
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1 Introduction

Plastic usage is common in agriculture and can be seen everywhere from mulch
films, storage silos and greenhouse covering (Dilara and Briassoulis, 2000; Espí et al., 2006;
Sander, 2019). Mulch films consist of about 50% (Soil Degradable Malinconico, 2017) of
the entire plastic usage in agricultural applications. Mulch films are used to create a more
suitable environment for crop growth by providing a physical barrier thus aiding in soil
moisture retention, preventing weed growth, and maintaining a desirable soil temperature.
Previous studies have reported a significant improvement in crop yield after using plastic
mulch films: For example, a 45%–47% improvement in musk melon outputs and up to
369% increment in bell pepper yields have been reported (James et al., 2019). In addition,
water savings of 12%–35% resulting from the use of mulch films have been reported
(Liu et al., 2014a). All of this provides a strong argument for the use of plastic mulch in
agricultural applications and why it is needed to keep up with increasing food demands.
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Traditional poly (ethylene) (PE) mulch films are cheap, flexible
and tend to do well in harsh outdoor conditions (Kasirajan
and Ngouajio, 2012; Sander, 2019). However, due to their non-
biodegradable nature, PE based films must be removed from the
field and this gives rise to added labor costs. From an environmental
point of view, this also poses a potential problem of microplastic
accumulation in the field. Likewise, films must be disposed of
following removal which might include landfill tipping fees. Also,
there have been reports of farmers burning the plastic (Levitan, 2005;
Brodhagen et al., 2015) which is not a desirable end of life outcome
from an environmental point of view.

Biodegradable mulch films (BMFs) provide alternative end of
life strategies over non-biodegradable mulches. BMFs are either
soil degradable, wherein they could be tilled with the soil and
allowed to degrade and/or compostable thus allowing them to be
removed from the field and placed into a composter. Commercially
available mulch films are generally composed of polysaccharides
and aliphatic or aromatic polyesters which are prone to hydrolysis
(Müller et al., 2001; Brodhagen et al., 2015). In particular, the usage
of PHA (poly (hydroxyalkanoates)), PBAT (poly (butylene adipate-
co-terephthalate)), PLA (poly (lactic acid)) and starch is fairly
common in biodegradable/compostable mulch films (Serrano-
Ruíz et al., 2018). Blending PLA/PBAT results in better modulus
of elasticity (as compared to PBAT) and improved toughness (as
compared to PLA) (Su et al., 2020).

Soil degradation of BMFs are estimated to take as many as
6 years to full degrade (Sintim et al., 2020; Gao et al., 2021). Not
surprisingly, the geographic location where the mulch film is used
influences the degradation rate, where cooler climates generally
reduces the rate of degradation (Li et al., 2014a). Lamparelli et al.
(Study of the Biodegradation of, 2021) express concerns with low
temperatures affecting the rate of degradation of PBAT/PLA blends.
They further report that the presence of microbes in soil makes it
the faster method of degradation over hydrolytic degradation under
these conditions.

The biodegradation of polymers in soil is described as a
three-step process consisting of film surface colonization by soil
microorganisms, followed by enzymatic depolymerization of the
polymer into small molecules (monomers/oligomers) and finally
their utilization for energy production and biomass formation
(Zumstein et al., 2018; Sander, 2019). Given that the initial
degradation phase of polymers is dominated by surface colonization
of soil microbes (Cai et al., 2019; Sander, 2019), bacteria attachment
on the film surface can be an important determining factor in
dictating the rate of degradation. Bacterial attachment on plastics
has been studied in detail and results suggest that polymer surfaces
can serve as a substrate for microbe environment (Zettler et al.,
2013; De Tender et al., 2017; Urbanek et al., 2018) and this has been
further strengthened by research in biofilm formation on plastic
surfaces (Garrett et al., 2008; Feng et al., 2015; Delacuvellerie et al.,
2021).

Generally, polymers have relatively hydrophobic surface
properties and this limits their rate of biodegradation (Pathak and
Navneet, 2017). Engineering of the polymer surface to enhance
favorable microbial interactions may be a means to increase the
environmental biodegradation of polymers. This was shown by Lea
et al. (Gazvoda et al., 2021) who demonstrated an increase in the
wettability of PLLA films following alkaline etching and this resulted

in favorable enzymatic degradation. The authors reported this
happens due to the ability of the surface to permit water, enzymes,
and aqueous solutions to easily colonize and access the surface of
the polymer. In the current study, plasma surface treatment will be
utilized to alter the surface hydrophobicity of a polymer film in an
effort to understand its influence on soil microbial attachment and
degradation in soil.

Surface treatment of polymers is a commonly applied industrial
practice to improve adhesion, printability, and dye uptake of
polymer surfaces (Grace and Gerenser, 2003; James et al., 2019).
Plasma treatment is one of the most versatile methods of surface
modification when compared to other techniques such as physical
modification, flame and chemical surface etching (Komvopoulos,
2005). Plasma treatment can result in a variety of surface changes
including functionalization, deposition, etching and crosslinking
(James et al., 2019). Unlike othermethods, plasma surface treatment
does not involve the use of harsh chemicals or release toxins, which
makes it an environmentally friendly method of polymer surface
modification (Komvopoulos, 2005; Kusano, 2014). Atmospheric
plasma specifically can be used to incorporate a variety of
nitrogen and oxygen containing species on polymeric surfaces
(Ramkumar et al., 2018). In this study, we utilize a gliding arc plasma
as our surface treatment process. Gliding arc plasma is generated
between diverging electrodes at high voltages and is quenched
by gas flow. It achieves high reactivity and efficient productivity
(high energy density) and is an environmentally clean process
(Fridman et al., 1999). Plasma treatment has been identified as an
AOP (AdvancedOxidation Processes) to enhance biodegradation of
commonmicroplastics such as poly (ethylene), poly (propylene) and
poly (styrene). (Bule Možar et al., 2023).

In this work, we investigate the effects of atmospheric pressure,
gliding arc plasma on microbial attachment and degradation
performance of a commercially available mulch film based on a
blend of PBAT and PLA. Here we test the hypothesis that surface
treatment of a biodegradable mulch film can aid in colonization
of a BMF and enhance its degradation rate in both soil and a low
temperature compost. It has been well established in the biomedical
field that surface treatment, including plasma treatment, greatly
enhances plastic material/cell interactions and can lead to enhanced
degradation but to the best of our knowledge this is the first time
that this has been applied to an agricultural mulch film application.

In this work the surface of an untreated and plasma treated
film is characterized using X-ray Photoelectron Spectroscopy (XPS)
and contact angle measurements to assess the efficacy of the
plasma treatment to modify the film surface. Differential Scanning
Calorimetry (DSC) and Gel Permeation Chromatography (GPC)
was used to characterize the influence of plasma treatment on
the bulk condition of the film. Additionally, tensile testing was
performed on an untreated and treated film (1/4’ working distance,
20 s exposure time) to assess the impact of the plasma treatment on
themechanical properties.These two filmswere subjected to aerobic
soil and low temperature aerated compost degradation. Samples
were retrieved throughout the course of these experiments and
resulting film surfaces were characterized using optical microscopy
and Scanning Electron Microscopy (SEM) with select samples
examined via GPC. Finally, microbial adhesion was evaluated by
comparing cellular adhesion of Pseudomonas Guariconesis spp. on
the surfaces of a plasma treated and an untreated film and differences
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FIGURE 1
Experimental approach to examine effect of plasma treatment on biodegradable mulch films. (A) Structure of PBAT and PLA materials used in this
investigation; (B) Plasma treatment method where films were wrapped around a rotating cylinder (100 mm diameter, 130RPM) and placed ¼″ from the
plasma head.

in cellular adhesion is viewed in the context of film degradation
results.

2 Materials and methods

2.1 Materials

Organix™ A.G. film was sourced from Berry Hill Irrigation
Specialists and used as purchased. The film is described to be
“OK biodegradable” per the manufacturer and is TUV-Austria
certified for soil biodegradability. Further, the film is based
on BASF’s EcoVio. Differential scanning calorimetry (DSC),
Thermogravimetric Analysis (TGA) and Fourier Transform
Infrared Spectroscopy (FTIR) agrees with that reported by other
researchers (Anunciado et al., 2021) and confirms the presence
of PBAT and PLA) (Figure 1A) and an inorganic fraction (See
Supplementary Figure S1 for details). The thickness of the film is
∼20 µm and one side of the film is black while the other side is
white.

2.2 Plasma treatment

A gliding arc plasma treater PJ-2 from Corotec was used for
the treatment of the films (Figure 1B). The plasma head inputs are
8 A and 20 V with the output being at 0.06 A and 12 kV. This is
a commercially available instrument and lacks the ability to adjust
the inputs for the plasma discharge, hence the distance from the
plasmahead and total exposure to plasmawere used to find a suitable
set of conditions. The films were wiped down with a Kimwipe and
wrapped around a rotating cylinder (130 RPM) measuring ∼75 mm
in width and 100 mm in diameter. No additional pre-treatments
were performed prior to plasma treatment. The low thermal mass

of the film required that it be treated quickly; this was accomplished
by treating throughmultiple passes to allow the surface to cool down
after each pass. Treatment time is a popular technique to control the
plasma exposure as can also be seen in the work by Darvish et al.
(2020). The treatment was carried out for up to 20 s with the sample
placed 6.4 mm from the plasma head. These conditions were chosen
using a trial-and-error method with the criteria that we did not
overheat the specimen and/or induce obvious surface damage (as
indicated using optical microscopy and SEM analysis) while still
achieving a change in wettability (as indicated by contact angle
measurements). For this study only the black side of the film was
treated which allowed better visualization of the treatment.

2.3 Film characterization

2.3.1 Contact angle
Contact angle measurements for the films were made using

a Ramé-Hart goniometer combined with DROPimage advanced
image analysis software. A 1 µL deionized water droplet was
placed on the film at three different sections of the surface.
The sections were selected at random, and droplets were placed
using the Ramé-Hart automated dispensing system, as shown in
Supplementary Figure S2. 10 measurements were taken per drop
to minimize the error in the image-processing algorithm. The
angle reported is the average of 30 measurements. Contact angle
measurements were made 2 h after treatment. Measurements were
also made after 15 and 30 days where the samples were stored in an
airtight container at room temperature away from any source of light
to study hydrophobic recovery of the treatment.

2.3.2 X-ray photon spectroscopy (XPS)
X-ray photon spectroscopy (XPS) was performed on films using

an XPS–K-Alpha spectrometer (ThermoFisher Scientific, United
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Kingdom). XPS data was collected (analysis chamber pressure =
4.5 × 10−6 Pa) using a micro-focused, monochromatic Al Kα X-ray
source (1,486.6 eV) with a lateral resolution of 30 μm. The atomic
concentrations of all the elements were calculated by determining
the relevant integral peak intensities using Shirley background.

2.3.3 Thermal characterization
Thermal characterization of films was carried out using a TA

Instruments Q250 DSC in a nitrogen environment. ∼ 9 mg of the
sample was packed in a hermetically sealed pan and was heated to
200°C at 15°C/min to get rid of the thermal history, cooled to −50°C
at 10°C/min and then heated back again to 200°C.Themelting, glass
and crystallization transitions were observed, and the enthalpies
were calculated usingTA Instruments TRIOS software (version 5.1).

2.3.4 Gel permeation chromatography (GPC)
Gel permeation chromatography was performed on an

untreated film and two plasma treated films (10 s and 20 s exposure
times) using a Shimadzu LC 2030 plus detector system containing
two Agilent ResiPore, 300 × 7.5 mm columns. In this experiment a
refractive index detector (RI) was used. HPLC grade Chloroform
(Chloroform, HPLC Grade, 99.5+% min, stab. with amylene,
Thermo Scientific™) was used as the mobile phase and calibration
was carried out using poly (styrene) (PS) standards (Sigma
Aldrich, range of 500–1,000,000 g/mol). Sample concentration
was 2.5 mg/mL and the solutions were filtered using a 0.2-micron
PTFE filter. Experiments were carried out at 1 mL/min and at a
temperature of 30°C.

3 Soil and composting experiments

3.1 Soil degradation

Soil degradation of 75 mm × 75 mm samples (untreated film
and a plasma treated film (1/4″ working distance, 20 s exposure
time)) was first carried out for 3 months in a non-aerated soil
burial test (measured in triplicate) and a detailed description of
the soil burial trial can be found in Supplementary Figure S3. This
experimental approach was adapted from an article that uses a
similar lab technique to determine biodegradability of starch based
films (Luchese et al., 2018). Samples were tested as whole films so
as to better assess the influence of the plasma treatment process;
Grinding the films would generate untreated surfaces introducing
a complexity to interpret the results post degradation. A 19 L
bin with dimensions 457 mm × 355 mm x 127 mm (18″ x 14″

x 5″) was used for each time trial. All bins were first filled
halfway with soil (about 60 mm high) whereupon film samples were
placed atop 500 mm × 100 mm mesh screens. The use of mesh
bags is a commonly used method (Li et al., 2014a; Li et al., 2014b;
Adamcová et al., 2018; Ghimire et al., 2020; Zhang et al., 2020) as
it helps to categorize samples and enable their efficient retrieval.
An additional 60 mm layer of soil was placed atop the films to
complete the sample preparation process. Moisture was maintained
throughout the exposure in the range of 50%–60% and was carried
out indoors at 21°C ± 1°C. For sample retrieval, the soil from
the top of the bin was carefully removed using a small hand
shovel after which the mesh screen was pulled out. The samples

were then removed from the mesh bag, cleaned using a deionized
water spray and then dried at 60°C overnight. To minimize
damage to films during cleaning, samples were first placed onto
an aluminum plate to provide mechanical reinforcement during
spraying. Deionized water was slowly sprayed onto the surface of
the sample using a hand pump. Samples were not mechanically
manipulated (scrubbed, wiped, etc.) to further minimize damage
during this step. Sample removal was performed once every month
for a total of 3 months. The soil used for testing is a commercially
available high nutrient garden amendment (BovungManure Blend).
The soil was characterized, and these results are included in
the Supplementary Table S1. Notably, CO2 burst (124 mg/L) and
Solvita Labile Amino-Nitrogen (SLAN) (387 mg/kg) indicate high
microbial life/activity in the soil, well supplied amounts of organic
matter and a good capacity to supply nitrogen. Further, in-house
bacterial and fungal isolations (using the soil) at 30°C and 40°C
were performed which revealed high microbial diversity and colony
counts [see Supplementary Figures S4, S5 for results and Plate
count agar (PCA)/Potato dextrose agar (PDA) with streptomycin
sulfate at 1 μg/mL experimental details]. Summary of the results
showed that the chosen soil has parameters suitable to be used
as both a soil and as a key ingredient in the compost inoculum
(see below).

3.2 Degradation under composting
conditions

Degradation under composting conditions (up to 248 days) was
performed on an untreated film and a plasma treated film (1/4″

working distance, 20 s exposure time) in a 190 L forced aerated
static pile composter (see Supplementary Figure S6 for details).
We anticipate that degradation in soil would occur primarily
at mesophilic temperatures, either during the growing season
or afterward, where the BMF has been tilled into the field. As
such, the mild compositing conditions used in this study were
selected to accelerate degradation without significantly changing
the mesophilic microbes present in the soil. Forced aeration is a
common way to introduce oxygen into a closed compost system
ensuring propermaturity of the compost over.The forced airmethod
was developed based on pre-testing of the pile using cellulose films
(Supplementary Figure S7) which indicated an increased rate of
degradation as compared to naturally aired studies. The design for
the compost experiment was based on previously published articles
that investigated the impacts of aeration using small scale forced
air systems (Bhave and Kulkarni, 2019). As with soil degradation
experiments, samples measured 75 mm × 75 mm and were tested
in triplicate. The compost consisted of 15% spent coffee grounds
(SCG) and 15% coffee chaff (CC) with 70% of the Bovung manure
blend (see above). Using standard substrate like SCG and CC
helps establish a good baseline scenario as the nutrients in the
substrate remain consistent over time and are not affected by the
location of procurement. In this experiment, films were buried in
soil and periodically removed for visual inspection and SEManalysis
(see below) to assess degradation. The temperature was monitored
throughout the experiment using a glass tube thermometer and
found to be typically 5°C–6°C above ambient for the first 5–6 weeks
and mimicking ambient temperature for the rest of the experiment.
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Testing was performed on three films which were placed in custom
mesh bags with opening of 1 mm2 (made by sealing Saint-Gobain
ADFORS screens on three sides) and taken out during the time of
measurement (∼15–30 days) without disrupting the rest of the pile.
Tominimize damage during cleaning, samples were first placed onto
an aluminum plate to provide mechanical reinforcement during
spraying. Deionized water was slowly sprayed onto the surface of
the sample using a hand pump. Samples were not mechanically
manipulated (scrubbed, wiped, etc.) to further minimize damage
during this step.

3.3 Surface morphology

Surface morphology of an untreated film and a treated film
(1/4″ working distance, 20 s exposure time) was observed using
a TESCAN SEM at 10 keV at 20 mm working distance at ×500
magnification. Samples were stuck on SEM stages with carbon tape
and then sputter coated with Palladium at 2 Mbar using a SPI-
module sputter coater in an argon environment.

3.4 Mechanical properties

Mechanical properties of an untreated film and a treated film
(1/4″ working distance, 20 s exposure time) were tested (in tension)
using an Instron model 5,542 mechanical tester utilizing ASTM
D882 (standard for thin films) at a rate of 1 mm/s. Films were cut
using a shear cutter with a 25.4 mm width and 150 mm length and
a grip separation of 100 mm. Six tests were conducted for each
sample.

3.5 Cell adhesion

Cell adhesion can be measured on the surface by various
methods as described by Ungai-Salánki et al. (2019). In this study
cell attachment was assessed an untreated film and a treated film
(1/4″ working distance, 20 sexposure time) using a modified
“centrifugal assay” method (McClay et al., 1981; Lotz et al., 1989;
Chu et al., 1994). The culture Pseudomonas guariconensis spp. used
in this study was isolated from test soil mentioned in Section 3.1
above. The culture was isolated and identified using an enrichment
of cultures technique and 16S rRNA sequencing. Culture was
maintained on PCA plates and stored in the refrigerator before its
use in cell adhesion tests. Cells were transferred monthly into PCA
agar tomaintain culture efficacy. For cell adhesion each cell type was
grown in 20 mL of tryptic soy broth (TSB) at 28°C–30°C overnight.
The samples (measured in triplicate) were stuck inside a 6-well plate
using a double-sided 3M tape as shown in Supplementary Figure S8.
9 mL of TSB media is transferred to the plate. 1 mL of 108 CFU/mL
of bacteria cells were incubated into each well. The plate is statically
incubated at 30°C for 48 h. After the growth cycle, the plate is
taken out and centrifuged at 800G.The plate is then inverted and
centrifuged again to remove any lightly attached cells on the surface.
Finally, films were allowed to dry in an incubator for 20 min before
sputter coating with gold palladium prior to imaging via SEM. Cell
adhesion before and after treatment was observed using a TESCAN
SEM using a 10 KeV electron beam, at ×2000 magnification at
12 mm working distance. Image post-processing was performed
using ImageJ software.

4 Results and discussion

4.1 Film characterization

4.1.1 Surface properties: XPS, contact angle,
hydrophobic recovery

XPS is a highly sensitive analysis technique commonly used
to characterize the surfaces of plasma treated films. XPS survey
results are presented in Table 1 and Supplementary Figure S9. For
the untreated film, peaks attributed to the O1s (535.08 eV), Ca2p
(350.08 eV), C1s (287.08 eV) and S12p (101.08 eV) were observed
in the survey scan. For plasma treated films, an increase in both
oxygen and nitrogen containing species were observed on the
surface with increasing plasma treatment time. For example, the
O/C atomic ratio of an untreated film was found to be 0.225. For
plasma treatment times of 10 s, the O/C atomic ratio increased
by about 95% and for treatment times of 15 s and 20 s the O/C
ratio increased to 124% and 107% respectively. An untreated film
exhibited no N1s peak (401eV) whereas one was observed for
plasma treated films and the N/C ratio of these films was found to be
in the range of 0.054–0.055. Similar trends have been observed for
plasma treated conventional polymers such as PTFE, acetylene and
PE (Chen et al., 2003; Ren et al., 2008; Kuroki et al., 2020; Chiper,
2021). As for biodegradable plastics, Laput et al. (2019) noted an
increase in O/C atomic ratio from 0.515 to 1.326 for PLA treated
using atmospheric pressure low temperature glow discharge argon
plasma with pulse durations of 5 μs Likewise, under these same
conditions they observed an increase inO/C atomic ratio from 0.696
to 1.560 for a PLA polymer matrix composite containing 30wt%
hydroxyapatite. Jordá-Vilaplana et al. (2014) found a similar result
for PLA with both O/C and N/C ratio increasing as a result of
atmospheric plasma treatment. Slepička et al. (2012) found that the
O/C increased for poly-(4-methyl-1-pentene) (PMP) treated using
an Ar plasma treatment from 0.003 for untreated to 0.401 following
treatment at 8 W for 240 s. An increase in O/C and N/C ratio was
also observed for oxygen and nitrogen, low pressure, non-thermal
plasma treated PLA films (Davoodi et al., 2020).

High resolution XPS results (C1s) are presented in Figure 2A
for an untreated film. As shown, C1s core-level spectra were
curve-fitted to the two most prominent peaks corresponding to
C-C/C-H (285eV) and C=O peaks (288.7 eV) for untreated films.
Peaks at 285.6 eV and 288.7 eV are observed for plasma treated
samples (Figure 2B.) and indicate an increase in the presence of
oxygen containing species regions attributed to C-O (e.g., C-O/C-
O-C) and C=O, respectively. The concentration of these oxygen
containing species increases with increasing plasma treatment time
as summarized in Table 1. For example, an increase in relative
oxygen containing species associated with C-O to 14% is observed
at the 10 s treatment condition and this increases further to a
maximum of approximately 18% with increased treatment time.

Polymers usually are hydrophobic in nature and generally have
a contact angle >80° (Homayoun et al., 2018). Increasing polymer
hydrophilicity is generally regarded as advantageous in biomedical
applications (e.g., to enhance drug delivery, biocompatibility, etc.)
(Schmidt, 2019) and we hypothesize that, in this application, it will
enhance microbial adhesion during the early stages of degradation
in soil and compost. An increase in the concentration of oxygen
containing species on the surface was observed as a result of plasma
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TABLE 1 Elemental composition and C1s regional analysis for samples treated at ¼″ working distance at various treatment times.

Sample Plasma treatment time Elemental composition (%) C1s(%)

C O F N Si Ca C-C,C-H C-O-C,C-OH C=O

EV00 0 78.2 17.6 0 0 3 1.1 96 0 4

EV14100 10 66.2 29 0 3.6 1.3 0 70 14 16

EV14150 15 63.4 32 0 3.5 0.5 0.6 63 18 19

EV14200 20 63.1 29.4 3.9 3.4 0 0.3 65 17 18

FIGURE 2
Counts/s vs. binding energy plot for (A) untreated and (B) plasma treated film (EV14200) shows additional peak at 286 eV.

treatment (Figure 3A) and this correlates with a contact angle
reduction from 94° to 54° (also see Figure 4).

It is well established that the surface properties change
with post-plasma treatment aging time and can return back
to their original, untreated state (Mortazavi and Nosonovsky,
2012). Several mechanisms have been advanced to explain this
so-called hydrophobic recovery process and include surface
recontamination, the diffusion of polar groups on the surface
into the bulk and the diffusion of un-modified molecules to
the surface (Morent et al., 2007; Ren et al., 2017). As shown in
Figures 3A, B film treated for 20 s at a 1/4″ working distance
(i.e., sample EV14200 as indicated in Table 1) shows only an
∼18% hydrophobic recovery over the first 15 days that remains
stable for the remainder of the 30-day observation time. This
stability is desirable from an applications point of view in that
it allows the pre-treating of mulch films well in advance of field
application.

4.1.2 Bulk properties
The thermal properties of an untreated and treated film (sample

EV14200) are presented in the DSC second heat thermograms

presented in Figure 5; Table 2. Here two melting transitions
corresponding to the PBAT (∼127°C) and the PLA (∼150°C)
components are observed. This agrees with that reported in the
literature (Arruda et al., 2015; Su et al., 2020) and the presence
of two melting peaks results from the immiscibility of the two
polymers. No significant differences in the DSC scans suggests that
plasma treatment does not significantly alter the bulk material of
the polymer film, and this was observed for samples subjected to
shorter treatment times as well (Supplementary Figure S10). The
number average molecular weight (Mn) of films treated for 10 s and
20 s was determined using GPC to be 52,020 g/mol (PDI = 1.7)
and 50,400 g/mol (PDI = 1.7) respectively and showed only a small
difference as compared to an untreated film (Mn = 51,000 g/mol;
PDI = 1.8). This observation, combined with the DSC results,
indicates that the gliding arc plasma treatment has little to no
effect on the constituent polymers in the bulk film. That plasma
treatment influences only the surface of a polymer while leaving
the bulk properties unaffected is not an uncommon observation
(Yousefi Rad et al., 1998; Morent et al., 2008; Vesel et al., 2011;
Meemusaw and Magaraphan, 2016). Given the observation that
long treatment times exhibit the highest level of surface activation
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FIGURE 3
Surface properties of biodegradable mulch film are affected by plasma treatment. (A) Contact angle and oxygen containing species change with
treatment time. (B) Hydrophobic recovery of a plasma treated sample (EV14200) is limited, thus enabling pre-treatment of mulch. Note: Errors bars for
contact angle expressed as ± one standard deviation.

FIGURE 4
Reduction of contact angle was followed the surface plasma treatment, the contact angle of (A) untreated BMF was measured to be 94° whereas (B) a
plasma treated mulch (sample EV14200) measured at 54°.

without inducing bulk degradation of the polymer led us to select
the EV14200 sample for further study. Consequently, we will limit
the discussion to the 20 s plasma treated sample, referring to it
simply as the plasma treated sample for the remainder of this
paper.

4.2 Mechanical properties

Mechanical properties of a BMF are an important factor to
consider as they provide a physical barrier from the external

environment. Moreover, BMFs are subject to stress during their
application onto the field and therefore their mechanical properties
are of primary concern. To assess this, the tensile behavior of an
untreated and plasma treated BMF were evaluated in the machine
direction. As shown in Figure 6; Supplementary Figure S11, the
untreated BMF displays a tensile yield strength of approximately
8 MPa, an ultimate tensile strength of approximately 15 MPa
and strain at break of about 3.2 mm/mm. This generally agrees
with that reported in the literature. Xin Wang et al. report an
elongation of break of 357%–480% for blends of PBAT/PLA
(Mechanical properties, 1016). Similarly, Guocheng Han et al.
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FIGURE 5
Second heat DSC thermograms (endothermic down) following plasma
treatment (sample EV14200 shown) exhibits no differences in thermal
transitions of the constituent polymers as compared to untreated film.

TABLE 2 Consolidated DSC results for an untreated (EV00) and plasma
treated sample (sample EV14200).

Sample Component Tm (°C) Tg (°C) ΔHm (J/g) Tc (°C) ΔHc (J/g)

Untreated PBAT 127.6 −34.8 4.9 93.7 7.3

PLA 150.7 57.3 0.5 123.9 0.2

Treated PBAT 126.6 −35.1 4.8 93.8 5.8

PLA 150.7 58.2 0.4 122.3 0.2

report a tensile strength of 18–20 MPa and an initial elongation of
break of 600% (Han et al., 2020).

A reduction in mechanical properties was observed following
plasma treatment (Figure 6; Supplementary Figure S11). Here a
reduction in strain at break (44% decrease), modulus (31%
decrease) and ultimate strength (56% decrease) was observed for
a sample subjected to 20 s treatment time (sample EV14200). The
reduction in the mechanical properties is not due to changes in
the chemical composition of the bulk film material as confirmed
by the DSC and GPC results presented earlier. As shown in
Supplementary Figure S12, untreated samples are dull whereas
plasma treated surfaces exhibit a shiny appearance along with the
presence of surface irregularities. We suspect that the reduction
in properties for the plasma treated sample results from localized
damage to the surface of the film and it is these micro-defects that
initiate failure following the application of stress. Interestingly, the
elongation at break of the treated film showed higher variability as
compared to untreated films (Supplementary Table S2) and is taken
as a reflection of the variability of the surface treatment process itself.

We postulate that the loss in mechanical property is due to
the high intensities of the plasma treatment as has been stated
in previous studies (Kim and Masuoka, 2009; Meemusaw and

FIGURE 6
A reduction in mechanical properties was observed in the films
following plasma treatment (EV14200). This is due to the higher power
of the plasma source used in the study which introduces small defects
on the films.

Magaraphan, 2016). For example, Meemusaw and Magaraphan
(2016) report only a slight reduction in the elongation at break of
HDPE that had been treated using an atmospheric plasma treatment
using nitrogen flushing. Kim et al. also discuss the presence of
pin holes post treatment (Kim and Masuoka, 2009). Given that
the bulk properties of the materials are unaffected by the plasma
treatment and the sporadic nature of the defects observed here may
indicate that optimizing the plasma treatment process would reduce
the effect that treatment has on mechanical properties. More work
would be required to understand if this level of property loss would
present issues during handling and application in the field. As an
alternative, milder treatments such as dielectric barrier discharge
(DBD) plasma treatment may result in better mechanical properties
of these thin films, though additional testing to confirm the other
effects (e.g., degradation, cellular adhesion, etc.) would be required
as this is a different type of plasma treatment and therefore will likely
result in a different surface chemistry. Furthermore, for applications
where the plastic is not the major stress bearing member (e.g., paper
coated with such materials) or in cases where material thickness is
> 20 μm, optimizing the gliding arc plasma treatment process may
not be necessary.

4.3 Degradation in soil and compost

Soil degradation of the BMFs was carried out in static pile
soil bins for 3 months. Images of treated and untreated films in
soil are presented in Figure 7. Here significant difference in the
surfaces of the films is noted even after this short time period of
1 and 2 months. Untreated mulch film shows little to no signs of
deterioration with only a small amount of residual organic media
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FIGURE 7
SEM images of untreated (top) and plasma treated (EV14200, bottom) films. Two months after soil burial, no surface damage is observed on the
untreated film apart from soil/dirt adhered on it whereas clear signs of damage can be observed on the treated films in the form of surface cracks.

remaining on the surface to signify its exposure to soil. In contrast,
plasma treated mulch after 2 months in soil shows cracks about
2–3 µm in width. This confirms the claim that surface modification
of these plastic mulches positively affects the rate of degradation. It
was also noteworthy to mention that the process of degradation in
soil is a slow process and agrees with that found by others for this
same film type (Anunciado et al., 2021).

Under low temperature composting conditions, plasma treated
samples also exhibit enhanced degradation as compared to untreated
films. Surface morphology of untreated and plasma treated films
before and after soil degradation are presented in Figure 8. A clear
distinction can be made between the two with the amount of
physical damage on the surface. As shown in Figure 8A an untreated
film is free from cracks after 65 days in compost whereas a plasma
treated film (Figure 8B) shows large holes measuring ∼120 µm in
length and 25 µm in width following the same amount of exposure
time.

We observed relatively slow degradation under composting
conditions in this experiment and this is suspected of being
due to the low temperature, mesophilic conditions employed. A
similar observation was made by Nomadolo et al. (2022) who
looked at biodegradation of PBAT-PLA blended films in home
composting (mesophilic) conditions of 28°C incubation. They
reported a 50% rate of biodegradation measuring CO2 evolution
from films in 200 days. Gioia et al. (2021) reported on composting
studies that also showed low biodegradation rates under mesophilic
conditions. They also explained that in blended plastics, the PBAT
component takes much longer to assimilate by composting biota.
This is supported by observations made by Jian et al. (2020), who
showed much faster degradation when composting PBAT under
thermophilic conditions (complete degradation of the polymer in

90 days). As described earlier, the mild compositing conditions
used in this study were selected to accelerate degradation without
significantly changing the mesophilic microbes present in the
soil. We suspect that degradation would be hastened by the use
of industrial composter operating at elevated temperatures, thus
providing a potential alternative to the approach taken in this study.

At longer times, untreated films exhibit signs of
deterioration after 180 days of composting; at this point the
treated films are heavily damaged and have holes and tears
(Supplementary Figure S13). Significant changes are observed
248 days after composting, as presented in Figures 8C, D. As shown,
only small cracks are observed on an untreated film whereas the
surface of the plasma treated film is covered with cracks and the
films are fragile and easily fragmented. No visible changes can be
observed on the untreated film otherwise.

Similar molecular weight changes were observed for untreated
and treated films throughout the course of the experiment. Over the
first 65 days of exposure, no major reduction in polymer molecular
weight was observed for either sample. For example, the untreated
film molecular weight prior to exposure (Mn = 50,967 g/mol) is
nearly the same after 65 days of composting (51,280 g/mol). The
fact that there are clear differences in fragmentation rate between
plasma treated and untreated films but no significant differences
in Mn would seem to indicate a surface degradation mechanism
dominance at this time period. It is hypothesized that this may
be exacerbated by inconsistencies of the plasma treatment process
resulting in very localized areas where degradation is accelerated.
At longer treatment times (180 days), a reduction in Mn to
∼40,000 g/mol (PDI = 1.87) (Supplementary Table S3) was observed
for both untreated and treated films and, at this reduced molecular
weight, the untreated sample is beginning to also show signs of
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FIGURE 8
Plasma treated film (EV14200) exhibits enhanced biodegradation under low temperature composting conditions as compared to an untreated film.
SEM images following 65 days of exposure to composting for (A) untreated film and (B) treated film. After 248 days, the difference in the extent of
degradation is evident without the need for magnification. For example, an untreated film (C) shows some minor signs of degradation such as a few
small cracks whereas the plasma treated film (D) exhibits large cracks and is easily fragmented.

embrittlement (Supplementary Figure S13) though still much less
than the plasma treated sample.

4.4 Cell adhesion

Cellular adhesion to BMFs is a key factor in determining the
rate of soil degradation. The procedure we used to study microbial
attachment on surface of a treated and untreated film is shown
in Figure 9. Here films were adhered on a 6 well plate (see also
Supplementary Figure S8) and then filled with a cell suspension.
Following 48 h of incubation the plate was centrifuged, first in a
right side up configuration to promote cellular attachment and then
subsequently in an inverted configuration to remove any loosely
attached cells. The cell culture was poured out and the surface was
allowed to dry in an incubator set at 30°C for 15 min. As indicated
in the experimental section, Pseudomonas guariconesis (Toro et al.,
2013) were isolated fromour test soil andwere used for cell adhesion
studies. This bacteria was selected for this study as Pseudomonas

species have been identified as being able to degrade various plastics
(Wilkes andAristilde, 2017). As shown in Figure 9B, about 2/3 of the
untreated film surface is covered whereas nearly the entire surface
of the treated film is covered (Figure 9C). We attribute this to an
increased hydrophilicity of the film making it easier for the bacteria
to attach to the surface.

Cell attachment and biocompatibility of plastics and films
have shown to improve following various types of plasma
treatment (Chen et al., 2003; Vesel et al., 2011; Davoodi et al., 2020;
Sundriyal et al., 2020). Chen et al. (2003) investigated the effect of
ammonia and oxygen plasma on cell attachment on PTFE surfaces
and reports a reduction of contact angle resulting from plasma
treatment and a concomitant increase in the number of bovine aorta
endothelial cells on the surface. In another study, argon plasma
treated PEEK showed enhanced mouse fibroblasts and human
osteoblast cell adhesion, proliferation and metabolic activity over
that of untreated PEEK (Novotna et al., 2015). Liu W. et al. (2014)
in their study on adhesion report reduction of contact angle as a
result of O2 plasma treatment; this resulted in significant increase in
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FIGURE 9
Cellular adhesion is enhanced following plasma treatment. (A) Schematic showing steps involved in the study of cell attachment on surface of the
films. Films are first stuck to a 6 well plate (black) and filled with cell suspension (blue) where they remain for 48 h in an incubator. The plate is then
sealed and centrifuged right side up (to promote adhesion) followed by centrifugation in an inverted orientation to remove loosely attached cells. The
resulting surface was dried, sputter coated and observed under the SEM right. SEM images (enhanced using ImageJ) of (B) untreated film as compared
to (C) treated film (EV14200) demonstrates improved cellular adhesion (see Supplementary Figure S14 for unprocessed images).

the porcine mesenchymal stem cells (pMSCs) count on the surface
of electrospun PLLA scaffolds. In our study, we hypothesize that
this initial colonization of cells is a major contributing factor of
improved degradation and translates to lower lag phase in plastic
surface degradation.

5 Conclusion

In this work, gliding arc plasma treatment was used as a
means to accelerate soil biodegradation for a commercially available
mulch film based on PBAT and PLA. These films showed increased
hydrophilicity because of plasma treatment (contact angle reduced

from 94° to 54°) and this was accompanied by a 107% increase in
the oxygen containing functional groups observed on the surface
as confirmed using XPS. It is envisioned that mulch films can be
pretreated before laying in the fields with only minimal loss in
surface activation as indicated by minimal hydrophobic recovery
(contact angle change from 54° to 62° after 30 days for a film that had
been treated for 20 s). There was no modification made to the bulk
properties of the polymer such as the melting, crystallization, and
glass transition temperatures. In addition, no changes in molecular
weight were observed following plasma treatment. A reduction in
mechanical strength of a film (e.g., 44% decrease in elongation at
break) was observed following treatment for 20 s and this could be
attributed to the presence of pin holes due to the aggressive gliding
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arc plasma treatment utilized in this study. We hypothesize that
optimization of the gliding arc plasma treatment or the use of a
milder surface treatment (e.g., dielectric barrier discharge, DBD)
may help to mitigate mechanical property losses.

A plasma treated film (20 s treatment time) showed early signs of
degradation such as cracking and fragmentation upon exposure to
both soil and compost. While this was also true for the untreated
film, the differences between the two differed greatly. Surface
degradation in compost dominated over the first 65 days, as no
change in molecular weight (GPC results) or thermal characteristics
(DSC results) was observed whereas at longer times (180 days),
∼20% reduction in the molecular weight was observed. This can be
attributed to better microbial adhesion following surface treatment.
This was demonstrated by showing that bacteria exhibited improved
adhesion to plasma treated films using amodified “centrifugal assay”
method.

Plasma treatment is a cheap and environmentally friendly
method of plastic film surface modification, and these results
indicate that it can improve biodegradation of a BMF. In addition to
BMFs, single-use products such as plastic-coated paper cups, plastic
silverware and take-out food containers may also benefit from this
approach.
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