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Abstract: A pot experiment was carried out to investigate the effects of polyethylene (PE), a broadly 

utilized polymer type, on soil properties and le�uce growth. Two Zn- and Cd-contaminated soil 

samples were obtained from urban and rural areas of Greece, respectively. PE fragments (<5 mm) 

were added at different concentrations (2.5%, 5% w/w). Le�uce seeds were then planted in the pots 

in a completely randomized experiment. Plant growth pa�erns and tissue metal accumulation were 

investigated. The presence of PE in soils resulted in a reduction in pH, significantly enhanced the 

organic ma�er content, and increased the cation-exchange capacity. The availability of both metals 

was also increased. Metal migration from soil to plant was determined using appropriate tools and 

indexes. A higher metal concentration was detected in le�uce roots compared with that in the edible 

leaves. The presence of PE MPs (2.5% w/w) increased the amount of available Zn more than that of 

Cd in highly contaminated soils. When PE MPs were added to agricultural soil, Zn concentrations 

increased in the plant leaves by 9.1% (2.5% w/w) and 21.1% (5% w/w). Considering that both metals 

and microplastics cannot be easily and quickly degraded, the fact that the less toxic metal is more 

available to plants is encouraging. Taking into account the physicochemical soil features, decision 

makers may be able to limit the risks to human health from the coexistence of heavy metals and 

microplastics in soils. 
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1. Introduction 

In recent years, plastics have been used in many applications in our daily lives, as 

they are an easy and economical solution for everyday issues in our home and workplace. 

Given their massive global production and indiscriminate use, the amount of plastic en-

tering the human environment, particularly the soil, is exceptionally high [1]. Plastic waste 

accumulates in most parts of the world, taking many years to decompose, as it is corro-

sion-resistant, chemically stable, and difficult to degrade [2]. When plastics reach the soil, 

they are frequently broken down into smaller (<5 mm) particles known as microplastics 

(MPs) due to physical and chemical erosion as well as the impact of UV light [3]. The term 

microplastics (MPs) covers a large group of plastic materials that include a wide range of 

polymers with varying chemical compositions, sizes, and dimensions [4]. Microplastics 

refer to plastic particles, fragments, films, or fibers with a diameter less than 5 mm [5]. 

MPs are divided into two types: primary MPs, which are intentionally made in sizes less 

than 5 mm, and secondary MPs, which are formed through the fragmentation of larger 

Citation: Bethanis, J.; Golia, E.E.  

Revealing the Combined Effects of 

Microplastics, Zn, and Cd on Soil 

Properties and Metal Accumulation 

by Leafy Vegetables: A Preliminary 

Investigation by a Laboratory  

Experiment. Soil Syst. 2023, 7, 65. 

h�ps://doi.org/10.3390/ 

soilsystems7030065 

Academic Editor: Luis Eduardo  

Akiyoshi Sanches Suzuki 

Received: 19 June 2023 

Revised: 14 July 2023 

Accepted: 16 July 2023 

Published: 17 July 2023 

 

Copyright: © 2023 by the authors. 

Licensee MDPI, Basel, Swi�erland. 

This article is an open access article 

distributed under the terms and 

conditions of the Creative Commons 

A�ribution (CC BY) license 

(h�ps://creativecommons.org/license

s/by/4.0/). 



Soil Syst. 2023, 7, 65 2 of 15 
 

 

plastics or primary MPs [6]. MPs have been proven to influence both physical and chem-

ical soil a�ributes, as well as the soil’s microbial composition and health. The chemical 

composition of MPs, together with their size and shape, all have a significant impact on 

the variability of soils’ physicochemical properties [7]. Multiple studies have been carried 

out regarding the effects of MPs on soil environmental variables, yielding often opposing 

results [8]. Previous studies have shown that the addition of polyethylene, polypropylene, 

and polystyrene reduces the bulk density of soil [9]. Furthermore, alterations of soil acid-

ity owing to the presence of MPs or even smaller nanoplastics (NPs) have been repeatedly 

reported. The acidity of soils is a crucial parameter that defines the distinct properties and 

functionality of soil systems. Numerous studies have shown that the application of MPs 

or NPs has the potential to increase soil pH; however, a decrease in soil acidity or even a 

moderate effect has been observed in other instances. The researchers Wang et al. [10] 

showed that the presence of polylactic acid (PLA) and high-density polyethylene could 

increase soil pH, while Boots et al. [11] found that the long-term persistence of high-den-

sity polyethylene (HDPE) decreased soil pH values. It is widely recognized that in acidic 

soils, there is reduced adsorption and increased metal mobility. This phenomenon can be 

a�ributed to the increased competition between hydrogen cations and dissolved metals 

for negatively charged surfaces, and this could lead to an increase in the availability of 

both toxic and trace elements in soils and plants. On the other hand, in alkaline soils, the 

formation of strong organometallic complexes is favored, resulting in a reduction in the 

mobility and therefore the availability of these elements, which could lead to severe nu-

trient deficiencies for plants [11]. The chemical reactions occurring between metals and 

plastic particles appear to exhibit similarities to those observed between metals and soil 

organic ma�er [3]. By altering soil acidity, MPs and NPs can affect the mobility and ad-

sorption of metals and metalloids, the formation and stability of organometallic com-

plexes, bond strength, and the chemical selectivity of soil components [7]. MPs and NPs 

also have variable effects on soil organic ma�er, which is essential for both soil fertility 

and plant nutrition [8]. Studies have shown that the addition of polyethylene decreased 

soil organic carbon (OC) content [12], while the addition of 2% (w/w) PLA significantly 

increased soil OC [13]. These contradictory results suggest that the effects of MPs on the 

soil environment may be regulated by several factors, such as the MP properties (e.g., 

polymer type, concentration, particle size, and shape), as well as different soil and local 

climatic conditions [14]. 

1.1. Identity and Distinguishing Features of the Most Common Microplastics in Soil 

Environments 

Shi and his colleagues in their study [15] explored the impact of three types of micro-

plastics—polyethylene (PE), polystyrene (PS), and polypropylene (PP)—on the early 

growth of tomato seeds using a combined approach of oxidative stress and nutritional 

quality analysis. The outcomes indicated that all the different MPs exhibited negative im-

pacts on the tomato seedlings’ physiological and metabolic functions, root development, 

seed germination percentage, and germination index. PE was proven to be the most toxic, 

while PP was the least toxic. Considering the two most common plastics in soils, PE and 

PP, it has been documented that polyethylene is carcinogenic at the class 3 level, according 

to the World Health Organization [16]. Both PE and PP are frequently and widely dis-

persed in the agricultural environment and in diverse types of microplastics, as claimed 

by Hu et al. [17]. In their study, Qi et al. [17] investigated the effects of low-density poly-

ethylene (LDPE) and biodegradable starch-based microplastic films of different sizes on 

po�ed wheat. It was found that biodegradable-plastic soil-cover films had a particularly 

significant effect on wheat growth compared with PE. In another study conducted by Ma-

chado et al. [18], it was found that polyester fibers and polyamide beads had a positive 

influence on the growth of spring onions compared with other polymer types (polyeth-
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ylene, polyester terephthalate, polypropylene, and polystyrene). The environmental path-

way of microplastics in soils was also revealed by Gan et al. [19] in a study about their 

classification, sources, and fate, as well as their effects on cultivated plants. 

1.2. Effects of Microplastics on Metal Uptake by Plants 

To prevent potential risks, the first thought is to remove microplastic residues from 

green vegetables using appropriate washing techniques so that they cannot be passed on 

to the human body [20]. Further efforts are underway to understand the mechanisms of 

the coexistence of microplastics, toxic elements, and trace elements in the soil [9]. It has 

been revealed that the presence of PEs together with Cd in soil is able to cause synergistic 

toxicity with regard to plant growth, such as the suppression of photosynthesis and in-

creased oxidative damage [21]. Various MP polymer types can significantly increase Cd 

accumulation in plant shoots and roots, while PE appears to have a higher promotive ef-

fect. That is mainly explained by the fact that PEs cause a decrease in pH followed by an 

increase in Cd bioavailability [22]. Huang et al. [23] noticed a significant increase in Cd 

availability by adding various quantities of PEs to soils. Furthermore, it was observed that 

the addition of MPs modified the physicochemical properties of the soils, causing an in-

crease in Cd bioavailability and uptake by the plants [7]. In their experiments, Wang et al. 

[24] examined the effect of HDPE (high-density PE) and PS on maize plants and found 

that PS caused greater phytotoxicity to the plants. Both HDPE and PS increased the DTPA-

extractable Cd content in the soil. Compared with HDPE, PS appears to have more pro-

nounced effects on Cd bioavailability and plant growth inhibition, indicating a higher risk 

in soil–plant systems [19]. The effects of various MPs with different chemical compositions 

on soil properties and the availability of Cu, Zn, Cd, and Pb were investigated by Wen et 

al. [25]. Linear low-density polyethylene (LLDPE), polyamide (PA), polyurethane (PU), 

polystyrene (PS), and low-density polyethylene (LDPE) MPs caused a decrease in soil pH, 

while they increased soil organic ma�er and cation-exchange capacity. These alterations 

in both soil parameters and the metal adsorption and desorption on the solid surface of 

MPs determine their availability [26]. It is well known that the addition of certain materi-

als, organic or inorganic, can modulate the mobility and metal availability to plants [27–

29]. At the same time, the concentration of MPs in the soil also plays a decisive role in 

metal mobility. The absorption of harmful metals or beneficial trace elements by plants 

cultivated in MP-contaminated soils in varying quantities and chemical compositions has 

been at the epicenter of recent research [30–33]. 

In the present study, laboratory experiments were conducted to investigate the ef-

fects of polyethylene on the metal intake and accumulation by le�uce plants. The primary 

objectives and aims of the present study were to detect the impact of PE MPs on the phys-

icochemical soil properties and to reveal their effects on metal availability and concentra-

tion in moderately and heavily contaminated soils in Mediterranean urban and rural ar-

eas. 

2. Materials and Methods 

2.1. Sampling Areas and Soil Sample Preparation 

Two different alkaline soil types from rural and urban areas of central and northern 

Greece, respectively, were used for our study. Urban soil samples were collected from 

Thessaloniki city’s metropolitan area, whereas rural samples were taken from Almyros 

town [34] in the region of Thessaly [35]. 

Specific handling techniques were used during the soil sampling to measure the con-

tent of heavy metals. More specifically, a wooden shovel and a two-meter radius were 

used to obtain six sub-samples from each main sample. The samples were then transferred 

to the Soil Science Laboratory at the Aristotle University of Thessaloniki, where they were 

air-dried and prepared for further physical and chemical analysis. 
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2.2. Preparation of Microplastics 

Polyethylene (PE), a common polymer type present in the environment, was selected 

as a plastic contaminant for the purpose of this research. Plastic particles were obtained 

by manually cu�ing commercially available transparent polyethylene bags into smaller 

pieces [8]. These pieces were then ground and separated by sieving using a 0.5 mm sieve 

to obtain microplastics of appropriate dimensions (<5 mm). The MPs were then washed 

with NaClO 0.01 M solution in order to remove any impurities and to inhibit potential 

microbial activity. The MPs were subsequently incorporated into the soil samples and left 

to incubate for several days. 

2.3. Pot Experiments 

Equal quantities of the two metal-contaminated soil samples were placed in plastic 

pots with a base area of 26 cm2 and a height of 16 cm. To achieve the best possible homo-

geneity, microplastics were added at two different concentrations (2.5% and 5% w/w) and 

mechanically mixed into the soil. Irrigation (up to 70% saturation) was carried out to main-

tain an appropriate level of moisture content, and the pots were left to incubate. Ten days 

later, le�uce seedlings that had been cultivated in the same soil were transferred and 

planted in the pots. A completely randomized experiment was set up, consisting of 2 soils 

(urban and rural) × 3 MP treatments (0%, 2.5%, and 5% w/w) × 4 replicates for a total of 24 

pots. Experiments were carried out in February 2023 at the Aristotle University of Thessa-

loniki’s Soil Science Laboratory and the University of Thessaly’s Analytical Chemistry La-

boratory. After 45 days, the le�uce plants were harvested, dried in an oven, and subjected 

to chemical analysis. 

2.4. Analyses of Soil 

After air drying, soil samples were ground and passed through a 2 mm sieve. They 

were subjected to the following soil analyses [36,37]: The soil reaction (pH) and electrical 

conductivity (EC) values were determined using a mixture fixed by soil and distilled wa-

ter at a ratio of 1:1. The soil mechanical composition was evaluated by the Bougioukos 

method, and the percentage (%) of CaCO3 by the Bernard method. The modified Walkley–

Black method was used to calculate the percentage of organic ma�er in the soils. After 

extraction with 1 N ammonium acetate solution (pH 7.0), a Sherwood’s flame photometer 

was used to determine the percentage of exchangeable cations, while the sum of them was 

used for calculating the soil Cation-Exchange Capacity value. For the evaluation of Zn and 

Cd, water-soluble concentrations of a dilute CaCl2 solution were used [29]. The available 

and total metal concentrations were determined using soil-extraction methods with DTPA 

and HCl:HNO3 in a 3:1 ratio (Aqua Regia) solution [38]. Metals were quantified using a 

Perkin Elmer Analyst 700 atomic absorption spectrometer (AAS). The CRM 141R soil 

standard was used for the method validation. Metal analysis accuracy ranged from 9.1% 

to 11%, with detection limits of 0.01 and 0.85 mg/kg for Cd and Zn, respectively. 

2.5. Chemical Analyses of Le�uce Tissues 

Le�uce samples were weighed to determine the fresh weight and then put in paper 

bags to dry. Following an extraction using the Aqua Regia method in a closed digestion 

system for 4.5 h, Zn and Cd were determined for each sample’s root and aboveground 

portion [27,29]. Using an atomic absorption spectrophotometer, the metals were quanti-

fied after being diluted in 25 mL volumetric flasks. The analytical procedure was validated 

using a NIST-certified standard tomato sample. 

2.6. Statistical Analysis, Soil Pollution Indices and Metal Mobility Indicators 

To assess and characterize the contamination level of both soils used in the present 

study, three typical soil pollution indices were used to classify the soil samples, namely, 

Contamination Factor (CF), Geo-accumulation Index (Igeo), and Bioavailability Factor 
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(BF) [29]. Furthermore, to reveal the metal behavior and distribution between the soil–

plant systems under exposure to MPs, three appropriate indicators were calculated: 

Transfer Coefficient (TC), Bioaccumulation Factor (BAF), and Translocation Factor (TF) 

[30]. Microsoft Office Excel statistical packages (Microsoft, Redmond, WA, USA) and SPSS 

statistical software (IBM, Armonk, NY, United States) were used for data management 

and processing. For each data group, the mean, median, minimum, and maximum values, 

as well as the standard deviation, were calculated. Identifying statistically significant dif-

ferences at the 0.01 and 0.05 levels was accomplished using the ANOVA method. Addi-

tionally, the data were analyzed using the t-test by repeatedly comparing value pairs. 

3. Results and Discussion 

3.1. Influence of Microplastics on Soil Chemical Properties 

The physical and chemical properties of the study’s soil samples are shown in Table 

1. Urban and agricultural soils both have an alkaline pH and comparable levels of electri-

cal conductivity. The application of fertilizers during agricultural activities and crop cul-

tivation is likely responsible for the agricultural soil’s comparatively high electrical con-

ductivity rating.  

Table 1. Physicochemical properties of the soil samples. 

 pH  

EC (Electric 

Conductivity) 

(µS/cm) 

OM (Organic 

Matter) 

(%) 

CEC (Cation-Exchange 

Capacity) 

(cmolc/kg) 

Clay  

(%) 
Texture  

Cd 

(mg/kg)

Zn 

(mg/kg)

Soil 1 (Agri-

cultural) 
7.4 ± 0.3 2234 ± 54 2.8 ± 0.2 30.4 47 ± 1.1 

CL (Clay 

Loam) 
0.9 ± 0.1 74 ± 1.2 

Soil 2 (Urban) 8.1 ± 0.5 2093 ± 49 2.1 ± 0.4 26.5 46.5 ± 2.1 CL 1.1 ± 0.3 79 ± 0.6 

However, urban soil is usually affected by a variety of anthropogenic activities, in-

cluding horticultural decorative landscaping in city flowerbeds [34,36]. The presence of 

microplastics in the soil samples was the decisive factor in altering the values of their 

chemical properties. Zhao et al. [37] investigated the effect of different polymers with dif-

ferent shapes on soil pH by conducting a 21-day incubation experiment. A decrease in the 

pH value was initially observed when polymers were incorporated into the soil samples; 

however, the pH value increased over time. In the current investigation, the addition of 

both amounts of PE MPs to soil samples resulted in a decrease in soil reactivity. The pH 

value of agricultural soil 1 was reduced by 5.4% and 2.9%, respectively, after 2.5% and 5% 

(w/w) PE MPs were applied, as determined immediately before planting the le�uce seed-

lings. The corresponding percentages for the urban soil sample were 6.2% and 2.6%, re-

spectively. 

Figure 1 depicts the changes in the soils’ properties after the addition of PE MPs. The 

pH of both soils was checked again at the completion of the experiment, and an increase 

was detected. This is consistent with reports from other studies [37]. Gharahi and Zamani-

Ahmadmahmoodi [8] observed that after a 30-day exposure of two soil samples to PET, 

the pH value decreased. In another study, it was found that soil pH was not significantly 

affected by MPs when these were added at a low dose; however, the acidity decreased 

with the addition of high doses of PE and PS MPs and increased with high doses of PLA 

and PHB MPs [13]. When PE MPs were applied at a lower dose, the pH value decreased 

more in both soils. The soil pH value is a key factor for achieving metal mobility and for 

forecasting heavy metal pollution [34]. 
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Figure 1. Effect of polyethylene microplastic (PE MP) levels on the physicochemical properties of 

the study’s soil samples. 

During the soil organic ma�er evaluation, a comparable outcome was obtained. 

When lower concentrations of PE MPs were added to the soils, a considerable increase of 

17.9% and 23.8% was detected. However, one would anticipate that as the amount of mi-

croplastics in the soil increased, so would its organic content. The soil organic ma�er con-

tent is increased by adding sludge or wheat straw residues [27,35], which is desirable as 

it enhances soil fertility. The Cation-Exchange Capacity (CEC) value increased signifi-

cantly in the first and second soil samples: by 8.6% and 9.8%, respectively. 

3.2. Influence of Microplastics on Metal Availability 

Figure 2 depicts the variations in water-soluble, available, and pseudo-total Zn and 

Cd content in the soil samples studied. In both soils, the water-soluble content of Zn in-

creased in excess compared with Cd. When 2.5% w/w PE MPs were added to the first soil, 

the increase in water-soluble Zn content reached 57.3%, while the Cd concentration in-

creased by more than 33.3%. When 2.5% w/w PE MPs were introduced to soil 2, the water-

soluble concentrations of Zn and Cd increased by 38% and 16.6%, respectively. In a rele-

vant study, it was found that the methods using pure water were highly correlated with 

each other and showed the strongest correlation with agronomic effectiveness [38–40].  
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Figure 2. Effect of polyethylene microplastic (PE MP) levels on Ζn and Cd water-soluble, DTPA-

extractable (available) and Aqua Regia-extractable (total) concentrations in the studied soil samples. 

As a result, given the current study’s slightly alkaline soils, the water-soluble concen-

tration of metals may indicate the concentration that plants can absorb. The metals’ water-

soluble concentrations increased; however, it is promising that Zn increased at a signifi-

cantly higher rate compared to the more hazardous Cd. According to other studies, the 

addition of microplastics, particularly PE, to the soil at high mixing ratios increased the 

availability of bivalent lead because it rendered the big aggregates unstable and reduced 

the rate at which Pb adsorbs onto them [26,41]. 

Figure 2 also demonstrates the impact of PE MP addition on the extractable quantities 

of Zn and Cd using the DTPA solution and Aqua Regia. As the total amount of microplas-

tics in both soils rises, so do the amounts of both metals. This is consistent with prior re-

search. In a relevant study, the Cd availability in clay- and sand-based soils was examined 

following the addition of PU and PP microplastics [42]. In clay soils, accessible Cd was 

considerably negatively correlated with dissolved organic carbon and pH, whereas in 

sandy soils, available Cd was strongly negatively correlated with Fe (II). The synergistic 

toxicity generated by the presence of PE MPs and metals in the soil samples was out of 
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proportion to the amount of MPs supplied [13]. In both rural and urban soil, the addition 

of microplastics does not seem to have an impact on the pseudo-total concentration. 

3.3. Effects of Microplastics on Zn and Cd Levels in Le�uce Plants 

Figure 3 depicts the impact of various polyethylene microplastic concentrations on 

the levels of Zn and Cd in le�uce plants grown in the studied soils. The level of both haz-

ardous and nutritious (trace elements) metals absorbed by the cultivated plants is critical 

[31,43]. 

 

 

Figure 3. Effect of different polyethylene microplastic (PE MP) amounts on the levels of Zn and Cd 

in le�uce plants grown in the two soil samples. 

In agricultural soil 1, the Zn concentration in le�uce roots was higher than that in the 

leaves. When PE MPs were added to the soil, Zn concentrations increased in the plant’s 

roots and leaves by 11.5% and 9.1% (2.5% w/w) and 26.6% and 21.1% (5% w/w), respec-

tively. Furthermore, in the trials with the second (urban) soil sample, which was less Zn- 

and Cd-contaminated, metals accumulated more in the le�uce roots than in the leaves. 

Following the addition of PE MPs, the Zn concentration in the roots and leaves rose by 
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4.1% and 3.4% (2.5% w/w) and by 0.2% and 6.8% (5% w/w), respectively. It is well known 

that the amount, chemical composition, shape, and size of microplastics in soils determine 

their impacts and, consequently, influence the absorption of hazardous or nutritious com-

pounds by cultivated plants [8,44]. It is widely known that the addition of several materi-

als, as well as the modification of certain soil parameters, can affect the plants’ uptake of 

metals [29,45,46]. 

The effects of microplastics on heavy metal or trace element uptake by plants are of 

great concern in the scientific community. MPs may increase the accumulation of heavy 

metals by altering the rhizosphere microorganisms in le�uce plants [47]. Additionally, in 

research conducted on strawberry plants, it was found that the increased bioavailability 

of Cd caused by the presence of microplastics was responsible for the observed negative 

effects on soil properties and plant performance [48]. 

In the current investigation, MP addition to the first soil sample at a ratio of 2.5% 

(w/w) resulted in an increase in the Cd content by 11.1% and 7.3% in the roots and leaves, 

respectively. At a higher ratio of 5% (w/w), the corresponding increase was 11.2% and 10%. 

The variation of Cd content in the le�uce roots and leaves in the second soil sample was 

7.5% and 2.8% (2.5% w/w) and 11.3% and 5.6% (5% w/w), respectively.  

Νumerous research investigations have demonstrated that metals accumulate at var-

ying levels in different parts of the plant [28,30,49,50]. 

It is important to note that, in both the rural and urban soils examined, the increase 

in the total amount of metal accumulation imposed by the presence of microplastics was 

greater in the roots. However, the leaves, which are consumable plant parts, are also im-

pacted but to a lesser degree. 

Although the precise mechanisms that define the behavior of microplastics in soils or 

plants are not well understood, preliminary data suggest that they might enhance metal 

mobility and translocation [11]. Although several metals are hazardous, there are essential 

minerals for the growth of plants, i.e., trace elements. Therefore, the presence of micro-

plastics could enhance nutrient absorption, resulting in increased plant growth [13]. How-

ever, high microplastic concentrations may induce toxicity to plants, which could be fur-

ther aggravated by synergistic effects caused by the coexistence of microplastics and 

heavy metals [18,26]. 

3.4. The Impact of Polyethylene Microplastics on Soil Pollution Indices 

Figure 4 depicts the variations in the soil pollution indices as well as the indices re-

lated to the metal content between the soil and the plants. 
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Figure 4. Effect of different polyethylene microplastic (PE MP) amounts on Zn and Cd soil contam-

ination indices. 

The CF index values do not appear to change statistically significantly after micro-

plastic addition, since the values used in the estimation do not change. It is well known 

that the value of the total metal concentration is taken into account when calculating the 

value of the contamination factor. The first level of polyethylene microplastics, or 2.5% 

w/w concentration, had no effect on the CF value of zinc in either of the study’s examined 

soil samples. The values of the index place both rural and urban samples in group II, or 

moderately contaminated soils, based on the index categorization. It was found by Yu et 

al. [12] that a possible decrease in the bioavailability of soil heavy metals caused by the 

presence of microplastics varies across aggregate levels, leading to the conclusion that 

conflicting factors define the outcome of nutrient and pollutant intake. 

In a comparable manner, as no alteration in the total concentration was observed 

alongside the addition of 2.5% w/w PE MPs, no change in the corresponding soil indicators 

was observed during the resulting calculation of CF indicators for Cd in both soil samples. 

In terms of Cd pollution, both soils were classified as class I, or virgin, soils. 

A slight, but not statistically significant, decrease in the total concentration and, con-

sequently, in the CF values for Zn and Cd in both soil samples was observed by the addi-

tion of increased amounts of microplastics, i.e., at a rate of 5% w/w. The samples are none-

theless still categorized in the relevant pollution categories to which they formerly ad-

hered. 

The Ιgeο indices of Zn and Cd revealed the same accomplishments, as the addition 

of both doses of polyethylene microplastics had no effect on their values. 

The availability index (BF) of both metals increased substantially with the addition 

of microplastics at their highest ratio (5% w/w). A greater increase is observed in agricul-

tural soils (soil 1), whereas urban soils exhibit a modest increase in metal availability. 



Soil Syst. 2023, 7, 65 11 of 15 
 

 

When the higher quantity of polyethylene microplastics is added, the value of the availa-

bility index, or the concentration of Zn extracted with the DTPA solution relative to the 

total, shows the least increase and equals 9.25% in urban soils. 

In general, the incorporation of microplastics in soils increased the availability of both 

the hazardous Cd and the less toxic Zn, in accordance with other studies [6]. It is crucial, 

however, that the DTPA-extractable concentration be greater rather than the water-soluble 

concentration. This might be due to a chemical interaction between polyethylene and the 

DTPA solution, i.e., diethylenetriaminepentaacetic acid. It is well known that metals are 

able to bind to soil organic compounds as they form chemical complexes along them 

[27,35]. This should be further investigated, as the increase in the values of the DTPA-

extractable amounts of Zn and Cd does not correspond to the increase in the levels of the 

metals in the plants. On the contrary, the water-soluble concentrations of the metals in the 

soil samples appear to have a be�er correlation. It has been indicated by Dioses-Salinas et 

al. [30] that the heterogeneity presented in the described methods in the literature some-

times makes the results uncomparable. Furthermore, novel methods need to overcome 

important frontiers and challenges. 

3.5. The Impact of Polyethylene Microplastics on Soil-to-Plant System Indices 

Important inferences about the possible risk of metals to the environment and human 

health may be derived from the study of indices that represent the metal mobility within 

the soil–plant system.  

Figure 5 depicts three indicators that were examined with respect to their responses 

to change when the two amounts of polyethylene microplastics were added. Sun and his 

colleagues [51] studied the foliar uptake and leaf-to-root translocation of plastics with dif-

ferent coating charges in maize plants.  
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Figure 5. Effect of different polyethylene microplastic amounts on Zn & Cd soil-to-le�uce indices. 

In the present study, microplastics appear to dramatically enhance the Transfer Co-

efficient, which measures the concentration of metals in the aerial portion of the soil sam-

ple in relation to the overall concentration in the matching soil sample. Hu et al. [52] also 

investigated the distribution of micro- and mesoplastics in agricultural soils across China, 

resulting in alterations to their environmental impacts via soils. When PE MPs are added 

to both soil types, the BAF index, which reflects the percentage of concentration in the 

roots compared to the amount of DTPA extractable with the solution, decreases. The TF 

index, which measures the proportion of concentration in the plant’s aboveground vs. 

subterranean portions, appears to be rising. To explore and assess the phenomenon of 

microplastic interactions with soil-based metals, it is helpful and essential to apply all 

three indices. However, it is essential to concentrate our scientific a�ention on the neces-

sary criteria to meet. Gharahi and Zamani-Ahmadmahmoodi [8] and Zhou et al. [33] 

found that microplastics appear to have conflicting effects on three distinct crops in the 

field. In other words, MPs under specific circumstances may improve some growth char-

acteristics of plants. 

According to Figure 4, the greatest decrease in the BAF index is observed in the case 

of Cd in rural soil, followed by Cd in urban soil. A decrease is also observed in the BAF 

value of Zn in urban soil. The value of BAF in agricultural soil increases with a greater 

input of microplastics. According to Huang et al. [44] microplastics may influence soil 

nutrient cycling by affecting the dominant bacteria phyla or genes and enzymes involved 

in the carbon, nitrogen, and phosphorus cycles. Considering that for the hazardous Cd, 

the value of BAF decreases overall, for the less toxic Zn, the presence of microplastics 

seems to contribute to its absorption by plants [22]. Future research in this area must be 

focused and take into account how time affects the changes in the chemical behavior of 

plastics in soils. Given that knowledge in this field is still in its infancy, the incubation 

duration of microplastics in soil and the presence of more metals or other ions should 

improve the efficacy of this study and provide useful findings. 

4. Conclusions 

The current study was an initial a�empt to assess the impact of microplastics on 

plants cultivated in soils containing Zn and Cd. Polyethylene, a plastic that is commonly 

found in high quantities in both agricultural and urban soils, was chosen to obtain micro-

plastics of dimensions less than 5 mm. Le�uce, the most well-known and highly con-

sumed vegetable globally, was chosen as an experimental plant to assess the potential 
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risks. Metal pollution was severe in agricultural soils, while moderate contamination with 

Zn and Cd was detected in urban soils. Microplastics were added to soil samples in two 

distinct quantities of 2.5% and 5% w/w. The effects of polyethylene microplastics on the 

soil’s physicochemical characteristics and metal concentrations were investigated. Fur-

thermore, the impact of MPs on the Zn and Cd availability and distribution in the soil–

plant system was assessed. 

The addition of PE MPs resulted in a decrease in soil pH. On the contrary, an increase 

in both organic ma�er and soil cation-exchange capacity was detected. Furthermore, MPs 

enhanced the available concentrations of both metals. In the heavily polluted agricultural 

soil, the addition of microplastics at 2.5% w/w increased the readily available concentra-

tion of Zn more than that of the hazardous Cd. The presence of PE MPs in both the rural 

and urban soil samples resulted in a higher metal accumulation in le�uce roots than in 

the edible above-ground parts of the plants. The coexistence of metals and microplastics 

in soils may pose risks to soil, plants, and even human health. However, with careful study 

and understanding of the mechanisms that catalyze synergistic toxicity and appropriate 

management, it is possible to reduce such risks. 
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