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Abstract

Background

Soil is a vital component of agriculture, providing essential nutrients and support for
plant growth. However, soil health can be negatively impacted by various stressors,
such as heavy metal pollution, microplastics contamination and nanoparticles. Soil
physicochemical parameters and nutrient status are important to observe in the

presence of these stressors.
Objectives

The study aimed to investigate the combined impact of polystyrene microplastics
(PSMPs) and green synthesized iron oxide nanoparticles (GIONPs) on the
physiochemical properties of Cu stressed soil. Furthermore, the impact of PSMPs,
GIONPs were also observed on micro and macro-nutrients as well as heavy metals of

Cu stressed soil.
Methodology

Different concentrations of Cu (0, 50, 100, 200, and 400mg/kg) PSMPs (0%, 1% and
3% w/w) and GIONPs (100ppm) were added to soil contains 3% w/w organic matter.
Soil physicochemical properties (pH, EC) and nutrients profile was analysed via
atomic adsorption spectrophotometer-(ASS). Micronutrients included (Fe, Zn, Cu,
Mn), Macronutrients (Nos™, Pos>) and Heavy metals (Pb, Cd). Analysis carried out at
two stages i.e. pre-sowing soil (14 days incubated soil) and post harvesting soil (after

60 days of maize cultivation).
Results

The results showed that the increasing concentration of Cu in soil showed a negative
effect on soil physicochemical properties and the levels of micronutrients, essential
for soil health. Soil pH and EC disrupted with the addition of Cu, PSMPs and
GIONPs. The soil pH decreased (8.6-8.4) in both soils, while, EC increased (434
puS/em -615 puS/cm) in pre-sowing soil with the addition of Cu. However, soil pH
(8.6-8.8) and EC (426 uS/cm -580 uS/cm) increased with addition of GIONPs,
PSMPs in pre-sowing soil. While, in post-harvest soil pH increased (8.9 -9.13) and
EC decreased (130 uS/cm -150 uS/cm) over all with the addition of Cu,PSMPs and

Xl



GIONPs in soil. Cu, PSMPs and GIONPs adsorbed the nutrients in pre-sowing and
post-harvest soil. However, PSMPs and GION showed less reduction as compared to
Cu in post-harvest soil significantly ,the concentration ranged from 307 mg/kg -12
mg/kg, 8342 mg/kg- 8342 mg/kg, 389 mg/kg- 280 mg/kg, 44 mg/kg — 30 mg/kg and
19 mg/kg -10 mg/kg, 31mg/kg -19 mg/kg respectively. The adsorption capacity of
GIONPs was greater as compared to PSMPs in soil. Addition of GIONPs adsorbed
more as compared to PSMPs in soil. Moreover, addition of 3% PSMPs showed

greater adsorption as compared to 1% PSMPs in soil.
Conclusion

Cu, PSMPs and GIONPs acted as vector of nutrients in this study, thus reduced the
bioavailability of nutrients in soil. The significant difference in soil pH, EC and
nutrients was observed in pre- sowing and post-harvest soil. Moreover, the adsorption
capacity of GIONPs was greater as compared to PSMPs in soil as the addition of
GIONPs adsorbed more as compared to PSMPs in soil. Additionally, addition of 3%
PSMPs showed greater adsorption as compared to 1% PSMPs in soil.

This research highlights the need to consider the combined impact of multiple
stressors on soil health and nutrient status. However, this research provides valuable
insights into the complex relationships between different soil stressors and their

impact on soil health and nutrient status.

XV



Chapter 1 Introduction and Literature Review

Chapter 1

Introduction and Literature Review

Due to its adverse impacts on environmental safety, Soil contamination with
heavy metals is becoming a worldwide threat. Soil is one of the key resources that are
being polluted with excess of Copper (Cu). Cu is considered a trace element in soil-
plant systems, and its average concentration in the Earth's crust is approximately 60
mg kg™ In soil, the typical range of Cu concentration varies from 2 - 50 mg kg™ .Soils
that naturally have elevated levels of clay minerals (such as Vertisols) or organic
matter (like Spodosols and Histosols) often exhibit higher Cu content, reaching levels

as high as 180 mg kg™ (Cesco et al., 2021).

1.1 Sources of Cu in soil

Various sources have been identified as contributors to soil accumulation and
subsequent contamination of Cu , including mining activities, former wood treatment
sites, dust fall out, metal organic residues, scrap deposits and the application of Cu-
based fungicides in crops (Burges et al., 2020; Coelho et al., 2020; Penteado et al.,
2021). Anthropogenic activities such as coffee plantations, vineyards orchards and the
cultivation of Solanaceae plants (e.g., tomato, potato) have been found to be
significant sources of soil Cu contamination, primarily due to the intensive use of Cu-
based fungicides like Bordeaux mixture (CuSO4 + CaO) and other Cu-based salts
(Ballabio et al., 2018). Records show that Cu applications for crop disease control
have been employed since 1850, leading to long-term Cu accumulation in soils

(Poggere et al., 2023).

1.2 Factors Effecting Bioavailability of Cu in soil

Cu has the ability to create complexes with a wide range of ligands, including
both organic and inorganic ones such as iron and manganese oxides. This interaction
occurs through various mechanisms like cation exchange, precipitation, biosorption,
or adsorption. These processes effectively reduce the concentration of free Cu ions

and overall Cu contamination (Cui et al., 2019). Cu exhibits restricted mobility within

1
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soil and tends to accumulate primarily in the uppermost layer of soil, commonly
known as the topsoil. (Araujo, Strawn, Morra, Moore, & Alleoni, 2019). The presence
and accessibility of Cu in soil depend on several factors, including the soil type and its
morphological as well as chemical properties. (Y.-p. Zhao et al., 2018). Moreover, the
retention time of Cu in the soil is influenced by factors such as particle size, soil
aggregates, and various other soil characteristics (Q.-Y. Wang, Liu, & Hu, 2016).
Approximately 80% of Cu in soil exists in the form of insoluble oxides and sulfides,

making it less readily available for plant uptake. (Mihaljevi¢ et al., 2019).

The concentration of Cu (II) in soil tends to increase when the soil pH
decreases, leading to a reduction in the adsorption capacity of Cu. (Cui et al., 2020).
Moreover, in Cu-contaminated soils, the bioavailability of Cu is influenced to a
greater extent by the rhizospheric soil pH rather than the overall soil pH. Additionally,
the interplay of dissolved organic matter and rhizospheric pH has a greater impact on
the dynamic speciation of Cu compared to the inorganic components present in the
soil. However, the involvement of plant roots in determining Cu bioavailability is
significant, yet it is influenced by factors such as the plant species and the

concentration of Cu present in the soil. (Kumar et al., 2021).

1.3 Cu toxicity to soil nutrients

High levels of Cu in soil are persistent and cannot be broken down naturally, making
them non-degradable. This high Cu concentration poses a threat to microorganisms
present in the soil. Soil microbes, including those involved in nitrification (the process
of converting ammonia to nitrate), are particularly sensitive to changes in the soil
environment. As a result, it disrupts the nutrient cycling process and hinders the
essential mineralization of nutrients like nitrogen (N) and phosphorus (P). Hence, they
can serve as early indicators of shifts in soil ecology. The oxidization of ammonia,
which is a key step in nitrification, tends to increase as the soil becomes more
contaminated with Cu (Rehman et al., 2020). The results from Laboratory and Screen
house experiments showed significant decrease in soil available P, Zn and Fe as rates
of Cu increase over control experiment. The effect was more pronounced at

application rate above 20 mg Cu kg' (Azeez, Adesanwo, & Adepetu, 2015).
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Therefore, it is important to manage and monitor Cu levels in soil to maintain healthy

ecosystems and sustainable food production.

1.4 Microplastics

MPs are small plastic particles with a size equal to or less than 5 mm. They
can be classified into two main categories: primary microplastics and secondary
microplastics. (Blettler, Ulla, Rabuffetti, & Garello, 2017). Primary MPs are plastic
particles that are produced intentionally and manufactured at a small size. In contrast,
secondary MPs are formed from the breakdown of larger plastic waste due to various
environmental processes, such as ultraviolet radiation, weathering, high temperature,
oxidation, freeze-thaw cycles, and biological action (Qi et al., 2020). MPs found in
soil primarily originate from two main sources: human activities and natural factors.
The former includes practices like plastic mulching, fertilization, and improper
disposal of plastic-containing household waste. On the other hand, the latter source
involves natural processes like plastic degradation and sedimentation. (Zhang et al.,

2023).

1.5 PSMPs

PS is a synthetic polymer made from the monomer styrene. It is a high
molecular weight material with a formula of (C8HS8)n. PS can be solid or foamed and
is characterized by its clear, hard, and brittle nature. It is an inexpensive resin but has
a low barrier to oxygen and water vapour and a low melting point. Chemical formula

of PS (Ho et al., 2017).
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1.6 Sources of PSMPs

The world's total plastic production includes 6.1% of PS (Europe, 2020) is
widely used in everyday items like foam lunch boxes, plastic bottles, and micro beads
in cosmetics. Consequently, it becomes prevalent in wastewater and sewage sludge
due to its extensive usage in these products (Ullah et al., 2023). In Taiwan, compost
has been found to contain 53 items of PS microplastics per square meter, while in
farmlands of Sri Lanka, the presence of PS microplastics reaches 310 to 410 items per
kilogram (Premasiri, 2021). Notably, the presence of microplastics in soil is
significantly higher when plastic mulching practices are employed. In fact, the
number of microplastics in these soils is approximately double compared to soils
where such plastic mulching practices are not utilized. (Zhou et al., 2021) and based
on an analysis of 31 research papers, it has been reported that PS ranks as the fourth
most abundant type of microplastic in terrestrial systems, with a particularly

widespread presence in agricultural soils. (Huang et al., 2021)

1.7 Effects of PSMPs on soil properties

Studies have reported that MPs can raise the pH level of soil, as observed in an
experiment where the addition of 0.4% PS foam resulted in a higher pH and reduced
microbial activity. However, it's worth mentioning that the impact of PS on soil pH
can vary based on factors such as size and dosage, as noted in studies by (Boots,
Russell, & Green, 2019) (Li, Yu, Yu, & Xu, 2022) and (Yang, Zhang, Kang, Wang, &
Wu, 2021). According to (S. Dong et al., 2021), the addition of PS and
polytetrafluoroethylene (PTFE) to soil can lead to a decrease in pH, however, this
effect is dose-dependent. Small-sized MPs have a more pronounced impact on soil pH
compared to larger ones. The incubation time and shape of the MPs can also impact
soil pH, with foam and fragmented MPs causing a more significant increase in pH
than film or fibrous MPs. (T. Zhao, Lozano, & Rillig, 2021) found that over time and
with exposure to PET fragments and PS foam soil pH gradually increased,

highlighting the influence of both incubation time and MP shape on soil pH.

MPs impact soil nutrients directly and indirectly through multiple

mechanisms. (F. Wang, Wang, Adams, Sun, & Zhang, 2022). Microplastics have the
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potential to directly absorb nutrients, altering their availability in the soil (Mao et al.,
2020). As a result of weathering and oxidation, microplastics may undergo surface
modifications, leading to the development of pores and charges. This enhanced
surface area and charge capacity enable microplastics to exhibit higher adsorption
capabilities, including the ability to electrostatically adsorb Cu2+ ions (Zou, Liu,
Zhang, & Yuan, 2020). Studies suggest that microplastics with different surface
charges have the potential to bind with both negatively and positively charged
nutrients in the soil. Additionally, soil nutrient cycles are regulated by bacterial-driven
biochemical processes. The presence of microplastics can influence microbial
communities and their activity, thereby impacting soil nutrient dynamics. (Zou et al.,
2020). Likewise, polystyrene microplastics (PSMPs) also disrupt nutrient cycles in the
soil. For instance, PSMPs have been found to decrease urease and phosphatase
enzymatic activities, leading to a subsequent reduction in the availability of nitrates
and phosphates in the soil. (Dong, Gao, Qiu, & Song, 2021). Polystyrene
microplastics (PSMPs) coexist with heavy metals in soil, with cadmium (Cd) and Cu
(Cu) being the predominant types of heavy metals found. Apart from heavy metals,
PSMPs are extensively distributed in the environment and are susceptible to aging
processes. (Pang etal., 2023) (Zhang et al., 2023).The table below showed impact of
MPs on soil properties.
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Table 1 Effects of Microplastics (MPs) on soil chemical properties

MPs Chemical Dose Trends References
Property
Polystyrene, Polyamides, pH 0.4% Increased Zhao et al., 2021 (A)
Plycarbonate,Polystylene,Polyurethanes
Polyethleneterphataltae pH 5.0% Increased Ghari and Zamani Ahmedmamoudi 2022
Low-Density Polyethylene EC Decreased Qie et al., 2020
Polystyrene Soil nitrates 2.0 % Decreased Feng et al., 2022
Polystyrene Nitrates 0.25% Decreased Dong et al., 2021
Polystyrene Zn, Pb, As 0.25% Decreased Dong et al., 2021
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1.8 Nanoparticles

The main distinctive characteristic of nanoparticles is their considerably greater
ratio between surface area and volume, known as the S/V ratio which gives them
strong reactivity and physicochemical versatility (Qi et al., 2018). In addition, the
higher surface energy and the effect of size-dependent behavior of electrons and other
particles of nanoparticles, in comparison to their bulk materials determines their
distinct behaviour in the environment (Browne, 2015). Nanoparticles are divided into
many groups according to their chemical and structural components, such as, metal
oxides, quantum dots, nano-polymers, zero-valent metals lipids, semiconductors,
carbonaceous materials and dendrimers (Sudha, Sangeetha, Vijayalakshmi, &

Barhoum, 2018).

1.9 Green synthesized Iron oxide nanoparticles

Numerous methods exist for synthesizing nanomaterials, including the sol-gel
method, co-precipitation, chemical reduction method and hydrothermal synthesis.
However, the chemicals involved in these conventional methods are known to be
harmful to the environment. As a result, green synthesis of nanomaterials has
garnered significant attention in recent times due to its eco-friendly nature, cost-
effectiveness, and simplicity. (Bhuiyan et al., 2020). Magnetite iron nanoparticles
exhibit a considerably high surface-to-volume ratio at the nanoscale, leading to an
increased adsorbent capacity. This unique feature promotes the efficient diffusion of
metal ions onto the nanoparticle surface, facilitating effective adsorption of metal
ions.(Devi, Julkapli, Sagadevan, & Johan, 2023). Green synthesis of nanoparticles
utilizes plant extract as both reducing and capping agent eliminating the necessity of
harmful reducing agents (Bhuiyan et al., 2020). Carica papaya belongs to the family

of Caricaceae which can also use for synthesis of NPs (Jain et al., 2020).

1.10 Impact of GIONP on soil

The pH level in soil plays a significant role in the presence of heavy metals.
The application of GION can lead to an alteration in pH. It can either decrease,

increase or have no impacts on soil. The study by Lin et al. (2019) found that the pH

7
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level increased significantly (p<0.05) with increasing doses of GION. GION also
affect nitrates and phosphates is soil. Another study suggested iron oxide
nanoparticles had significant impact on the soil nitrification potential and ammonia
oxidizing abundance, suggesting that the metabolic activity and efficiency of soil
microorganisms can be influenced by iron oxide nanoparticle amendments.(Lin et al.,

2019)

Microplastic pollution is a major environmental concern that has received significant
attention in recent years. PSMPs, in particular, are prevalent in many ecosystems,
including soil, and have been shown to have negative impacts on soil health and
ecosystem functioning. Additionally, Cu contamination in soil is a common problem
due to anthropogenic activities, such as agriculture and mining. This can lead to soil
degradation and reduced plant growth. Iron oxide nanoparticles (IONPs) have been
proposed as a potential solution for Cu remediation in soil due to their high adsorption
capacity. However, there is a lack of research on the combined impact of PSMPs and
IONPs on Cu-stressed soil. Therefore, the aim of this study is to investigate the
potential interactive effects of PSMPs and green-synthesized IONPs on Cu-stressed
soil, including their impacts on soil physicochemical properties and nutrients. The
findings of this study will contribute to a better understanding of the environmental
implications of microplastic pollution and provide valuable information for

developing effective soil remediation strategies.
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Table 2 Impact of NPs on soil properties

Soil Nanoparticles Heavy metal  Synthesis Response of Soil Reference
Nursery soil ~ GION As Euphorbia leaf extract Decreased As in soil Su et al., 2020
Heavy metal GION Cd Excoecaria leaves Increased soil pH decreased nitrates Lin etal., 2019
Contaminated extract and phosphates

soil

Contaminates PSMPsand  ...... ... Nitrates increased Jiao et al., 2022

Soil Ag NP
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1.11 Research gaps

On a global scale, literature has extensively investigated the adsorption of organic
pollutants and heavy metals by PSMPs (Godoy et al., 2019; Mao et al., 2020; Zhang
et al., 2021; Zhang et al., 2022; Zong et al., 2021). Given the heightened global
concern regarding the MPs pollution in aquatic environments, the first two studies
conducted in Pakistan were also focused on the freshwater bodies while, research on
MPs in Pakistan’s soil is its nascent stage (Rafique, Irfan, Mumtaz, & Qadir,
2020).Consequently, it is imperative to investigate impact of MPS on Pakistan’s soil. .
Similarly, studies has also delved into the coexistence of MPs and NPs in soil
system.(Jiao et al., 2022; Sun et al., 2023; Zhang, Ren, Pei, Sun, & Wang, 2022)
however, the specific interaction of GION and PSMPs in the context of Cu stress
within Pakistan remains unexplored. In the light of aforementioned gaps, the present
study hypothesized that both MPs and GION will show greater propensity for
adsorbing essential nutrients as compared to Cu in soil. As such, this study aimed to
investigate impact of PSMPs and GION on soil physicochemical properties in the
presence of Cu stress. Additionally, the study examines their impact on soil micro

and macronutrients in pre-sowing and post-harvesting soil.

1.12 Problem statement

PSMPs, in particular, are prevalent in many ecosystems, including soil, and have been
shown to have negative impacts on soil health and ecosystem functioning.
Additionally, Cu contamination in soil is a common problem due to anthropogenic
activities, such as agriculture and mining. This can lead to soil degradation. Iron oxide
nanoparticles (IONPs) have been proposed as a potential solution for Cu remediation
in soil due to their high adsorption capacity. However, there is a lack of research on
the impact of GION on soil properties in the presence of PSMPs and Cu. Therefore,
the aim of this study is to investigate the potential interactive effects of PSMPs and
green-synthesized IONPs on Cu-stressed soil, including their impacts on soil
physicochemical properties and nutrients. The findings of this study will contribute to
a better understanding of the environmental implications of microplastic pollution and

provide valuable information for developing effective soil remediation strategies.

10
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1.13 Objectives

This study aims to investigate the impact of PSMPs and GIONPs on physicochemical

properties and, nutrients in Cu-stressed soil.

1: Impact of PSMPs, green synthesized iron-oxide nanoparticles on physicochemical

properties of Cu stressed soil in pre-sowing and post-harvest soil.

2: Effects of PSMPs, green synthesized iron-oxide nanoparticles on micronutrients

and macronutrients and heavy metals in Cu contaminated soil

11



Chapter 2 Results and Discussions

Chapter 2

Materials and Methods

2.1 Experimental Design and soil preparation

A pot experiment was conducted at Quaid-i-Azam University, Islamabad, (33°44'55-
4" N, 73° 08" 09, 8" E). The experimental design included 30 treatments (as shown in
table 2), involving various doses of Cu (0, 50, 100, 200, and 400 mg/kg), PSMPs (0%,
1%, and 3%), and a constant dose of GION (100 ppm) incorporated into the soil.
Experiment was conducted in replication n=3, resulting in a total of 90 pots in the

experimental setup.

Soil samples were collected from the nursery of Quaid-i-Azam University, Islamabad,
in March 2022. After collection was completed, soil samples underwent air-drying
and were then sieved through a 2 mm mesh to eliminate gravel and to obtain a finer
texture. Furthermore, after the air-drying and sieving process, 3% organic matter was
incorporated into the soil to enhance its fertility and nutrient content. The collected
soil sample displayed following physicochemical properties: a coarse fraction of 54%,
a micro-aggregate fraction of 23%, and a non-aggregate fraction of 23% (not known).
The soil's water holding capacity calculated to be 500 mL/L. In addition, the initial
physicochemical characteristics of the soil were recorded down, which included a pH
of 8.6, electrical conductivity (EC) of 435 pScm-1, and concentrations of Cu
(14.9£0.0 mg/kg), Fe (11538+288 mg/kg), Zn (49.1£1.0 mg/kg), Mn (474£17.5
mg/kg), NO* (27.3 +0.81 mg/kg), and PO,> (36.6+0.89). Pre-sowing soil samples
were collected after 14 days of incubation. After collecting the pre-sowing soil
samples, maize plants were cultivated in pots for 60 days. Soil samples were collected

to obtain post-harvesting samples for further analysis
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Table 2.1. Treatments used in the pot-experiment.

Treatment Id Treatments
T, Cu0
T, Cu 50
Ts Cu 100
Ty Cu 200
Ts Cu 400
Ts NP +Cu0
T, NP+ Cu 50
Ts NP +Cul00
Ty NP+ Cu 200
Tho NP+ Cu 400
Tn 1% PS+Cu0
T2 1% PS + Cu 50
Ti3 1% PS + Cu 100
T4 1% PS + Cu 200
Tis 1% PS + Cu 400
Tie 1% PS + Cu 0+ NP
Ty 1% PS + Cu 50 + NP
Tis 1% PS + Cu 100 + NP
The 1% PS + Cu 200 + NP
T2 1% PS + Cu 400 +NP
Ty 3% PS+Cu0
Ty, 3% PS + Cu 50
To; 3% PS +Cu 100
Ta4 3% PS + Cu 200
Tos 3% PS + Cu 400
T2 3% PS + Cu 0 + NP
T2, 3% PS + Cu 50 + NP
Tos 3% PS + Cu 100 + NP
T2 3%PS+Cu200 +NP
T30 3%PS+Cu400+NP

13
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2.2 MPs Preparation, Cu spiking and GION preparation

PS pellets were purchased from Pak Petrochemical Industries Pvt Ltd. MPs were
prepared by grinding these pallets again and again in the grinder till their size reaches
the range of 150-250um. After grinding MPs were sieved in stainless steel sieve of
150-250um. (Lozano et al., 2021). The Cu solution was prepared using Cu salt
(CuS04.5H,0). A stock solution of 1000 ppm was prepared. CuSO4. SH20 (3.92 g)
of salt was used to make 1000 ppm solution. It was further diluted to 50ppm, 100ppm,
200 ppm and 400 ppm.

Papaya plant (Carica papaya) leaves were gathered from the premises of Quaid I azam
university. These freshly collected leaves underwent a rigorous washing process with
both tap water and deionized water. Afterward, they were subjected to drying in an
oven for an hour and subsequently ground into a fine powder. To prepare an extract,
20 grams of this finely powdered material were boiled in 1 liter of deionized water at
80°C for 30 minutes. The resulting mixture was then filtered using Whatman no 42
filter paper to remove any solid particles. The filtrate was concentrated using a rotary

evaporator and finally stored at 40°C for future applications.

The synthesis of a-Fe203 nanoparticles utilized ferric chloride hexahydrate
(FeCl3.6H20) as the precursor. In a 1:1 ratio, 50 mL of papaya leaf extract was
cautiously added drop by drop to 50 mL of a 0.1M FeCl3.6H20 solution at room
temperature. Subsequently, 1 M NaOH was incrementally introduced until the pH
reached 11. The resulting mixture was stirred using a magnetic stirrer for 30 minutes,
and the formation of an intensely black-colored solution confirmed the synthesis of
iron oxide nanoparticles. The nanoparticles were separated by centrifugation at 8000
rpm for 20 minutes and underwent a series of purification steps, including multiple
washings with ethanol and water (2-3 times). Finally, the nanoparticles were dried in
a hot air oven at 80°C for 3 hours and securely stored in an airtight container for

future use.
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2.3 Physicochemical Analysis

Soil physicochemical properties were analyzed based on the procedures described by
(brown et al, 2023). pH and EC were measured using multimeter (OAKTON).
Following the procedure, 5 g of air-dried soil was added to a beaker containing 25 mL
of deionized water. The beaker was placed on a shaker at 180rpm for 30 minutes for
complete mixing. Afterward, values of pH and EC were measured with calibrated pH
and EC meter. Water holding capacity was determined following procedure by (Sun et
al., 2012). While, the soil samples were passed through a series of sieves of

decreasing size to get desirable soil fraction (250-2000pm, 53-250 um and <53um).

2.4 Micronutrients and heavy metals analysis

Micronutrients were analyzed using method of (Ahmedpour et al., 2015). Extracting
solution (aquaregia) was prepared by using HCI and HNO® (1:3) v/v for digestion.
Samples containing 5 g of sieved and air-dried soil were placed in an Erlenmeyer
flask and 10ml of the extracting solution was added to each sample. Afterward, the
samples were heated on a hot plate for half an hour at 90-100 c¢°. The resulting
solution was filtered through a Whatman No 42 filter paper into a 50 mL
polypropylene vial and diluted to 50 mL with the extracting solution. A Blank was
also prepared containing extracting solution. Micronutrients (Cu, Zn, Mn, Fe, Pb, and
Cd) were analysed in all the soil samples using Atomic Absorption spectrophotometry.

Macronutrients analysis
Soil nitrates

Soil nitrates were analyzed using the standard chromotropic acid method (Estefan et
al., 2013). Approximately, 1 g of air-dried soil was weighed and mixed with 50 mL
0.02 N CuS04.5H,0 solution and each sample was then shaken for 15 minutes using
an orbital shaker at 100rpm. The solution was filtered after mixing using Whatman
No 42 filter paper and 3 ml filtrate was taken into a 50 ml conical flask using a
pipette. Chromotropic acid (Iml 0.1%) was added drop by drop into the filtrate and
placed on the ice bath. After mixing, 6ml concentrated sulphuric acid was added and
the solution was swirled. The prepared solution was left for shaking to cool down to
avoid excessive heating. After 45 minutes yellow colour was formed, and absorbance

was measured at 430nm using a UV spectrometer. Afterward, a blank was prepared to
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contain all the above-mentioned chemicals excluding soil. Standards of NOs, using

KNOs; dissolved in 0.02N CuS0O4.5H,0 were also prepared to check the calibration.

2.5.2 Extractable Phosphates

Extractable phosphorus was measured by the method described in (Estefan et al.,
2013). Briefly, 1 g of sieved air-dried soil was taken and mixed with 10 ml 0.5M
NaHCOs.Each sample was placed on orbital shaker for complete mixing for 30
minutes at 150rpm. Afterwards, samples were filtered through filter paper in a beaker
and 0.25% w/v p-nitro phenol indictor was added drop by drop in to 5ml filtrate.
Moreover, H,SO, were also added into each sample until the samples became
colourless. Furthermore, deionized water was used for the dilution of the samples to
40ml and after dilution 4ml of ascorbic acid was added each. A blank containing all
the above-mentioned chemicals excluding soil was also prepared. Absorbance for the

solution was taken on 882 nm using UV spectrometer.
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Chapter 3

Results and Discussions

3.1 Soil physicochemical properties

The soil pH decreased (8.6 to 8.4) as the rate of Cu increased over control in
both pre-sowing and post-harvesting soil. The effect was more pronounced at Cu
400mg/kg as shown in Figure 3.1. These results are in line with previous studies
(Marques et al., 2023; Vazquez-Blanco, Arias-Estévez, Baath, & Fernandez-Calvifio,
2021). The decrease in soil pH with Cu might be due to a change in soil microbial
activity at higher Cu concentrations (Naz et al., 2022; Yafiez et al., 2022). Contrary,
the soil pH increased with addition of 0%, 1% and 3% PSMPs in soil as shown in
Figure 3.1. Adding PET fragments and PS foam leads to an increase in soil pH. (T.
Zhao et al., 2021). Reason is expected to change soil microbial community structure
because of the MPs, which indirectly affect soil pH (Rong et al., 2021). Additionally,
the surface characteristics of MPs, including their surface charges, can lead to the
selective adsorption of positively or negatively charged substances, which can disrupt
ion exchange in soil solution and contribute to changes in soil pH (Rong et al., 2021).
Addition of GION showed similar trends with soil pH as of PSMPs in both pre-
sowing and post-harvest soil. These results are in line with previous studies, GION
extracted from excoecaria cochinchinensis leaves increased soil pH (Lin et al., 2019;
Su, Lin, Owens, & Chen, 2020). The increase in pH by the addition of GION can be
attributed to Fe (IT) hydrolysis. The Hydrolysis reaction involves utilizing H" ions and
releasing OH- ions. As a consequence of these hydrolysis reactions, H™ ions are
consumed, reducing their concentration, while OH ions are released, thereby
increasing the pH of the solution (Lin et al., 2019). In post-harvesting soil after
cultivation of maize plant and incubation of 60 days the overall pH of soil increased,
as compared to pre-sowing soil, with the addition of Cu, PSMPs and GION, as shown
in Figure 3.1. These results are in line with previous research (M. H. Saleem et al.,
2020). One possible reason can be the increase in uptake of anions and discharge of

hydroxyl ions from plant roots (Rehman et al., 2021).The addition of 3%PSMPs
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showed greater increase among all the treatments. The research has showed shape and
dose-dependent response of different MPs reflecting more prominent impact at higher
doses (Feng, Wang, Sun, Zhang, & Wang, 2022). The present study revealed a
gradual increase in EC in pre-sowing soil while it was decreased in post-harvesting
soil with increasing Cu treatments. The increase in EC might be due to greater
charged species by Cu addition (Romdhane et al., 2021). However, the addition of
PSMPs reduced EC in both pre-sowing and post-harvesting soils as shown in Figure
3.1. This decrease in EC might be due to the adsorptive nature and large surface area
of PSMPs which adsorbs nutrients and reduces the concentration of free ions in soil
solution (Godoy et al., 2019).The significance difference between pre-sowing soil

and post-harvesting soil is shown in T-test as mentioned in S table 1.

9.2 9.3
9.1 9.2
9 9.;
8.9 289
8.8 8.8
:g_ 8.7 i I Q-gg
8.6 T I 8.5
8.5 I 8.4
8.4 8.3

8.3 Cu0 Cu50 Cul00 Cu200 Cu400

Cu0 Cu50 Cul00 Cu200 Cu400 Treatments
Treatments 0%PS  1%PS 3%PS
0%PS  m1%PS 3%PS
W 0% NP+PS 1%NP+PS M 3%NP+PS
B 0%NP+PS M 1%NP+PS M 3%NP+PS
600 < 600
E500 g500
%400 5400
=300 3300
Q O
m200 w200
0 0
Cu0 Cus50 Cul00 Cu200 Cu400 Cu0 Cu50 Cu 100 Cu 200 Cu 400
Pre sowing Treatments (mg/kg) Post harvesting Treatments (mg/kg)
= 0%NP+PS I%NP+PS  m3%NP-+PS W O%NPHPS T I%NP+PS M 3%NPHPS

Figure 3.1. Impact of treatments on soil pH and EC. a) pH in pre-sowing soil b) pH in
post-harvesting soil ¢)EC in pre-sowing soil d) EC in post-harvesting soil. Data in

graph is an average of three repeats (n=3) + standard deviation (SD).
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3.2 Change in soil fractions by PSMPs

The present study found that 250-2000 pm (coarse-particulate fraction), 53-
250 um (micro-aggregate fraction), and <53 pum (non-aggregated silt and clay
fraction) were 54%, 23%, and 23% respectively in control (Table 3.1). The addition
of 1% and 3% PSMPs increased the relative proportion of the micro-aggregate
fraction possibly due to the size of PSMPs within the range of the micro-aggregate
fraction and reducing the relative fraction of silt and clay in the soil thus changing the

chemical speciation of heavy metals (Yu et al., 2021).

Table 3.1. Relative change in soil fractions under different concentrations of PSMPs.

Data tabulated is average of three repeats (n=3) + standard deviation (SD).

Control % Coarse- % Micro-aggregate % Non-aggregated
particulate
fraction Fraction Fraction
0%PSMPS 54+5.7 23+ 1.4 23+42
1%PSMPS 55+7.1 25+4.8 20+5.1
3%PSMPS 52+5.7 34+2.38 14+2.38

3.3 Soil Micronutrients Content

Micronutrients in soil decreased significantly in post-harvesting soil as
compared to pre-sowing soil as shown in Figure 3.2. The concentration of Cu reduced
in post-harvesting soil by addition of Cu doses. The reduction was greater at Cu 400
mg/kg showed dose-dependent response of Cu in post-harvest soil. It reduced by 21%,
24.8%, 27.6%, 29.2%, and 30.2% from Cu0 to Cu400 mg/Kg respectively. The
addition of 1%PSMPs and 3%PSMPs declined Cu by 16%, 21.6%, 24.4%, 25.9%,
27.8%, and 12.6%, 16.5%, 19.9%, 23.2%, 25% from Cu0 to Cu400 mg/Kg
respectively. The addition of 3%PSMPs from Cu0 to Cu400mg/kg showed greater
retention and less reduction of Cu as compared to 0% or 1% PSMPs in post-
harvesting soil. Similarly, GION reduced Cu by 16 %, 23 %, 25%, 28% and 28%
from Cu0 to Cu400mg/kg in post-harvesting soil. Combine addition of GION,
1%PSMPs and GION, 3%PSMPs showed decline by 14%, 20%, 20 %, 24%, 26% and
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11 %, 20 %, 19%, 21%, 24 % from Cu0 to Cu400 mg/kg respectively. It has shown
that GION along with 3%PSMPs from Cu0 to Cu400 mg/kg showed lesser reduction

and greater adsorption.

Zn, Mn and Fe showed similar trends as of Cu in post-harvesting soil. There

was a significant decrease in Zn, Mn and Fe concentrations. Zn was reduced by

20.1%, 25.1%, 29.4%,

35.2%, and 38.1% from Cu0 to Cu400 mg/Kg respectively. The addition of
1%PSMPs reduced Zn by 15.2%, 19%, 20.8%, 25.6%, 30.6%, and 3%PSMPs reduced
Zn by 11.6%, 12.8%, 13.6%, 22.7%, 23.3% from Cu0 to Cu400 mg/kg respectively.
Similarly, GION reduced Zn in post-harvesting soil by 19 %, 23%, 27%, 32%, and 35
% from Cu0 to Cu400 mg/kg. Addition of GION along with 1% PSMPs reduced Zn
by 13% , 13% , 17%, 25%, and 25% from Cu0 to Cu400 mg/kg, while, GION and 3%
reduced Zn by 10%,11%,20 %20 %, and 22 % from Cu0 to Cu400mg/kg. The
addition of 3%PSMPs from Cu0 to Cu400mg/kg showed greater adsorption and less
reduction of Cu as compared to 0% or 1% PSMPs in post-harvesting soil. Similarly,
GION along with 3%PSMPs from Cu0 to Cu400 mg/kg showed lesser reduction and
greater adsorption than all the treatments in post-harvesting soil. The significance
difference in micronutrients in pre-sowing and post-harvesting soil is shown in S table

1 using T-test.

The solubility of most micronutrients will decrease, leading to low
concentrations in soil solution with increasing soil pH. This might be due to the
increased bioavailability of micronutrients as a result of low soil pH in alkaline soils
by Cu addition (Liu et al., 2021; Romdhane et al., 2021). Furthermore, a decrease in
soil pH can enhance the soil cation exchange capacity (CEC) since it has a negative

correlation with pH (Rahal & Alhumairi, 2019; Wen et al., 2022).

PSMPs showed lesser reduction as compared to Cu, it can be due to the fact
that an increase in pH enhanced adsorption of cations (Khalid, Ageel, Noman, Khan,
& Akhter, 2021). The adsorption behavior is promoted between negatively charged
MPs and positively charged metal ions through electrostatic attraction. (Torres,
Dioses-Salinas, Pizarro-Ortega, & De-la-Torre, 2021). PS (aromatic polymer) exhibits
mainly n—7 interactions, However, occurrence depends on the polymer type; e.g., PE

(aliphatic polymer) exhibits van der Waals interactions (Liu et al., 2021). Moreover,
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functional groups also play their role in adsorption, for instance, Carboxyl and
carbonyl groups were observed on the surface of the aged PS. As both groups have
high electron density, the adsorption capacity of aged PS towards Cu”" increased

(Chen et al., 2022).

GION showed greater adsorption and lesser reduction of micronutrients in
post-harvesting soil can be due to the fact that green synthesized nanoparticles
provide more surface charges hence, greater adsorption (Lin et al., 2019). GNPs has
capability to decrease nutrient losses during fertilization or leaching (S. Saleem &
Khan, 2023). Additionally, on a nanoscale, magnetite iron nanoparticles have a higher
surface to volume ratio, which leads to an increased adsorbent capacity. This attribute
leads to better metal ion diffusion on the adsorbent surface, leading to better metal ion
adsorption (Devi, Julkapli, Sagadevan, & Johan, 2023). This effect was more
prominent with the addition of 3%PSMPs and GION from Cu0 to Cu400mg/kg in

post harvesting soil as both of components has active sites and adsorbing capacity.
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Figure 3.2. Micronutrient concentrations in soil with different treatments.(a) Relative
reduction of Cu in post-harvesting soil, (b) Relative reduction of Zn in post-
harvesting soil, (c) Relative reduction of fe in post-harvesting soil (d) Mn in post-
harvesting soil. Data presented in graph is average of three repeats (n=3) + standard

deviation (SD).

3.4 Soil macronutrients

In our study nitrates and phosphates decreased significantly in pre and post-
harvesting soil with the addition of Cu0 to Cu400mg/kg as shown in Fig 3.3 and
3.4.The significance difference in shown in S table 1 using T-test as well. As Cu
increased over control in Screen house experiments and laboratory significant
decrease in soil available P was observed. The effect was more pronounced at
application rate above 20 mg Cu kg (Azeez, Adesanwo, & Adepetu, 2015). The
reduction in available phosphates can due to the antagonistic relation between Cu and

phosphates.
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In post harvesting soil addition of PSMPs also reduced concentration of
nitrates and phosphates from Cu0 to Cu400mg/kg as shown in Fig 3.3 and 3.4. MPs
can play a major role in impacting soil nutrients by influencing microbial activity and
communities, for example PSMPS can slow down phosphate and urease enzymatic
activities which consequently reduce bioavailability of phosphates and nitrates in soil
(Dong, Gao, Qiu, & Song, 2021). The studies of Wang et al., 2023 is also in line with
this study. Thy study showed that an increase of PS decreased nitrates and phosphates

content in soil.

Similarly, GION decreased the concentration of Nitrates and phosphates in pre
and post-harvesting soil. GION to the soil could potentially influence microbial
populations. Some studies have suggested that iron oxide nanoparticles might impact
the microbial community, altering their metabolic activities resulting in decline in

NO}- and PO+* 41 nsoil (Lin et al., 2019).
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3.4 Heavy Metals

In our study Cd and Pb decreased significantly in post-harvesting soil with the

addition of Cu0 to Cu400mg/kg as shown in Fig 3.5 and 3.6.

In post harvesting soil addition of PSMPs also reduced concentration of Pb
and Cd from Cu0 to Cu400mg/kg as shown in Fig 3.5 and 3.6. In their study, Gao et
al. (2019a) demonstrated that polystyrene microplastics (PSMPs) exhibited the
capacity to adsorb various heavy metals, including lead (Pb), copper (Cu), and
cadmium (Cd). Interestingly, it was observed that as the pH of the solution rose, there
was a substantial and rapid increase in the adsorption capacity of PSMPs. This
phenomenon is believed to be attributable to electrostatic interactions, as suggested by

the findings of (Yu et al., 2021).

At higher pH levels, there is a tendency for greater adsorption of positively
charged cadmium (Cd) onto the surfaces of GION. This can be attributed to the
increased negative charge on the GION surfaces. Consequently, this effect is expected
to diminish the bioavailability of Cd, as noted in the research conducted by (Lin et al.,
2019). The increase in negative charge on the GION surfaces at higher pH levels can
be explained by the behavior of surface functional groups. These functional groups on
the GION surfaces can undergo ionization, resulting in the creation of negatively
charged sites. As the pH rises, the prevalence of hydroxide ions (OH-) in the solution
also increases, facilitating the deprotonation of these functional groups. Consequently,

the surfaces of GION become more negatively charged (Tao et al., 2023).
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3.5 Statistical Analysis

Figure 3.7. Heat map of Pearson correlation between different soil variables in pre-sowing and post-harvesting soil
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Figure 3.8. Hierarchical cluster analysis between different soil parameters and treatments in pre-sowing soil

Figure 3.9. Hierarchical cluster analysis between different soil parameters and treatments in post-harvest soil
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3.6 Conclusions

e [t was concluded that in the study copper (Cu) had an antagonistic relationship
with soil pH and a positive correlation with soil electrical conductivity (EC) in
pre-sowing soil, and an antagonistic relationship with soil pH, EC, and other
micronutrients in post-harvesting soil.

e PSMPs showed a positive correlation with soil pH (and micronutrients in post-
harvesting soil) and negatively correlate with EC in both soils.

e Green-synthesized iron oxide nanoparticles (GION) and polystyrene
microplastics (PSMPs) demonstrated significant positive effects on soil pH

¢ GION and PSMPs displayed superior nutrient adsorption compared to copper

stress, highlighting their nutrient retention capacity.

3.7 Recommendations

» Consider integrating GION and PSMPs as soil amendments in copper-

stressed agricultural systems.

* Conduct comprehensive field trials to validate the efficacy of GION and
PSMPs in real-world agricultural scenarios, considering varying soil

types, crops, and climatic conditions.

* Undertake long-term studies to assess the prolonged effects of GION and
PSMPs on soil health, nutrient availability, and overall crop performance

over multiple growing seasons.
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Supplementary Data

Correlation analysis

Pre-sowing soil

mg/Kg Cu Fe Mn Zn Pb Cd NOs- PO,>~ pH EC
Cu 1

Fe 0.116 1

Mn -0.33 0.06 1

Zn -0.03 0.17 0.15 1

Pb 0.03 0.09 0.17 0.27 1

Cd -0.32 0.06 0.36 0.29 0.21 1

NO3- -0.59** -0.01 0.21 -0.16 -0.34 011 1

PO,3" -0.66** -0.07 0.22 -0.18 -0.29 0.18 0.93** 1

pH -0.60** -0.11 0.14 -0.18 -0.44* 0.03 0.93** 0.91** 1

EC uS/cm 0.69** 0.01 -0.13 0.09 0.28 -0.11  -0.93** -0.94** -0.96** 1

Post-Harvesting soil
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Cu Fe Mn Zn Pb cd NO,- PO.*" pH EC
Cu 1
Fe -0.48** 1
Mn -0.74** 0.83** 1
Zn -0.710**  0.83** 0.92** 1
Pb -0.56** 0.64**  0.57** 0.59** 1 1
Cd -0.19 0.57**  0.41* 0.38* 0.50**  0.39*
NO3- -0.85** 0.81**  0.90** 0.89** 0.57** 041* 1
PO4*" -0.64** 0.91**  0.89** 0.92** 0.55** 0.32 0.90** 1
pH -0.84** 0.75**  0.94** 0.81** 0.56** -0.04 0.89** 0.85** 1
EC pS/cm -0.81** 0.22 0.56**  0.52** 0.31* 1 0.61**  0.36* 0.69** 1

** Correlation is significant at the 0.01 level (2-tailed).

* Correlation is significant at the 0.05 level (2-tailed).
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Table 2: T-Test performed to analyse the impact of Cu, PSMPs and GIONPs on soil physicochemical properties and nutrients in

pre-sowing and post-harvest soil

Pre-sowing soil

Treatments Cu(mg/kg) Fe(mg/kg) Zn(mg/kg) Mn(mg/kg) Pb(mgkg) Cd(mgkg) NOs- PO, ¥ (mg/kg) pH EC(uS/cm)
(mg/kg)

Cu0 14.9+0 11538.1£287.5 49.1%1 474+17.5 27.5+1.5 2.1+0.25 27.3£0.81 37.6+0.89 8.6£0.025 434.5£12.5
Cu50 59.9+5 11938.1£612.5 50.4+1.75  496.5+5 26.25¢1.25  2.4x0 26.7£1.38  36.2+0.30 8.6£0.01  476+15
Cul00 117.4£7.5  12763.1£262.5 50.6%1 519+£7.5 28.25+0.75  2.1+0.25 244£1.05 31.7+0.89 8.5£0.025 510+£30
Cu200 204.9+5 12613.1£112.5  52.9£0.75  491.5+20 29+0.5 2.440 22.0£1.30 28.7+2.08 8.4+£0.01  540+20
Cu400 397.4£17.5 11875.6+£650 50.9+£2.75  479£2.5 28.5+0.5 2.1+0.25 18.4+0.81 23.1+0.09 8.4+£0.02  615£35
NP+ Cu0 14.9+0 11663.1£137.5  50.6+4.5 504422.5 28.5%1.5 2.1+£0.25 28.5+1.78  39.6+0.89 8.7+0.01 426+21
NP + Cu 50 62.4+2.5 12863.1£112.5  51.6£1.5 531.5+45 28.540.5 2.440 27.8+2.11 34.2+43.75 8.6£0.03  457.5£17.5
NP+ Cu 100 124.9+5 12500.6£75 48.6+0 476.5+0 28.540.5 2.1+0.25 24.8+1.70 38.4+.79 8.5£0.005 502.5+£32.5
NP+ Cu 200 1924475  12725.6+200 51.1£1.5 41942.5 28.25+0.75 2.1+0.25 21.9£2.80 28.3+1.49 8.5+0 502.5+37.5
NP+ Cu 400 389.9+10 12300.6£700  46.4+2.25  466.5+0 27.2540.75  2.1+0.25 19.2+0.89  27.1+1.79 8.4+0.015 590+40
1% PS + Cu0 14.940 12538.1£37.5  48.6+1 494432.5 26£1.5 2.140.25 28.3+1.42  39.6+0.60 8.7£0.035 416+11
1%PS+Cu50 57.4+2.5 12438.1+312.5 48.1+2.5 496.5+30 27.7+£0.75 2.440 27.6+0.97 40.84+0.89 8.6+0.025 446+17
1% PS + 1224425 12325.6+475 47.4+0.25 509+57.5 30.25+2.25  2.4+0 25.4+0.73  38.4+0.89 8.5+0.05 490+30
Cul00
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1% PS +
Cu200

1% PS +
Cu400

1%
PS+NP+Cu0

1%
PS+NP+Cu50

1%
PS+NP+Cul00

1%
PS+NP+Cu200

1%
PS+NP+Cu400

3% PS+ Cu0

3% PS + Cu50

3% PSS +
Cul00
3% PSS +
Cu200
3% PSS +
Cu400

202.4+2.5

394.9+5

14.9+0

59.9+5

122.442.5

199.9+£10

392.4+7.5

14.9+0

59.9+5

124.9+0

214.9+5

399.9+5

12900.6+25

12775.6+225

11150.6+200

13375.6+375

11750.6+525

12650.6+50

12638.1+637.5

12838.1£912.5

11750.6+325

12813.1+187.5

13350.6+850

13213.1+662.5

50.4+1.25

48.6+0.5

44.9+1.75

48.4+0.25

48.9+1.75

49.9+4.25

45.6+0.5

50.6+7

47.9+0.25

45.1£0.5

51.1+£2

45.6+1

476.5£0

486.5+5

461.5£25

519+57.5

484+12.5

449+27.5

449+12.5

481.5£70

446.5£10

506.5+0

426.5+10

461.5+5

28.75+0.25

26+0.5

24.75+1.75

27+0.5

28+0.5

28.25+0.75

26.25+1.25

26.5+0.5

25+0.5

29.25+0.25

28.75+0.25

25.75+0.25
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2.440.5

2.1+0.25

2.1+0.25

2.1+0.25

2.4+0

2.1+0.25

2.1+0.25

2.1+0.25

2.1+0.25

2.1+0.25

2.1+0.25

2.1+0.25

23.842.15

20.4+2.55

30.0+£3.45

28.6+0.61

26.8+1.22

24.34+2.68

22.4+0.81

30.1£2.11

29.0£1.90

27.8+£2.11

27.5+0.89

26.4+0.36

34.24+1.49

25.9+0.60

44.3+1.19

44.342.08

38.4+0.89

31.84+0.60

30.1+2.08

44.9+0.60

46.7£1.04

44.6+0.12

39.0+2.83

33.0+£3.45

8.5+0.06

8.4+0.015

8.7+0.02

8.6+0.035

8.6+0.02

8.5+0.005

8.4+0.015

8.8+0.025

8.7+0.02

8.6+0.02

8.6+0.035

8.5+0.02

517.5+£12.5

605+45

400+10

447.5€12.5

477.5+£32.5

495+15

580+20

380+10

399+16

447.5€17.5

470+20

560435



Supplementary Data

3% 14.9+0 12875.6+150 46.9£1.75 47425 26.75£0.25 2.4+0 30.3+2.68  44.9+1.28 8.8+0.03  370+20
PS+NP+Cu0

3% 59.9+0 12438.1£562.5  46.1+0 484+2.5 25.25+1.25 2.1£0.25 29.1+1.42  44.9+1.49 8.8+0.01 387.5+12.5
PS+NP+Cu50

3% 127.447.5 13225.6+475 53.1+4 499+67.5 24.5+1.5 2.4+0 28.3+0.81 43.2+1.19 8.6£0.02  440+10
PS+NP+Cul00

3% 217.4+10 12775.6+225 49.4+£2.25  491.5£10 26.75£0.25 2.1£0.25 27.5+2.84  36.6+0.33 8.6£0.015 445+5
PS+NP+Cu200

3% 404.9+0 12063.1+462.5  50.6+2 494+27.5 27£2.5 2.1+£0.25 24.6+1.38 34.2+2.44 8.5£0.005 535+25
PS+NP+Cu400

Post-harvest soil

Treatments Cu(mg/kg) Fe(mg/kg) Zn(mg/kg) Mn(mg/kg) Pb(mgkg) Cd(mgkg) NO;- PO, * (mg/kg pH EC( pS/em)
(mg/kg)

Cu0 11.8£0.75  9204.5£662.5  39.25+1 344.6+11.2 23.1+ 1.75+£0.00  16.8+0.09 25.0+0.8 9.1£0.02  150.55+1.3
Cu 50 45+5 9304.5+£537.5  37.7541.75 334.6+£3.75 21.85+ 2+0.25 16.2+0.12  24.4+0.29 9.05+0.02 14443.6

Cu 100 85+10 9079.5+137.5  35.8+1 32594125 221+ 1.75£0.50  16.0+£0.02 22.0+1.48 9.03£0.01 143.4+2.2
Cu 200 145+5 8517+150 343+£0.75  304.6+8.75 21.6+ 2+0.25 13.6+0.39  20.2+0.29 9+0.02 137.45+£6.9
Cu 400 277.5¢£7.5  7467+100 31.5£2.75  285.9+10 21.1+ 1.75+0.00  9.6+0.37  17.3+0.8 8.9240.03  133+1.1
NP+ Cu0 12.540.5 9429.54837.5  40.5+4.5 364.6£8.75 23.6+ 1.754£0.00  16.4+0.14 25.9+0.2 9.140.00  146.3+5.4
NP + Cu 50 47.5+7.5 9379.54662.5  39.5+1.5 358.4+10 23.35+ 2+0.25 16.2+0.37  25.0+0.89 9.01£0.05 143.25+4.1
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NP+ Cu 100

NP+ Cu 200

NP+ Cu 400

1% PS + Cu0

1% PS + Cu50

1% PS +
Cul00

1% PS +
Cu200

1% PS +
Cu400

1%
PS+NP+Cu0
1%
PS+NP+Cu50

1%
PS+NP+Cul00

1%
PS+NP+Cu200

1%
PS+NP+Cu400

92.542.5

137.54£7.5

277.5£2.5

12.5+0.5

45+5

92.542.5

150+5

285+5

12.7540.25

47.5+7.5

97.54£2.5

15045

290+10

9092+750

8467+400

83424250

96424550

95424575

9317+£700

8967+875

85424375

9429.5+412.5

9704.5£162.5

9692+300

9254.5+662.5

8817£525

35.3+0

34.5+1.5

30+1.5

41.342.25

39+1

37.5+2.5

37.5+0.25

33.8+1.25

39+0.5

41.8+1.75

40.34£2.5

37.3+4.25

34+0.5

315.9+5

280.9£7.5

280.9£7.5

374.6£3.75

354.6+11.2

354.6+21.2

327.1+11.2

310.9+5

359.6+6.25

370.9+15

338.4x15

312.1£13.7

299.6+1.25

221+

22.35+

20.85+

22.35+

22.85+

23.35+

22.35+

20.1+

20.85+

22.35+

22.6+

22.6+

20.1+
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1.75+0.50

1.75+0.50

1.75+0.00

1.75+0.50

2+0.00

2+0.50

2+0.25

1.75+0.25

1.5+0.25

1.75+0.00

2+0.25

1.75+0.00

1.75+0.25

16.0+0.29

13.6+0.37

10.6+0.09

18.5+0.27

18.3+0.19

17.6+0.47

15.3+0.39

12.3+0.22

18.3+0.19

18.7+0.47

18.2+0.39

15.8+0.22

12.7+£0.19

23.84+1.48

22.9+0.29

19.6+0.59

27.7+0.89

27.1+0.29

25.3+0.59

23.8+0.89

20.8+0.29

28.6+1.19

28.0+1.48

27.7+0.29

24.7+1.19

23.24+1.48

8.9740.01

8.97+0.03

8.97+0.04

9.12+0.1

9.13+£0.04

9.03+0.02

9.01+0.01

8.98+0.03

9.13+£0.04

9.04+0.02

9.08+0.02

9.04+0.01

8.99+0.02

140.7£3.5

135.75+5.0

131.2+1.6

146.4+1.1

143.65+.45

139.1+£5.4

135.3+6.3

131.743.1

144.243.9

142.9+£2.9

139.744.8

134.35+1.9

1314+2.8



Supplementary Data

3% PS+ Cu0
3% PS + Cu50

3% PSS +
Cul00

3% PSS +
Cu200

3% PSS +
Cu400

3%
PS+NP+Cu0
3%
PS+NP+Cu50

3%
PS+NP+Cul00
3%
PS+NP+Cu200
3%
PS+NP+Cu400

T-
test*(p<0.05)

13+0.5

5045

100£10

16545

300+5

13.2542.5

47.5+2.5

102.547.5

170+£5

307.5+£7.5

0.002+

112174300

10417175

10929.5+87.5

10529.5+187.5

9879.5£712.5

108424375

10354.5+£587.5

10367+375

101424575

9367+775

0.002

44.8+7

41.8+0.25

39+0.5

39.5+2

35+1

41.8+1.75

41+0

42+4

39.3+£2.25

3942

0.024

392.1+18.7

364.6+1.25

369.6+18.7

339.6+1.25

322.14£6.25

389.6+3.75

377.148.75

369.6+6.25

348.4+11.2

327.1£18.7

0.000

24.6+

23.1+

24.6+

23.6+

22.1+

24.6+

221+

20.35+

22.85+

22.6+

0.085

2+0.25

2+0.25

2+0.25

2+0.25

2+0.25

2.25+0.00

2+0.25

2+0.25

2+0.25

1.75+0.00

0.173
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19.9+0.47

19.4+0.39

19.0+£0.22

16.3+0.39

13.3+0.19

19.6+0.84

19.3+0.19

18.4+0.04

16.4+0.32

12.8+0.17

0.011

31.0+0.29

30.1+1.19

28.6+1.48

26.8+0.29

24.1+1.19

31.5+1.48

30.442.67

29.2+0.89

27.7£1.19

25.6+1.48

0.000

9.16+0.03

9.07+0.04

9.08+0.04

9.09+0.03

9.01+0.03

9.12+0.01

9.07+0.00

9.09+0.01

9.06+0.02

9.03+0.03

0.000

144.1+1.4

140.245.5

136.1+4.1

1352423

130.8+4.09

142.25+3.5

137.15+£3.2

135.743.4

130.1£3.9

130.5+1.8

0.000



References

Ameh, T.,, & Sayes, C. M. (2019). The potential exposure and hazards of Cu

nanoparticles: A review. Environmental Toxicology and Pharmacology, 71, 103220.

Antoniadis, V., Shaheen, S. M., Levizou, E., Shahid, M., Niazi, N. K., Vithanage, M., . ..
Rinklebe, J. (2019). A critical prospective analysis of the potential toxicity of
trace element regulation limits in soils worldwide: Are they protective
concerning health risk assessment?-A review. Environment international, 127,
819-847.

Bandopadhyay, S., Martin-Closas, L., Pelacho, A. M., & DeBruyn, J. M. (2018).
Biodegradable plastic mulch films: impacts on soil microbial communities and
ecosystem functions. Frontiers in microbiology, 9, 819.

Boots, B., Russell, C. W., & Green, D. S. (2019). Effects of MPs in soil ecosystems:
above and below ground. Environmental science & technology, 53(19),
11496-11506.

Bosker, T., Bouwman, L. J., Brun, N. R., Behrens, P., & Vijver, M. G. (2019). MPs
accumulate on pores in seed capsule and delay germination and root growth
of the terrestrial vascular plant Lepidium sativum. Chemosphere, 226, 774-
781.

Browne, M. A. (2015). Sources and pathways of MPs to habitats. Marine
anthropogenic litter, 229-244.

Burdett, J. K., & Sevov, S. (1995). Stability of the oxidation states of Cu. Journal of the
American Chemical Society, 117(51), 12788-12792.

Cao, D., Wang, X,, Luo, X,, Liu, G., & Zheng, H. (2017). Effects of PSMPs on the fitness
of earthworms in an agricultural soil. Paper presented at the IOP conference
series: earth and environmental science.

Corradini, F., Meza, P., Eguiluz, R., Casado, F., Huerta-Lwanga, E., & Geissen, V.
(2019). Evidence of microplastic accumulation in agricultural soils from
sewage sludge disposal. Science of the Total Environment, 671, 411-420.

Dong, S., Xia, J.,, Sheng, L, Wang, W., Liu, H.,, & Gao, B. (2021). Transport
characteristics of fragmental polyethylene glycol terephthalate (PET) MPs in
porous media under various chemical conditions. Chemosphere, 276, 130214.

Dong, S., Zhou, M., Su, X, Xia, J., Wang, L., Wu, H., . . . Wang, D. (2022). Transport

and retention patterns of fragmental MPs in saturated and unsaturated

37



References

porous media: A real-time pore-scale visualization. Water research, 214,
118195.

Dong, Y., Gao, M., Qiu, W., & Song, Z. (2021). Effect of MPs and arsenic on nutrients
and microorganisms in rice rhizosphere soil. Ecotoxicology and Environmental
Safety, 211, 111899.

Dong, Y., Gao, M., Song, Z., & Qiu, W. (2020). Microplastic particles increase arsenic
toxicity to rice seedlings. Environmental pollution, 259, 113892.

Dris, R., Gasperi, J., Saad, M., Mirande, C., & Tassin, B. (2016). Synthetic fibers in
atmospheric fallout: a source of MPs in the environment? Marine pollution
bulletin, 104(1-2), 290-293.

Edo, C., Gonzalez-Pleiter, M., Leganés, F., Fernandez-Pifias, F., & Rosal, R. (2020).
Fate of MPs in wastewater treatment plants and their environmental
dispersion with effluent and sludge. Environmental pollution, 259, 113837.

Feng, X., Wang, Q., Sun, Y., Zhang, S., & Wang, F. (2022). MPs change soil properties,
heavy metal availability and bacterial community in a Pb-Zn-contaminated
soil. Journal of hazardous materials, 424, 127364.

Gentile, G. J., & de Cortalezzi, M. M. F. (2016). Enhanced retention of bacteria by
TiO2 nanoparticles in saturated porous media. Journal of Contaminant
Hydrology, 191, 66-75.

Karlin, K. D., & Tyeklar, Z. (2012). Bioinorganic chemistry of Cu: Springer Science &
Business Media.

Kasirajan, S., & Ngouajio, M. (2012). Polyethylene and biodegradable mulches for
agricultural applications: a review. Agronomy for sustainable development,
32,501-529.

Li, J., Liu, H.,, & Chen, J. P. (2018). MPs in freshwater systems: A review on
occurrence, environmental effects, and methods for MPs detection. Water
research, 137, 362-374.

Li, J., Ouyang, Z., Liu, P., Zhao, X., Wu, R., Zhang, C., . .. Guo, X. (2021). Distribution
and characteristics of MPs in the basin of Chishui River in Renhuai, China.
Science of the Total Environment, 773, 145591.

Li, J., Yu, S, Yu, Y., & Xu, M. (2022). Effects of MPs on higher plants: a review. Bulletin

of Environmental Contamination and Toxicology, 109(2), 241-265.

38



References

Li, Y., Li, M., Li, Z., Yang, L., & Liu, X. (2019). Effects of particle size and solution
chemistry on Triclosan sorption on PSmicroplastic. Chemosphere, 231, 308-
314.

Liu, E., He, W., & Yan, C. (2014). ‘White revolution’to ‘white pollution’—agricultural
plastic film mulch in China. Environmental Research Letters, 9(9), 091001.

Liu, M., Lu, S., Song, Y., Lei, L., Hu, J., Lv, W,, . . . Yang, X. (2018). Microplastic and
mesoplastic pollution in farmland soils in suburbs of Shanghai, China.
Environmental pollution, 242, 855-862.

Lwanga, E. H., Beriot, N., Corradini, F., Silva, V., Yang, X., Baartman, J,, . .. Geissen, V.
(2022). Review of microplastic sources, transport pathways and correlations
with other soil stressors: a journey from agricultural sites into the
environment. Chemical and Biological Technologies in Agriculture, 9(1), 1-20.

Mahon, A. M., O’Connell, B., Healy, M. G., O’Connor, ., Officer, R., Nash, R., &
Morrison, L. (2017). MPs in sewage sludge: effects of treatment.
Environmental science & technology, 51(2), 810-818.

Mao, R., Lang, M., Yu, X., Wu, R., Yang, X., & Guo, X. (2020). Aging mechanism of MPs
with UV irradiation and its effects on the adsorption of heavy metals. Journal
of hazardous materials, 393, 122515.

Qi, Y., Yang, X., Pelaez, A. M., Lwanga, E. H., Beriot, N., Gertsen, H., . . . Geissen, V.
(2018). Macro-and micro-plastics in soil-plant system: effects of plastic mulch
film residues on wheat (Triticum aestivum) growth. Science of the Total
Environment, 645, 1048-1056.

Rajput, V. D., Minkina, T., Fedorenko, A., Tsitsuashvili, V., Mandzhieva, S., Sushkova,
S., & Azarov, A. (2018). Metal oxide nanoparticles: Applications and effects on
soil ecosystems. Soil contamination: sources, assessment and remediation,
81-106.

Rastogi, A., Tripathi, D. K., Yadav, S., Chauhan, D. K., Zivéak, M., GhorbaNPour, M., . .
. Brestic, M. (2019). Application of silicon nanoparticles in agriculture. 3
Biotech, 9, 1-11.

Ren, X., Tang, J., Liu, X., & Liu, Q. (2020). Effects of MPs on greenhouse gas emissions
and the microbial community in fertilized soil. Environmental pollution, 256,

113347.

39



References

Rico, C. M., Majumdar, S., Duarte-Gardea, M., Peralta-Videa, J. R., & Gardea-
Torresdey, J. L. (2011). Interaction of nanoparticles with edible plants and
their possible implications in the food chain. Journal of agricultural and food
chemistry, 59(8), 3485-3498.

Rillig, M. C., & Lehmann, A. (2020). Microplastic in terrestrial ecosystems. Science,
368(6498), 1430-1431.

Scheurer, M., & Bigalke, M. (2018). MPs in Swiss floodplain soils. Environmental
science & technology, 52(6), 3591-3598.

Shabbir, Z., Sardar, A., Shabbir, A., Abbas, G., Shamshad, S., Khalid, S., . . . Shahid, M.
(2020). Cu uptake, essentiality, toxicity, detoxification and risk assessment in
soil-plant environment. Chemosphere, 259, 127436.

Shahid, M., Nadeem, M., & Bakhat, H. F. (2020). Environmental toxicology and
associated human health risks (Vol. 27, pp. 39671-39675): Springer.

Shi, J., Wang, J., Lv, J.,, Wang, Z., Peng, Y., Shang, J., & Wang, X. (2022). Microplastic
additions alter soil organic matter stability and bacterial community under
varying temperature in two contrasting soils. Science of the Total
Environment, 838, 156471.

Shuman, L., & Hargrove, W. (1985). Effect of tillage on the distribution of
manganese, Cu, iron, and zinc in soil fractions. Soil Science Society of America
Journal, 49(5), 1117-1121.

Sudha, P. N., Sangeetha, K., Vijayalakshmi, K., & Barhoum, A. (2018). Nanomaterials
history, classification, unique properties, production and market Emerging
applications of nanoparticles and architecture nanostructures (pp. 341-384):
Elsevier.

Sun, J., Dai, X., Wang, Q., Van Loosdrecht, M. C., & Ni, B.-J. (2019). MPs in
wastewater treatment plants: Detection, occurrence and removal. Water
research, 152, 21-37.

Tolaymat, T., Genaidy, A., Abdelraheem, W., Dionysiou, D., & Andersen, C. (2017).
The effects of metallic engineered nanoparticles upon plant systems: An
analytic examination of scientific evidence. Science of the Total Environment,

579, 93-106.

40



References

van den Berg, P., Huerta-Lwanga, E., Corradini, F., & Geissen, V. (2020). Sewage
sludge application as a vehicle for MPs in eastern Spanish agricultural soils.
Environmental pollution, 261, 114198.

Wang, F., Wang, Q., Adams, C. A, Sun, Y., & Zhang, S. (2022). Effects of MPs on soil
properties: current knowledge and future perspectives. Journal of hazardous
materials, 424, 127531.

Wang, F., Zhang, X., Zhang, S., Zhang, S., & Sun, Y. (2020). Interactions of MPs and
cadmium on plant growth and arbuscular mycorrhizal fungal communities in
an agricultural soil. Chemosphere, 254, 126791.

Wang, W., Ndungu, A. W,, Li, Z, & Wang, J. (2017). MPs pollution in inland
freshwaters of China: A case study in urban surface waters of Wuhan, China.
Science of the Total Environment, 575, 1369-1374.

Ya, H., Jiang, B., Xing, Y., Zhang, T., Lv, M., & Wang, X. (2021). Recent advances on
ecological effects of MPs on soil environment. Science of the Total
Environment, 798, 149338.

Yang, L., Zhang, Y., Kang, S., Wang, Z.,, & Wu, C. (2021). MPs in soil: A review on
methods, occurrence, sources, and potential risk. Science of the Total
Environment, 780, 146546.

Zhang, G., & Liu, Y. (2018). The distribution of MPs in soil aggregate fractions in
southwestern China. Science of the Total Environment, 642, 12-20.

Zhang, K., Shi, H., Peng, J.,, Wang, Y., Xiong, X., Wu, C.,, & Lam, P. K. (2018).
Microplastic pollution in China's inland water systems: a review of findings,
methods, characteristics, effects, and management. Science of the Total
Environment, 630, 1641-1653.

Zhao, T., Lozano, Y. M., & Rillig, M. C. (2021). MPs increase soil pH and decrease
microbial activities as a function of microplastic shape, polymer type, and
exposure time. Frontiers in Environmental Science, 9, 675803.

Zou, J., Liu, X., Zhang, D., & Yuan, X. (2020). Adsorption of three bivalent metals by
four chemical distinct MPs. Chemosphere, 248, 126064.

41



