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ARTICLE INFO ABSTRACT
Editor: Damia Barcel6 The accelerated use of plastic products for agricultural practices has raised global concern regarding their negative im-
pacts on soil health. This study aims to better understand the combined influence of polymer characteristics and envi-

KW""“-' ) ronmental conditions on microplastic photodegradation within the agricultural soil system. For this purpose, the
PM}:GOEIZ’SUZS . photodegradation behavior of low density polyethylene (LDPE) microplastics was studied through accelerated UVA

oto cgra ation radiation experiments under two different relative humidity (RH;, and RH;,) and soil deposition conditions. The var-
Low density polyethylene L . . . . . .
Agriculture iations of plastics' surface physiochemistry due to the accelerated photodegradation were studied using Attenuated

Soil health Total Reflectance-Fourier Transform Infrared spectroscopy (ATR-FTIR), X-ray Photoelectron Spectroscopy (XPS),
and Field Emission Scanning Electron Microscopy (FE-SEM). The carbonyl and vinyl indices were calculated using
the ATR-FTIR information to compare the degree of microplastics' photodegradation. The plastics' bulk characteristics,
including the percentage of crystallinity and molecular weight distributions, were examined using the Differential
Scanning Calorimetry (DSC) and Gel Permeation Chromatography (GPC). Furthermore, the extent of UVA light inter-
action with the microplastics was studied by determining spectral quantum yield. The results demonstrated that new
LDPE microplastics with a lower molecular weight (Mw = 233 kD) were subjected to a greater extent of
photodegradation than those with greater molecular weight (Mw = 515 kD). Elevated relative humidity (RH;) lim-
ited the photooxidation process of microplastics and consequently reduced the surface chemistry alterations. Deposi-
tion of soil particles with respect to the plastic particles impacted the photodegradation behavior. The microplastics
covered by soil particles were not degraded, unlike those deposited next to the soil particles. The knowledge developed
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through this study could encourage the farmers and agricultural stakeholders to apply more efficient practices to re-
move plastic residuals after harvesting and conduct proper plastic disposal practices to protect soil health.

1. Introduction

Since the first use of plastic films as greenhouse covers in 1948, numer-
ous plastic products ranging from mulch films to plastic encapsulated fertil-
izers have emerged to promote the productivity and efficiency of
agricultural practices (Picuno and Mugnozza, 1994). Although global
demand for greenhouse covers, mulching, and silage films is expected to
rise by 50% from 6.1 million tonnes in 2018 to 9.5 million tonnes in
2030 (FAO, 2021), the concerns regarding the sustainability of these plastic
products and their long term fate within the agricultural soil system still
have not addressed. Having global food security compromised by soil pollu-
tion, it is critical to better understand the plastic pollutant fate within the
farmlands. Agricultural plastic products undergo physiochemical deteriora-
tion as they expose to solar radiation, elevated temperature, mechanical
forces, agrochemicals, and microorganisms (Shah et al., 2008; Manos
et al., 2000). In many circumstances, multiple degradation mechanisms
co-occur; however, typically, only one mechanism controls the decomposi-
tion rate. The chemical transformation caused by plastics' exposure to solar
radiation makes plastics more brittle and susceptible to disintegration
into the smaller particles called macroplastics (>5 mm), microplastics
(100 nm-5 mm), and nanoplastics (<100 nm) (Horton et al., 2017; Ng
et al., 2018). Fig. 1 demonstrates the plastic mulch residuals, macro and
microplastics (MPs) extracted from the 3 cm topsoil after harvesting straw-
berries within agricultural farmland in Memphis, TN. Exposure of these
plastic residuals to external physiochemical and biological factors such as
solar radiation, abrasion with the soil particles, mechanical forces, and ter-
restrial organisms may further degrade and disintegrate the plastic parti-
cles. The recently published literature reported an extensive range of size
distribution for MPs found within the agricultural farmland based on the
sources of plastic release. For instance, most of the MPs found in soil treated
with biosolids were fibers with median width and length of 20 pm and
0.97 mm, respectively (Corradini et al., 2019). Studying the soil samples
from twenty vegetable fields in China revealed that plastic particles ranging
from 20 pm to 5 mm as 78 and 62 items per kg in shallow (0-3 cm) and

deep soils (3-6 cm) (Liu et al., 2018). The study conducted by Isari et al.
(2021) revealed a greater accumulation of larger MPs (500 pm—5 mm) com-
pared to the smaller MPs (20 pm-500 pm) within the soil samples collected
from an agricultural field used for the cultivation of watermelons and can-
ning tomatoes for over ten years (Isari et al., 2021).

MPs are considered an emerging threat to soil health as they may influ-
ence soil biophysics, geochemistry, and ecology (de Souza Machado et al.,
2018). Recent studies have revealed overwhelming evidence of direct and
indirect deleterious impacts caused by MPs pollution in the soil system
(Rillig, 2012; Zhang et al., 2019; Wan et al., 2019; Kim and An, 2019; Liu
et al., 2017). The MPs are anthropogenic stressors that may drive an alter-
ation of a terrestrial ecosystem if they are not controlled properly. Despite
the vast literature concerning MPs' contamination of aquatic systems
(Wagner et al., 2018; Gallo et al., 2018; Mccormick et al., 2016), chemical
degradation of MPs in agricultural soil has received less attention. Recent
studies reporting the high accumulation of MPs in the farmland and soil sys-
tems are alarming, but only limited research has been conducted to exam-
ine the fate of MPs in the soil system. Direct ingestion of MPs by fauna
may transfer them to the food chain. The MPs present within the farmland
may influence the mobility of other contaminants such as pesticides and
fertilizers within the soil profile (Hiiffer et al., 2019). MPs impact the soil
ecosystem through leaching of the plastics' plasticizers, additives, and deg-
radation products or by interacting with biological components (de Souza
Machado et al., 2018). Small MPs could be ingested by the fauna and accu-
mulated in the food chain. The MPs could be the sink for other contami-
nants, as they can adsorb pollutants from the surrounding environment
and locally concentrate them in the soil system (Rillig, 2012). The MPs'
presence in the soil environment could alter the organic matter cycling
and nutrient dynamics (Liu et al., 2017). MPs are also known to change
water transport paths, reduce infiltration rate and increase contaminant
transport velocity (Jiang et al., 2017). Although the MPs' biological degra-
dation and transport via the terrestrial organisms and microorganisms have
been well investigated, their chemical and physical changes due to the solar
radiation have received less attention. However, the variation of MPs'
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Fig. 1. (a) Plastic mulch remained within the farmland after harvesting the strawberries in a field located in Memphis, TN (2019), (b) plastic mulch residuals and
(¢) macroplastics found within the topsoil, and (d) optical microscopy images of microplastics extracted from the topsoil.
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surface chemistry due to environmental degradation may influence their
interaction with other agrochemicals present within the soil. Our previous
studies demonstrated that with the aging of plastics, the surface polarity
increases, and a greater level of heavy metals gets accumulated on their
surface (Hadiuzzaman et al., 2022; Aghilinasrollahabadi et al., 2021;
Huang et al.,, 2019). Thus, a greater level of contaminant could be
transported by aged MPs to the deep soil, which endangers the terrestrial
organisms.

A recent UN report has estimated 34% of agricultural films as mulch
(FAO, 2021). Low density polyethylene (LDPE) is the major polymer used
to generate regular and non-biodegradable plastic mulch (Dilara and
Briassoulis, 2000; Steinmetz, 2016; Kapanen et al., 2008). Extensive studies
investigated photooxidation of polyolefin greenhouse covers (Dehbi et al.,
2010; Ali et al., 2016) and revealed the formation of carbonyl (—C=0),
vinyl (—C=C), and hydroxyl bonds (—OH) on their surface. However, in-
formation regarding the further degradation of plastic residuals left within
the topsoil has not been studied yet. External substances such as soil parti-
cles and plant pieces could accumulate on the plastic surface as they expose
to solar radiation. The chemical and physical changes caused by these
external objects could impact the photodegradation of MPs (Richard
etal., 2019). The disintegration of plastic segments into smaller particles in-
creases their surface area. However, information regarding the influence of
plastic mulch disintegration on their photodegradation behavior is lacking.
Thus, this study aims to better understand the combined physicochemical
factors that influence plastic residuals' photodegradation within the agricul-
tural soil system. The specific objectives are to (1) correlate the MPs'
photodegradation behavior to their microstructure and environmental
conditions, (2) characterize the MPs surface physiochemistry and bulk
characteristics variation due to the accelerated photodegradation, and
(3) examine the extent of UVA light and MPs interaction by determination
of spectral quantum yield.

2. Experimental
2.1. Materials

The LDPE materials were selected for this study due to their widespread
applications for plastic mulching silage films, irrigation pipes, and green-
house covers (Dilara and Briassoulis, 2000; Steinmetz, 2016; Kapanen
et al., 2008). LDPE powder was purchased from Alfa Aesar (Cat No.
42607). Metallic sieves (No.35, No.50, and No.140) were used to collect
the LDPE particles of d, < 106 pm (hereafter 106 ym) and 300 pm < d, <
500 pm (hereafter 400 pm) according to the ASTM method D1921. It
should be noted that the size distribution and microstructure of MPs
released to the topsoil could be highly different from various sources. De-
spite the wide range of sizes for MPs found within the farmlands, we have
limited our study to those smaller than 106 pm and between 300 pm and
500 pm as they are more susceptible than larger particles to transport into
the deep soil. Thus, the changes in their surface chemistry caused by the
photodegradation would be more critical in terms of impacts on the terres-
trial organisms. The sieve analysis revealed the particle size for the soil used
in this study is between 425 pm and 1000 pm, which falls into the sandy soil
category (20 pm-2 mm). Globally, sandy soil covers around 31% of the
entire land. The major regions with the sandy soil are located along the
margins of continents, including northern Europe, North America, Asia,
South America, and Africa. About 199,600,000 ha of the sandy soils are uti-
lized as farmlands (Petersen et al., 2016; Huang and Hartemink, 2020). As
suggested by the literature, the soil was pretreated by three times rinsing
with water, followed by heating at 450 °C for 4 h in an A1400 Thermolyne
Muffle furnace to remove the external organic contaminant (Song et al.,
2017). The reason for this pretreatment was to exclude the soil organic con-
tents' influence on the photodegradation process. The objective of this
study was only to examine the influence of soil particles as the physical bar-
riers in reaching the UV radiation to the MPs. Water used in the experi-
ments was treated with Ultrapure Milli-Q-IQ 7000.
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2.2. Accelerated photodegradation experiments

For this purpose, the plastic particles (106 pm and 400 pm) were evenly
distributed with 1 mm thickness in glass Petri dishes of 10 cm. The plastic
particle samples were placed in a QUV weathering tester for the varied du-
ration of UVA exposure. A UV-AB meter (Anaheim Scientific M150 Mini
UV-AB Meter, Wilmington, NC, USA) was utilized to measure the real-
time irradiation intensity of UVA bulbs. The eight UVA fluorescent lamps
in the QUV weathering tester generated a UVA light of 340 nm at 6.3 +
0.3 mW/cm? The Petri dishes containing plastic particles were
repositioned every 24 h for even exposure of plastic particles to UVA irradi-
ation. Before any analysis, the plastic particles present in each Petri dish
were completely mixed. The UVA exposure was conducted under the rela-
tive humidity of <10% (RH;0) and 70 + 2% (RH,,) to examine the influ-
ence of humidity on the photodegradation behavior of plastics. An
Inkbird ITH-20 humidity meter was used to monitor the relative humidity
inside the weathering chamber. The RH; and RH;( were achieved through
irradiation/dark and irradiation/condensation cycles, respectively. The ir-
radiation cycle was 8 h followed by 2 h of either dark or condensation
cycle. The temperatures during irradiation and dark/condensation cycles
were 51 °C and 40 °C, respectively. The mixtures of soil and MPs particles
were exposed to UVA radiation for 3 w to study the influence of MPs depo-
sition within the soil structure on their photodegradation behavior. The
MPs with an average diameter of 400 pm that were exposed to UVA radia-
tion for 5.2 w (RH;) are referred 5 w UVA exposed MPs in the paper. The
MPs and soil were mixed and placed in 1.0 mm thickness in a glass Petri
dish uniformly. The influence of soil content in MPs/soil mixture on
photodegradation behavior of MPs was investigated using four different
MPs/soil mass ratios of 25, 50, 75, and 100 w/w%. At the end of each expo-
sure period, the MPs/soil content of each petri dish was completely mixed
by placing the lid on and shaking; then, MPs were separated from the soil
using gravity separation. The separated MPs were subjected to different
characterization practices.

2.3. Plastics characterization

2.3.1. Surface chemistry analysis

The ATR-FTIR absorption spectra were recorded from 4000 to 400
cm ™ ! with a 4 em ™! resolution using a Thermoscientific ATR-FTIR spectro-
photometer (Nicolet Summit FTIR with an Everest ATR) equipped with a
diamond crystal. In this study, the degree of plastics photodegradation
was evaluated by calculating the carbonyl index (CI) and vinyl index (VI)
according to the Egs. (1) and (2), where A;15, Asgro, and Aggg are the ab-
sorbances of carbonyl, methylene, and vinyl bonds, respectively (Salehi
et al., 2018; Babaghayou et al., 2016):

CI= Ay715/ A0 1

VI = Aggo/Ass70 ()

XPS analysis was conducted for new and UVA exposed LDPE MPs to
attain a more surface-specific quantitative analysis of atomic ratios of
oxidized carbon functional groups created due to the photodegradation. A
K-Alpha Thermo Scientific Spectrophotometer X-ray photoelectron spec-
troscopy (XPS) with monochromatic Al Ka radiation (hv = 1486.6 eV)
was employed for the XPS analysis in which the X-ray power of 75 W at
12 kV with a spot size of 400 um? was used. The K-Alpha instrument had
a base pressure of 1.0 X 10~ ° mBa. Au 4f7/2 at 84.0 eV and Cu 2p3/2 at
932.67 eV were used for calibration instrument. The spectra calibration
was conducted using the C 1s line of the absorbed hydrocarbon layer,
which has a binding energy of 284.6 eV. The “Avantage v5.995” software
that came with the instrument was used to collect XPS data.

2.3.2. Surface morphology analysis
The field emission scanning electron microscopy (FE-SEM) and water
contact angle analysis were conducted to examine the MPs' surface
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morphology. The FE-SEM instrument was FEI Nova Nano SEM 650
equipped with an Oxford X-Max" Silicon Drift detector. It functioned with
an 18-kV electron accelerating voltage at a 5.0 mm distance from the plastic
surfaces. The maximum penetration depth and the depth of the maximum
signal at 18KV were about 4 pm and 2 pm, respectively. Before analysis,
the samples were coated with a 5 nm layer of conductive Gold/Palladium
in a 60:40 ratio under a high vacuum using an EMS 550 X sputter coater
to avoid surface alteration during imaging.

2.3.3. Bulk material characterization

The Differential Scanning Calorimetry (DSC) analysis was conducted for
new and photodegraded MPs using a TA Instrument Model Q20 V24.11. In-
dium standard was employed for the instrument calibration. The MPs and
LDPE film samples were heated from 0 °C at a heating rate of 10 °C/min
to 150 °C and subsequently cooled to 0 °C at the same rate using a nitrogen
atmosphere with a flow rate of 50 ml/min. The transition temperature and
the degree of crystallinity were determined using the TA Universal Analysis
software. For each measurement, 4 to 6 mg of samples were placed in a
standard aluminum pan. The degree of crystallization was calculated
from the first heating experiment, using Eq. (3), where AHm is the melting
enthalpy of the sample and AH' is the melting enthalpy of 100% crystal-
line polymer. The AH'¢ was considered as 293 J/g for PE. The melting en-
thalpies were measured using a sigmoidal baseline (Canopoli et al., 2020).

AHm

Crystallinity (%) = AR

x 100 3)

The Gel Permeation Chromatography (GPC) analysis was conducted to
identify the degree of molecular weight variations due to the MPs'
photodegradation. Number average molecular weights (M,,), weight aver-
age molecular weights (M,,), and peak molecular weight (M) of new and
UVA exposed MPs were compared. The number average molecular weight
(M,,) is the statistical average molecular weight of all the polymer chains in
the sample and is calculated according to Eq. (4), where MV is the molecular
weight of a chain and N; is the number of chains with that molecular
weight.

_ YNiMi

YN

Mn

“)

M,, takes into account the molecular weight of a chain in determining
contributions to the molecular weight average. The more massive chain,
the more the chain contributes to M,,. The weight average molecular
weight is calculated according to Eq. (5), and Mz is calculated according
to Eq. (6).

> NiMi*
Mw =
Y= SN ®
S NiMi?
= 6
“T SNiMP ®

The M, average molecular weight is more sensitive to the greater molec-
ular weight of polymeric chains and consequently is more difficult to be
measured with accuracy. This order of magnitude is present for all synthetic
polydisperse polymers: M, < My, < M,. The peak molecular weight (M,) is
defined as the molecular weight of the highest peak. Therefore, M, is the
mode of the molecular weight distribution. For this purpose, a PL-SP260
high temperature sample preparation system was utilized to prepare the
sample solutions in 1,2, 4-trichlorobenzene (TCB) as polymeric solvent.
The samples were heated to 160 °C and left to be dissolved for 2 h, followed
by a gradual stirring for 10 min to achieve a homogenous polymeric solu-
tion. The analysis was conducted using a Viscotek 350B HT-GPC from
Malvern Instruments equipped with a Viscotek TDA 305 detector suite
with integrated refractive index, light scattering (830 nm at 90° and 7°),
and differential viscometer detectors. The system was equipped with a
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200 pL injection sample loop and CLM6210-HTx3 three column set from
Malvern operated at 150 °C with a flow rate of 1 ml/min. Malvern's
OmniSEC software was employed to analyze the data. For triple detection,
a polystyrene narrow standard was used to set the calibration constants
used in the OmniSEC GPC software.

2.4. Quantum yield calculation

Light energy absorbed by a molecule upon irradiation can be dissipated
into photophysical or photochemical reactions. The functional groups pres-
ent in the singlet ground state of the polymer are excited into a singlet ex-
cited state by absorbing a quantum of light. This energy can be released
by returning to the singlet ground state through fluorescence or internal
conversion. Besides that, intersystem crossing can occur by inverting the
spin and transferring it into an excited triplet state followed by phosphores-
cence. But these photophysical reactions are unlikely to occur at elevated
temperatures. In contrast, photochemical processes such as molecular rear-
rangement, free radical formation, and photoionization dominate even at
room temperature. These types of chemical reactions can take place either
from excited singlet or triplet state (Guillet, 1973; Guillet and Dan, 1973).
The generation of free radicals and their propagation within the molecule
causes polymer chain scission. This leads to reducing the molecular weight
of the polymer by increasing the irradiation duration. Ultimately this causes
the polymer to deteriorate and degrade. The efficiency of polymer
photodegradation due to UVA irradiation can be measured in terms of
quantum yield. This study calculated the quantum yield for chain scission
by the differences in molecular weight of new and UVA exposed LDPE
MPs. All UVA radiation is not absorbed by polymer. Moreover, all absorbed
radiation does not photolitically degrade the polymer. To better understand
the efficiency of this photolytic process, the quantum yield (§cs) for the
chain scission of LDPE films under different UVA irradiation durations
was calculated according to Eq. (7), where (110) and (1), are the intrinsic
viscosities of the polymer (dL/g) obtained before and after UVA irradiation.
m, a, M,,, and I denote the mass of the polymer irradiated (g), Mark-
Houwink parameter constant related to polymer viscosity, number average
molecular weight of LDPE before UV irradiation, and the incident intensity
of UVA (1.8 x 10 *einm~2s™ 1), respectively (Guillet and Dan, 1973).
The average number of chain scissions (N) in terms of an average number
of cuts per single chain was calculated using the Eq. (8). The chain scission
highly depends on the number average molecular weight before (M,,,) and
after (M,,0) photoirradiation (Angulo-Sanchez et al., 1994). The data for the
above parameters were obtained by the results of GPC analysis.

m|(ng/n)"" — 1]

7
cs Mool @

1 @®)

3. Results and discussion
3.1. Surface chemistry variation

3.1.1. The ATR-FTIR analysis

The ATR-FTIR spectroscopy analysis of photodegraded LDPE particles
(d, = 400 pm) revealed remarkable surface chemistry changes compared
to the new MPs (Fig. 2). The absorption bands at 2914 cm™ 1 and
2847 cm ™! on new LDPE particles demonstrate the >CH stretching. How-
ever, as early as 3 w of UVA exposure, a new absorbance peak has appeared
at the wavenumber of 1712 em ™~ ?, corresponding to carbonyl (>C=0)
functional groups (Roff, 1956; Jung et al., 2018). The absorbance peak
that appeared at 909 cm ™' demonstrates the formation of the vinyl group
(>C=Cx) due to the UVA exposure. The carbonyl and vinyl indices for
photodegrade MPs were increased linearly with increasing UVA exposure
duration. Fig. 3 demonstrates the degree of LDPE MPs oxidation in terms
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Fig. 2. ATR-FTIR spectra of new and UVA exposed LDPE MPs (d, = 400 pm, RH7q,
no soil).

of CIand VI growth over the UVA exposure duration under RH; conditions
when the soil was absent. The generation of the carbonyl group can be
explained by the mechanism of the LDPE photodegradation. The LDPE
photodegradation is photooxidation caused by the formation of free radi-
cals during the initiation process. The UV radiation causes breakage of
>C—C< and >C—H bonds present in LDPE (Singh and Sharma, 2008).
The produced free radicals caused by cleavage of >C—H and >C—C<
bonds can react with available oxygen and create carbonyl groups
(>C=0) via chain propagation, chain termination, chain branching,
cross-linking, and chain scission processes (Ranjan and Goel, 2019). A
similar ATR-FTIR spectrum was found for LDPE MPs with a diameter
of 106 pm, after 3 w UVA exposure (Fig. 4). Comparing the 3 w
photodegraded MPs with the diameter of 400 pm and 106 pm (RH70, no
soil) revealed a greater extent of photodegradation for larger LDPE MPs
than to the smaller MPs. The vinyl and carbonyl indices were found as
0.5 and 0.6 for larger MPs; however, they were found as 0.4 and 0.5 for

Degree of oxidation

Exposure time (week)

Fig. 3. The growth of carbonyl and vinyl indices over time for LDPE MPs (d, = 400
pm, RHy(, no soil).
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Fig. 4. ATR-FTIR spectra of new and 3 w UVA exposed LDPE MPs (d, = 106 ym and
400 pm, RHy(, no soil).

smaller LDPE MPs. No prior study was found investigating the role of
MPs' size distribution on their photodegradation behavior; however, few
studies that investigated the photostability of inorganic particles
[e.g., TiO,, ZnO] as a factor of their size distribution have underscored
the role of particles' intrinsic characteristics, surface area, particle-to-
particle distance on their light scattering and UV absorbance behavior
(Goh et al., 2014; Egerton, 2014; Kockler et al., 2014). Despite the
Kockler et al. (2014) findings of increased photodegradation for smaller
TiO, particles due to their greater surface area, in this research, we found
a lower extent of photodegradation for smaller plastic particles (Kockler
et al., 2014). Thus, it was inferred that MPs' intrinsic characteristics may
have contributed to their photostability. Further GPC analyses were con-
ducted to better understand the reasons behind the different degradation
behavior of these two plastic sizes by characterizing their molecular weight
distributions as explained in Section 3.3.1.

3.1.1.1. The impact of MPs deposition within the soil structure. Deposition of
MPs with respect to the soil particles impacted their photodegradation be-
havior. The plastic particles covered by soil were not degraded, unlike
those placed next to the soil particles. As shown in Fig. 5, the soil particles
were placed adjacent to the MPs in the soil/MPs uniform mixtures; how-
ever, the soil particles covered the MPs completely in the layered deposi-
tion. The ATR-FTIR analysis of LDPE MPs (106 pm and 400 pm) mixed
with different amounts of soil (25%, 50%, 75% MPs/soil w/w%) exposed
to the UVA radiation for 3 w (RH;¢ and RHy,) revealed no significant
changes of CI and VI indices compared to those MPs photodegraded
under a similar condition in the absence of soil. The greatest Cl and VIincre-
ments (0.89 and 0.34) were found for MPs (d, = 400 pm) mixed with soil
(50% MPs/soil w/w%, RH;, condition) after 5 w of UVA exposure. How-
ever, these values were not significantly different from those MPs
photodegraded in the absence of soil. The lack of significant surface chem-
istry differences of the MPs that were uniformly mixed with soil can be in-
ferred from the neutral role of soil particles as an inhibitor on initiating
reactions. In the uniform mixture of soil/MPs, the soil grains were placed
next to the MPs and did not cover those.

On the other hand, the coverage of MPs by soil particles (soil layer thick-
ness of 1, 3, and 6 mm) hindered the UVA exposure of MPs through the
photodegradation experiments. No degree of oxidation was identified for
MPs covered by a 6 mm soil layer after 5 w of UVA exposure. The CI and
VI were increased more significantly (0.47 and 0.12) for MPs covered by
1 mm soil layer compared to those that were covered by 3 mm soil (CI =
0.09 and VI = 0.03). Barnes et al. (2012) reported a similar result regarding
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Fig. 5. (a) schematic demonstrating the two different depositions of MPs and soil particles, (b) the carbonyl (CI) and vinyl indices (VI) for MPs present in different depositions

in respect to the soil particles.

the hindering influence of soil coverage on the photodegradation process.
This investigation further clarified that, however, the accelerated
photodegradation experiments were conducted at 51 °C, but the thermal
degradation has not contributed to the MPs degradation as the MPs covered
by soil did not demonstrate any surface chemistry alteration despite
experiencing this temperature. Although having the MPs buried within
the soil column reduces their photodegradation, it could facilitate their
soil-mediated degradation processes due to the greater contact with the
soil organisms, water, and agrochemicals.

3.1.1.2. The influence of relative humidity. ATR-FTIR analysis demonstrated
that photodegradation of MPs (both 400 pm and 106 pm) occurred to a
greater extent under lower relative humidity (RH;,) compared to the
elevated relative humidity (RH;() condition. The more significant CI and
VI increments (0.86, 0.33) were found for LDPE MPs (400 pm) due to 5w
of UVA exposure in RH;y condition compared to the RH;o (0.70 and
0.28) when the soil was absent. A similar trend was found for the samples
containing the uniform MPs/soil mixture. The lower degree of MPs
photodegradation under elevated relative humidity conditions can be
ascribed to either role of water drops (as the water vapor is settled on the
surface of the particles during the condensation cycle) or as an oxygen bar-
rier or as a UV refractor (Dilara and Briassoulis, 2000; Gewert et al., 2015).
To illustrate the role of water drops as an oxygen barrier, it is worthwhile to
mention that during the propagation phase, oxygenated low molecular
weight fragments are formed due to autoxidation. Therefore, during this
process presence of oxygen is essential since oxygen is incorporated into
the polymers (Gewert et al., 2015). Thus, with the constant light intensity
and low available oxygen, the oxygen uptake rate is proportional to the con-
centration of oxygen present at any given time. In this case, oxygen is the
limiting factor and therefore controls the rate of photodegradation. A future
systematic investigation is needed to distinguish the role of reduced oxygen
content from UV refraction in reducing the extent of photodegradation.

3.1.2. X-ray Photoelectron Spectroscopy (XPS)

XPS analysis was conducted for new and UVA exposed LDPE MPs to
attain a more quantitative analysis of surface chemistry variation due to
the photodegradation. The elemental atomic surface concentrations for
new and photodegraded LDPE MPs are listed in Table SI-1. As can be
seen in the Fig. 6a, no oxygen was detected on the surface of MPs (d, =
400 pm, RH;o, no soil), but a dominant peak at the binding energy of
284.8 eV, which is associated with the main feature of LDPE structure
(>C—C<) (Salehi et al., 2018). Although, the peak at the binding energy
of 284.8 eV is still dominant for MPs that were photodegraded for 3 w
and 5 w (Fig. 6b). The new peak at the binding energy of 531.9 eV

corresponding to O1s was found on 3 w, and 5 w UVA exposed MPs and
confirmed the photooxidation (Salehi et al., 2018). The atomic percentage
of Ols increased to 4.4% and 7.1% for 3 and 5 w UVA exposed MPs, respec-
tively. The high resolution C1s spectrum for LDPE MPs was deconvoluted to
identify the atomic surface concentrations of different carbon oxidation
states. Four peaks at the binding energies of 284.7 eV, 286.4 eV, 287.7 eV
and 289.2 eV were identified corresponding to >C—C<, >C—O0, >C=0
and >0—C=0O0 functional groups, respectively (Salehi et al., 2018). Unlike
the >C—C< content, the atomic surface concentration of >C—0, >C=0,
and >0—C=0 have increased from 0.6%, 0.4%, and 0.1% to 14.6%,
4.2%, and 0.7% with increased duration of UVA exposure from 3 w to
5 w. It demonstrates a progressive photodegradation over time.

3.2. Surface morphology alteration

To evaluate the surface morphology alteration of photodegraded LDPE
MPs, new and 5 w UVA exposed MPs were studied through FE-SEM imag-
ing (Fig. 6). The surface cracks have appeared in 5 w UVA exposed MPs.
The crack formation can be attributed to the chain scission followed by
chemicrystallization phenomenon. Due to the kinetic regulation of oxygen
diffusion, oxidation is limited to a superficial layer, leading to oxidation-
induced surface cracks (Zahra, 2014; Colin and Verdu, 2012).

3.3. The variations of MPs' bulk characteristics

3.3.1. Molecular weight variations

As shown in Table 1, the smaller LDPE MPs (d, = 106 ym) had greater
molecular weights than larger MPs (d, = 400 pm). This finding explains
the greater extent of photodegradation for larger MPs compared to the
smaller MPs, as described in Section 3.1.1. Despite the greater average
molecular weight of the new 106 pm diameter particles, its peak molecular
weight (M, = 62 X 10%) was smaller than the peak molecular weight for
the new 400 pum diameter particles (M, = 71 X 10°). This finding demon-
strates the broader molecular weight distribution for the polymeric chains
within the new 106 pm diameter particles compared to the new 400 pm
diameter particles. Thus, despite a smaller mode of molecular weight distri-
bution, the presence of very long polymeric chains resulted in a greater
average molecular weight for 106 pm diameter particles.

The calculation of the polydispersity index using Eq. (9) also confirmed
a broader molecular weight distribution for new 106 pm diameter particles
compared to the new 400 pm diameter particles. The difference in the
molecular weights for the plastic particles could be due to the manufactur-
ing process where the greater molecular weight polymer was disintegrated
into smaller particles. Future investigation is needed to study the link
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Fig. 6. The survey and C1s high resolution XPS spectra and FE-SEM images of (a) new and (b) 5 w UVA exposed MPs (RH;, d, = 400 pm, no soil)

between the fragmentation behavior of plastics and their microstructure

characteristics.

Polydispersity Index = —>
M,

©)

Both size distributions of MPs revealed a greater than 90% reduction of
their M, upon 3 w of UVA exposure. Furthermore, the M, and M,, of all
studied MPs reduced by over 84% after 3 w of UVA exposure. The greatest
percent reduction in My, (94.7%) was found for 5 w UVA exposed MPs (d,,

= 400 pm) under RH;, condition. The M, and M,, of MPs (d, = 400 pm)
were reduced to a greater extent by increasing the UVA exposure from
3 w to 5 w under a low relative humidity condition (RH;,). However, the
MPs (d, = 400 pm) that were photodegraded under elevated relative
humidity (RHyo) demonstrated the increased M, and M,, from 2.94 x
10% and 25.1 x 10° to 6.41 x 10° and 26.2 x 10° by increasing the
UVA exposure from 3 w to 5 w, respectively. The significant drop in MPs
molecular weight during the first stage (3 w) of UVA exposure under both
relative humidity conditions is attributed to the chain scission reactions.
However, increasing the molecular weight during the second stage (3 w
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Table 1
The molecular weights for new and UVA exposed LDPE MPs.

LDPE MPs Condition UVA exposure M, % M, X M, X M,, X
duration (w) 10° 10° 10° 10°

d, =400 pm  New 0 71.0 2906.0 415 233.0

RH;o 3 6.1 506.9 6.5 27.0

5 3.8 30.4 4.92 8.8

RH;o 3 5.6 180.7 2.9 25.1

6 6.4 163.5 6.4 26.2

d, = 106 pm  New 0 62.0 4502.0 55.2 515.0

RH;o 3 3.8 126.4 0.9 21.2

and 5 w) under RH;, conditions can be ascribed to cross-linking reactions
(Angulo-Sanchez et al., 1994; Berlanga-Duarte et al., 1996; Rodriguez
et al., 2020; David et al., 1992). Indeed, photodegradation of polymers
causes chain scission and cross-linking, with the former being more preva-
lent in the presence of oxygen. The chain scissions result in a decrease in
both M,, and M,, in the absence of cross-linking. However, there will be
an increase in molecular weight and microstructure alteration (branching
crosslinking and gel formation) if cross-linking is the primary process
(Berlanga-Duarte et al., 1996; David et al., 1992). As polymeric chain scis-
sion reaction begins and becomes pervasive, the vinyl groups may form
according to Norrish type II process. This vinyl formation process occurs
after the formation of carbonyl groups and chain scissions in their vicinity,
which subsequently reduces molecular weight (Babaghayou et al., 2016).
Different sources, including the plastic mulch, silage films, greenhouse
covers, irrigation pipes, and plastic containing fertilizers, could contribute
to the MPs release. Thus, the size distribution and microstructure of MPs
found within the topsoil could be highly different. Understanding the link
between MPs' physical characteristics and photodegradation behavior
could promote more informed agricultural management practices.

3.3.2. Crystallinity variations

LDPE is a semicrystalline polymer and it's crystalline phase called spher-
ulites is separated by amorphous regions (Dilara and Briassoulis, 2000).
Neighboring crystalline lamellae are connected by tie molecules, passing
through the amorphous interlamellar regions. The LDPE oxidation is
constrained to the amorphous area (Sebaa et al., 1993). The DSC results, in-
cluding the melting peak temperature T, (C°), melting enthalpies AH (J/g),
and crystallinities percentage, are presented in Table SI-2. The % crystallin-
ity was almost similar for new 106 pm (24.4%) and 400 pm (24.7%) LDPE
MPs. The crystallinity of new MPs for d, = 106 pm is 24.4% and for d;, =
400 pm is almost similar (24.7%). However, after 3 w of UVA exposure, the
crystallinity of larger particles has increased to a greater extent than smaller
particles. The percent crystallinities for particles with d, = 106 pm after
3 w of exposure were found as %32 and %35 under RH,, and RH;,

New = = = 3 weeks «++eeeee- 6 weeks

Heat Flow (w/g)

-12
70 80 90 100 110 120 130

Temperature (C°)

(a)
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respectively, while the crystallinities of %37 and %39 were observed for
particles with d, = 400 pm exposed to the UVA radiation for 3 w under
similar relative humidity conditions. This finding demonstrates the greater
photodegradation of larger particles, as confirmed by the ATR-FTIR results.
As shown in Fig. 7, the melting peak temperature for photodegraded MPs
was not significantly different from the new samples. This finding indicates
that the crystalline phase's structural characteristic and the crystallite's per-
fection have remained unchanged upon UVA exposure (Dehbi et al., 2010;
Miyagawa et al., 2007). In fact, it is anticipated that crystalline zones re-
main unchanged as degradation mainly occurs in the amorphous areas
(Roy et al., 2007). On the other hand, the broader and more intense
peaks exhibited by the photodegraded samples indicate the increased crys-
tallinity due to the UVA exposure. Increasing the crystallinity percentage
can be described by a phenomenon called secondary crystallization. In
essence, polymer backbone cleavage happens over Norrish Type I and II
reactions of chromophores is dominant in the amorphous region. The scis-
sion route produces low molecular weight segments with two sides avail-
able to reorganize or act as nucleating agents leading to an increase in
crystallinity. Thus, the secondary crystallization of the small amorphous
chain sectors originating from chain scission reactions results in increasing
the melting point and crystallinity (Babaghayou et al., 2016; Singh and
Sharma, 2008; Sebaa et al., 1993). The chain scission can be recognized
by the growth of vinyl groups followed by a reduction in average molecular
weight (Babaghayou et al., 2016; Hamid and Amin, 1995). The MPs
photodegraded under elevated relative humidity (RH;,) demonstrated
a lower percentage of increased crystallinity compared to those
photodegraded under lower relative humidity (RH;,) (Table SI-2). This
can be ascribed to a more significant substitution of >C—H bonds with
>C=0 groups in the samples photodegraded at RH;, condition. Several
studies reported that increasing the carbonyl group formation is in correla-
tion with an increase in crystallinity, which agrees with our finding pre-
sented in the ATR-FTIR Spectroscopy section (Dilara and Briassoulis,
2000; Sebaa et al., 1993; Roy et al., 2007; Briassoulis et al., 2018).

3.4. Light-matter interaction

The increasing duration of UVA exposure from 3 w to 5 w for LDPE MPs
(d, = 400 pm) resulted in an increased average number of chain scission
from 5.4 to 7.4 under lower relative humidity (RH;,) conditions. On the
other hand, it decreased the average number of chain scission from 13 to
5.5 under elevated relative humidity (RH;() conditions (Table 2). Never-
theless, the 3 w UVA exposed MPs under elevated relative humidity exhib-
ited a greater level of chain scission compared to MPs photodegraded under
the lower relative humidity condition. The enhancement of hydroxyl radi-
cals formation under elevated relative humidity is responsible for the poly-
mer degradation and is supported by the reported literature (Copinet et al.,

New = = = 3 weeks eeeeeeee 5 weeks
-2
-4
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Heat Flow (w/g)

-12
-14
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Temperature (C°)
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Fig. 7. Endotherm graphs for new and UVA exposed LDPE MPs (400 pm) under (a) RH;, and (b) RHy.
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Table 2
Chain scission parameters for LDPE MPs.
LDPE Condition UVA Average Intrinsic Quantum
MPs exposure number viscosity yield
duration of chain @) of chain
(w) scission scission
™) (fes) x 1072
d, = 400 New 0 - 0.7357 -
pm RHio 3 5.40 0.2567 3.75
5 7.43 0.1258 4.79
RH7o 3 13.13 0.2619 5.81
5 5.47 0.2835 3.50
d, = 106 New 0 - 0.9582 -
pm RH;o 5 59.63 0.2970 9.22

2004; James et al., 2013). Besides that, the reduction of chain scissions
due to the longer UVA exposure durations could reverse the process
as the excited state species abstract protons from water molecules, thus
reducing the free radical propagation within the polymer structure
(Tjandraatmadja et al., 2002; Laboratories and Hill, 1985). This resulted
in an increasing the quantum yield of the chain scission for the LDPE MPs
photodegraded under lower relative humidity conditions. As LDPE molecu-
lar weight reduces due to chain scission, a rapid decrease in intrinsic viscos-
ity was also found for LDPE MPs photodegraded for shorter UV exposure
duration (3 w) from 0.7357 to 0.2567 and 0.2619 dL/g under RH;, and
RH;, conditions, respectively. It is attributed to the weak bond scission
caused by reactive oxygen species formed in the presence of oxygen. The
LDPE MPs' intrinsic viscosity was further reduced by increasing the UVA
exposure duration to 5 w under RH;o; however, it slightly increased for
LDPE MPs photodegraded under RH;,. These findings confirm that
the polymer branching and crosslinking predominates over chain scission
at longer UVA exposure durations under elevated relative humidity
conditions. The MPs (d, = 106 ym) that were UVA exposed for 3 w
at RH; demonstrated the greatest number of polymeric chain sessions
(n = 60). However, the obtained result is inconsistent with the result
from ATR-FTIR spectrum, as the greatest CI value was found for MPs of
d, = 400 pm. This discrepancy can be explained by the fact that chain scis-
sion can occur without the creation of carbonyl groups. Indeed, the polymer
breakdown process which occurs due to polymeric chain scissions with a
slight increase in CI, indicates that the reactions that lead to carbonyl pro-
duction are hindered or blocked. On the other hand, the remarkable forma-
tion of carbonyl groups with a low number of chain scissions suggests that
the polymer degradation is controlled by the oxidation process (Berlanga-
Duarte et al., 1996).

4. Conclusion

This study evaluated the sustainability of agricultural plastic products
by investigating the combined influence of polymer characteristics and
environmental conditions on microplastic aging through accelerated UVA
experiments. The results demonstrated that both environmental conditions
and polymer intrinsic features influence MPs photodegradation within
the environment. The greater relative humidity and deposition of MPs
under the soil particles reduced the extent of photodegradation by lowering
the available oxygen and inhibiting UVA exposure. However, the
photodegradation behavior of MPs that existed within the uniform mixture
of the MPs/soil was not different from those irradiated in the absence of soil
particles. The MPs with a lower molecular weight were less photostable
than those with high molecular weight. The MPs' crystallinity was in-
creased; however, their molecular weights were reduced as a function of
UVA exposure duration. This applied research study informs the public,
farmers, industry stakeholders, and policymakers regarding the sustainabil-
ity and eventual fate of agricultural plastic products within the farmland. In
addition, the results are illuminating for the plastic industries, wastewater
treatment plants, and biosolid distributors regarding the possible long-
term soil health impacts associated with the implementation of their
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product. Food production sustainability and soil functionality are critical
objectives for policymakers. Thus, the policymakers may utilize this infor-
mation to modify and shape regulations and monitoring practices to sustain
and improve a healthy and productive farm soil ecosystem.
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