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e Accumulation of U on HDPE was
confirmed by  microscopy and
spectroscopy.

e HDPE modified the accumulation and
mobilization of U in soil as a function of
pH.

e Uranium precipitation onto the surface
of weathered MPs in water.
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ARTICLE INFO ABSTRACT

Editor: Daniel Wunderlin The co-occurrence of microplastics (MPs) with potentially toxic metals in the environment stresses the need to
address their physicochemical interactions and the potential ecological and human health implications. Here, we

Keywords: investigated the reaction of aqueous U with agricultural soil and high-density polyethylene (HDPE) through the

MiCFOPIaStiCS ) integration of batch experiments, microscopy, and spectroscopy. The aqueous initial concentration of U (100 pM)

Sf;';iﬁlml soil decreased between 98.6 and 99.2 % at pH 5 and between 86.2 and 98.9 % at pH 7.5 following the first half hour

of reaction with 10 g of soil. In similar experimental conditions but with added HDPE, aqueous U decreased
between 98.6 and 99.7 % at pH 5 and between 76.1 and 95.2 % at pH 7.5, suggesting that HDPE modified the
accumulation of U in soil as a function of pH. Uranium-bearing precipitates on the cracked surface of HDPE were
identified by SEM/EDS after two weeks of agitation in water at both pH 5 and 7.5. Accumulation of U on the
near-surface region of reacted HDPE was confirmed by XPS. Our findings suggest that the precipitation of U was
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facilitated by the weathering of the surface of HDPE. These results provide insights about surface-mediated
reactions of aqueous metals with MPs, contributing relevant information about the mobility of metals and
MPs at co-contaminated agricultural sites.

1. Introduction

The growing production of plastics and the lack of appropriate waste
disposal strategies have globally spread plastic pollution raising poten-
tial ecological and health concerns (Alimi et al., 2018; Jin et al., 2022;
Machado et al., 2019; Sun and Wang, 2023). Each year, microplastics
(MPs) are loaded into the land with an estimated quantity exceeding the
current presence of MPs in ocean water (Chen et al., 2022; Horton et al.,
2017). As a result, soil is likely the long-term sink of MPs developing an
important threat to the food safety and ecosystems (Corradini et al.,
2021). This widespread distribution of plastics is alarming as they act as
pollutants but also as carriers of other harmful contaminants, such as
potentially toxic metals, causing risk to organisms (Li et al., 2023; Ren
et al., 2021).

The environmental pollution of plastic includes various sizes ranging
from macro- to micro- and nanoplastics (Mitrano et al., 2021; Schefer
et al., 2023). Plastic debris can be generated under mechanical abrasion,
photodegradation, or chemical oxidation among other mechanisms
(Galloway et al., 2017; Reichert et al., 2024). Extended exposure to
environmental biotic and abiotic processes enhances the reactivity and
toxicity of plastic polymers (Duis and Coors, 2016; El Hayek et al., 202.3;
Hidalgo-Ruz et al., 2012). For instance, weathering of plastics caused by
UV radiation, chemical oxidation, or mechanical abrasion can increase
surface roughness and oxygen-containing groups, stimulate surface
chemical reactivity, and thus enhance the sorption capacity and the
formation of inorganic coatings in water and soil (Pincus et al., 2023;
Ren et al., 2021). Such processes are of concern in environments where
toxic metals co-occur with plastic pollution (Purwiyanto et al., 2020;
Tang et al., 2020; Wang et al., 2019). We recently detected the co-
occurrence of MPs with uranium (U) and other metals in freshwater
collected from rural and urban areas in New Mexico, U.S. (Quiambao
et al., 2023). Interaction of MPs with U in natural environments (Chen
et al.,, 2021) may represent a critical understudied exposure pathway
where the maximum contaminant limit (30 pg L) set by the U.S.
Environmental Protection Agency is exceeded (Elseblani et al., 2023;
Girlamo et al., 2023; Hashemi et al., 2023; Hoover et al., 2018; Ravalli
et al., 2022). Therefore, the effect of the interfacial interaction of U and
MPs on the accumulation of U in agricultural soil serves as the basis for
this study.

Metals can accumulate on surface of plastics through adsorption and
precipitation mechanisms (Quiambao et al., 2023; Rochman et al., 2014;
Xiong et al., 2024). Such phenomena depend on surface specific area
and the degree of hydrophilicity of plastics that provide active ionic sites
to react with metals (Mao et al., 2020). The development of these surface
reactions differs with respect to two key factors: (1) the environmental
conditions (e.g., the chemistry, the elemental and mineral composition
of water and soil) and (2) the physicochemical properties of the poly-
mers and metals themselves (Ren et al., 2021). For example, Godoy
et al., 2019 showed that polyethylene (PE), polypropylene (PP), poly-
styrene (PS), and polyvinyl chloride (PVC) have a specific high affinity
to adsorb chromium (Cr), copper (Cu), cobalt (Co), and lead (Pb) that
depended on the water chemistry of seawater, urban wastewater, and
irrigation water. Different chemical interactions can occur between MPs
and metals, including electrostatic interactions, van der Waals in-
teractions, the hydrophobic and hydrogen bonding, and n-n interactions
(Li et al., 2022; Liu et al., 2022b; Xiong et al., 2024).

The effect of pH and aqueous chemistry on the interfacial in-
teractions of U with MPs in the environment is still largely overlooked.
At circumneutral pH, the negatively charged uranyl carbonate (U-CO3)
complexes can form in natural water and soils depending on U and

calcium (Ca) concentrations (El Hayek et al., 2018; Rout et al., 2024). At
acidic pH, the positively charged UO3" and U hydrolysis species can
predominate (Laurette et al., 2012). The interaction of poly(methyl-
methacrylate) PMMA, PE, and PS pristine MPs with aqueous U in
acidic experiments performed at pH 3 was not detected (Quiambao
et al., 2023). However, at circumneutral pH under similar laboratory
conditions, MPs served as substrate surface for the adsorption and
nucleation of U precipitates (Quiambao et al., 2023). These reactions
have been mostly investigated in aqueous environments in which the
role of soils has not been considered.

Existing studies on the combined pollution of MPs and heavy metals
suggest the potential of MPs to increase metals solubility in soils (An
et al., 2023; Li et al., 2021). All these studies considered various metals
other than U. For instance, a recent meta-analysis by An et al., 2023
showed that both the MPs characteristics (i.e., the polymer type and size
of plastics) and the soil physicochemical properties (i.e., soil organic
matter, sand content, and soil pH) influence the extractable fractions of
heavy metals (mainly Cu, Pb, cadmium (Cd), iron (Fe), and manganese
(Mn) from soil. Another experimental study showed that a high con-
centration of PE MPs in soil (10 % in weight) decreases the adsorption
capability of soil to Pb%** and Zn** (Li et al., 2021). Electrostatic in-
teractions and surface complexation are the main reported influencing
factors on the mechanisms of PE and heavy metals interaction in soil (Liu
etal., 2024). The interaction of metals with MPs varies depending on the
weathering processes that MPs undergo in the environment (Schefer
et al., 2023). Different studies reported that metal interaction with aged
MPs is enhanced in comparison to non-weathered plastics following the
increase of cracks, specific surface area, and oxygen-containing func-
tional groups (Dong et al., 2019; Ren et al., 2021; Tang et al., 2023;
Tziourrou et al., 2021). This phenomenon was described in marine and
estuarine environments where hydrous metal oxides were detected on
plastics surface (Holmes et al., 2014). The inorganic coatings can affect
the interaction of MPs surface with toxic metals (Pincus et al., 2023).
These findings emphasize the importance of considering the interfacial
interaction of U with MPs over time under environmentally relevant
conditions and its effect on U accumulation in soil (Jin et al., 2022).

The objective of this study is to determine the effect of surface
adsorption and precipitation of U with coexisting MPs on the accumu-
lation of U in agricultural soil by the integration of batch experiments,
microscopy, and spectroscopy analyses. Aqueous U (100 pM) was mixed
with soil and high-density-polyethylene (HDPE) at environmentally
relevant nominal concentration of plastics in systems containing Ca and
bicarbonates at circumneutral and acidic pH (De Souza MacHado et al.,
2018; Huerta Lwanga et al., 2017; Machado et al., 2019). A novel aspect
of this study is the identification of the role of MPs in affecting the
concentration of aqueous U in agricultural soil mixed with HDPE
depending on pH. Our findings contribute relevant information to un-
derstand the interaction and precipitation of U on plastics surface in
agricultural environment, which may increase their potential to co-enter
the terrestrial food chain.

2. Materials and methods
2.1. Preparation and characterization of HDPE plastic particles

High-density polyethylene (HDPE) bottles were purchased from the
United States Plastic Corporation. We focused on HDPE in this study due
to the high-production volume and large abundance of PE in both
terrestrial and aquatic environments, and because HDPE is highly used
in plastic packaging and food-service plastics (Pincus et al., 2023).
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Furthermore, PE was recently detected as the most prevalent polymer in
human placenta, indicating its wide occurrence and bioaccumulation
(Garcia et al., 2024). Bottles were cut into small pieces and then blended
using a coffee grinder. This mechanical breakdown protocol mimics the
natural mechanical abrasion that can potentially produce micro- and
nano-sized particles from plastic debris in the environment (Dawson
et al., 2018; Gao et al., 2022). The size, shape, polymer chemistry,
surface composition of the generated HDPE particles were studied using
scanning electron microscopy energy-dispersive spectroscopy (SEM-
EDS), Attenuated Total Reflection-Fourier Transform Infrared (ATR-
FTIR) spectroscopy, and X-ray photoelectron spectroscopy (XPS).
ImageJ software was used to estimate the size range of HDPE particles
from the SEM images. More information on the solid characterization is
provided in the Supplementary material.

2.2. Soil characterization

A sandy loam (USDA Texture) characterizing 80 % sand, 8 % silt, and
12 % clay was provided by Agvise Laboratories (US). The range of soil
pH was 7.2-7.5 and contained 4 % organic matter. Bulk elemental
composition was determined using an X-Ray Fluorescence (XRF) Rigaku
ZSX Primus II Wavelength dispersive instrument. The concentration of
acid-extractable U and other metals in soil was measured using induc-
tively coupled plasma mass spectrometry (ICP — MS, PerkinElmer
NexION 300D) and inductively coupled plasma optical emission spec-
trometry (ICP — OES, PerkinElmer Optima 5300DV), respectively. The
soil digestion was conducted by adding 2 mL of HNO3, 4 mL of HCl, and
2 mL of HF and then samples were heated in a Digi prep MS SCP Science
block digester at 95 °C for 4 h. The acid digested solutions were filtered
using 0.45 pm syringe filters and diluted with 18 ultrapure water to 25
mL. Information on soil properties and chemical composition are sum-
marized in Table 1 and Table S1.

2.3. Batch experiments for aqueous U interaction with HDPE and
agricultural soil

Batch experiments were conducted to study U adsorption and pre-
cipitation with HDPE and soil particles in simplified plant nutrients
solution containing 3 mM Ca and 1 mM HCO3 with pH maintained at 7.5
and 5. These pH conditions are environmentally and ecologically rele-
vant as well as they are in the range of optimal pH for the growth and
nutrition of most plants (Lauchli and Grattan, 2017; Min et al., 2014). In
addition, the acidic pH 5 will allow an understanding of the surface
interaction of U and HDPE that can occur near the root surface in the
rhizosphere where it is reported that plant root surface has acidic

Table 1

Soil characterization performed by Agvise Laboratories including textural class
of the soil and its properties. The concentration of U in acid digested soil was
measured in our laboratory using ICP-MS as described in the text. The concen-
tration of trace elements and phosphorus was measured using ICP-OES.

Soil properties

% Sand * 80

% Silt ? 8

% Clay ? 12

USDA Textural Class (hydrometer method) * Sandy loam
% Organic carbon ? 2

% Organic matter (Walkley-Black method) # 4

pH (water) ? 7.4

% Total nitrogen (Analyzer) ° 0.182
Olsen phosphorus mg Kg™ 2 24

P mg Kg'! (acid extracted) 487.2 + 43
U mg Kg! 1.3 + 0.05
Cu mg Kg! 7.7 £ 0.3
Cr mg Kg! 40.2 + 4.2
Pb mg Kg! 7.2 4+0.9
Zn mg Kg! 27.6 + 2
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properties (Nye, 1982; Rudolph et al., 2013). Our selected systems
contained constant concentrations of Ca and carbonate and other
simplified plant nutrients (MgSO4, 0.5 mM; NH4NOs3, 2 mM; KCl, 1 mM)
to mimic the water chemistry of plant watering solution and the envi-
ronmental conditions where uranyl-carbonate complexes are prevalent
(El Hayek et al., 2019). The concentration of HDPE (0.5 wt%) was
selected according to previous studies reporting the environmentally
relevant concentration of MPs (de Ruijter et al., 2023; Lenaker et al.,
2019; Redondo-Hasselerharm et al., 2023; Xia et al., 2021). All experi-
mental units were run in quadruplicates. All glassware was rinsed with
10 % (v/v) nitric acid and DI water and then was sonicated for 30 min
with ultrapure water in a Cole-Parmer CPHX Series sonicator. The
selected concentration of U for this study is based on concentrations
detected at mine wastes, in situ leaching, and other sites affected by U
contamination (Blake et al., 2017; Gonzalez-Estrella et al., 2020; Ruiz
et al., 2016; Saunders et al., 2016). A 50 mL stock solution of 4 mM of
uranyl acetate UO2(CH3C0O0)2,2H,0 was prepared as a source for sol-
uble U in the batch experiments. A volume of 50 mL carbonate solution
was added into each 125 mL Erlenmeyer flask with 100 pM of U and/or
0.05 g of HDPE particles at pH 5 and pH 7.5 both with and without soil.
0.5 M HCl or 0.1 M NaOH was used to adjust the pH over time. Controls
represent flasks without U or HDPE. Table S2 outlines the experimental
matrix of the batch reactors. The flasks were agitated at 150 rpm for 336
h (14 d) at room temperature. Aliquot volumes were collected at various
time points (from 0.1 to 336 h) to measure the concentration of aqueous
U and were filtered with a Pall Laboratory Acrodisc 0.45 pm syringe
filter and diluted with 2 % nitric acid for U analyses using ICP-MS. After
336 h, all the remaining solutions in each batch reactor were filtered
using a 0.5 pm glass microfiber filter and glass frit filter units. The
collected filtrate at each pH (i.e., reacted HDPE, reacted HDPE-soil, and
reacted soil) was analyzed using SEM-EDS for the identification of U
precipitation in the solids and to determine any physiochemical changes
to the soil and plastic particles. X-ray computed tomography (CT)
scanning was used to check on MPs agglomeration with soil particles in
the collected filtrate. Zeta potential measurement was conducted using a
Malvern Zetasizer Nano-ZS equipped with a He—Ne laser (633 nm) and
non-invasive backscatter optics to measure the surface charge of soil
particles in the collected filtrate. XPS analysis was conducted to deter-
mine U content and the chemical changes on the near-surface region for
reacted HDPE with U from experiments with only added HDPE. Further
detail is provided in the Supplementary material.

2.4. Chemical equilibrium modeling

The effect of U speciation on the interaction of U with HDPE and
agricultural soil in function of pH was investigated by determining the
aqueous U species using Visual MINTEQ under atmospheric equilibrium.
The chemical equilibrium calculations were based on the chemical
composition of the water used for this study which contained simplified
plant nutrients solution (CaCly, 3 mM; MgSO4, 0.5 mM; NH4NO3, 2 mM;
KCl, 1 mM) at pH 7.5 and pH 5 in 1 mM HCOj3 at 25 °C. Given that
phosphorus (P) has a critical role in U solubility and speciation, the
concentration of water soluble P was measured in the solutions collected
from batch experiments at each pH using ICP-OES in order to be
included in the chemical equilibrium calculations (Table S3).

2.5. Statistical analysis

For the different aqueous U concentrations between experiments
with added soil and experiments with added soil and HDPE, each con-
dition consisted of 4 replicates and a 2-way ANOVA considering the time
and the addition of HDPE as factors was used with Sidék’s multiple
comparisons testing for individual time points. The statistically signifi-
cant level was confirmed at p value lower than 0.05 for all the statistical
tests.
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3. Results and discussion
3.1. Characterization of HDPE plastic particles

ATR-FTIR indicated a polymer match (89 %) to PE (Fig. S1). SEM-
EDS of the unreacted plastics identified Ca, silicon (Si), titanium (Ti),
sulfur (S), sodium (Na), and magnesium (Mg) on the surface of HDPE
along with carbon (C) (Fig. 2A-C and Fig. S2). These elements represent
additives incorporated into the plastic polymer during the
manufacturing process of the plastic bottles and are consistent with
additives previously identified in PE polymers (Cherif Lahimer et al.,
2017; Hahladakis et al., 2018; Hermabessiere et al., 2017). HDPE par-
ticles size ranged from 0.3 pm to 5 mm and presented a heterogeneous
morphology (Fig. S3) making them relevant to the reported plastic
fragments and particles in global sediments and agricultural soils
(Fig. 2A-C) (Chamas et al., 2020).

3.2. Aqueous uranium removal in water mixed with HDPE and
agricultural soil at pH 5 and pH 7.5

High sorption capacity of the sandy loam soil to U was detected at
both pH conditions, resulting in >99 % U removal after 24 h of reaction
at both pH 7.5 and 5 (Fig. 1A, B). This is a relevant characteristic of the
common mineral phases of sandy loam soil (Table 1) that were
confirmed by XRD analysis indicating the presence of mainly quartz
followed by feldspar minerals (Fig. S4). The effect of high sorption ca-
pacity of these silica phases (Massey et al., 2014) along with quartz
(Ilton et al., 2012), feldspar (Blake et al., 2015), iron (hydr)oxides
(Lefebvre et al., 2023), and clay minerals (Schlegel and Descostes, 2009;
Zhang et al., 2022) on the solubility of aqueous U was reported at
various aqueous geochemical conditions.
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The addition of HDPE to soil increased significantly (P < 0.05) the
initial removal of U at pH 5 as compared to experiments with only soil
(Fig. 1D). For example, the concentration of aqueous U decreased from
100 to 0.85 pM (a decrease of 99.2 %) after 0.5 h in experiments with
only soil, while it decreased to 0.3 pM (a decrease of 99.7 %) in exper-
iments with added HDPE and soil. This decrease corresponds to the
significant (P < 0.05) 2.8-fold reduction in the remaining aqueous U
concentration with the addition of HDPE. The decrease in the concen-
tration of aqueous U remained significantly (P < 0.05) higher in ex-
periments with added HDPE and soil than in experiments with only soil
until 4 h of reaction (Fig. 1D). Lower U removal was observed at pH 7.5
compared to pH 5 with 86.2 % decrease of aqueous U in experiments
with soil and 76.1 % decrease in experiments with added HDPE and soil
within 0.1 h of reaction (Fig. 1 and Table 2). Unlike experiments at pH 5,
the decrease of aqueous U at pH 7.5 was detected 1.2 to 10.1 % lower in
experiments with added HDPE and soil than in experiments with only

Table 2
Summary of the percentage decrease in aqueous U concentrations from soil re-
actions with and without HDPE at pH 7.5 and pH 5.

pH75 PHS
Time % decrease for % decrease for % decrease for % decrease for
(h) experiments experiments experiments experiments
with added soil ~ with added soil with added soil ~ with added soil
and HDPE and HDPE
0.1 86.2 76.1 98.6 98.6
0.5 98.9 95.2 99.2 99.7
1 98 97.5 99.2 99.8
4 99.6 98.4 99.3 99.9
24 99.1 98.5 99.8 99.9
336 >99.9 >99.9 >99.9 >99.9
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Fig. 1. Aqueous U concentration (1M) as a function of time in solutions containing 1 mM HCO3 and 3 mM Ca at pH 7.5 and pH 5 with 100 pM initial U; concentration
studied alone, or mixed with soil, HDPE, or with soil and HDPE. Data points represent the mean and the standard error of mean from experiments with four rep-
licates. The absence of appearance of certain error bars corresponds to their short size compared to the size of the symbol. The results of the total experimental time
points from 0.1 to 336 h (A-B). A zoom into the variation of aqueous U concentration between experiments with added soil and experiments with added soil and
HDPE during only the first 8h of experiments (C-D). Asterisks in figures C and D indicate significant difference between experimental conditions by 2-way ANOVA
considering the time and the addition of HDPE as factors (* P<0.05; ** P<0.001; **** P<0.0001).
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soil within the first 4 h (Fig. 1C). In experiments containing only HDPE,
the concentrations of aqueous U remained constant at 101 + 2 pM and
99 + 2 uM for the extent of the experiments at pH 7.5 and 5 respectively.
These levels of aqueous U are in the range of concentrations that was
measured in the control experiments without added soil and HDPE
(Fig. 1A, B).

pH can change the speciation of U as well as the charge and pro-
tonation level of silica and other soil minerals (El Hayek et al., 2018;
Gabriel et al., 2001; Ilton et al., 2012; Shen et al., 2020). Chemical
equilibrium modeling based on the experimental conditions (Table S3)
used in this study suggests that neutrally and positively charged aqueous
U complexes predominantly occur at pH 5 (mainly UO2HPO4 (aq) with
73 % and the positively charged uranyl oxides species with 19 %). In
experiments at pH 7.5, negatively and neutrally charged aqueous U
complexes are predicted to predominantly increase with the main
presence of (UO3)2CO3(OH)3 (46 %), CaUOZ(CO3)§’ (42 %), and
CazU02(CO3)3 (aq) (11 %). The higher removal of U observed at pH 5 as
compared to pH 7.5 could be attributed to the (1) occurrence of uranyl
phosphate complexes and the possible precipitation of (UO32)3(PO4)2(s)
at pH 5 as determined by chemical equilibrium modeling (saturation
index = 0) which can enhance the immobilization mechanisms of U in
soil (Meza et al., 2023; Wen et al., 2018), and to the (2) electrostatic
attraction of the predominant positively charged uranyl oxides onto the
negatively charged soil particles such as quartz (Kar et al., 2012).
Additionally, U oxides participated in cationic exchange mechanisms as
seen with heavy metals in sandy loam soils, or to substitute the cations
that are present in the soil minerals (Gong and Donahoe, 1997; McLe-
more, 2014). However, a circumneutral pH was detected in previous
studies to increase the surface negative charge on soil minerals in the
presence of carbonate as compared to acidic condition (Ilton et al., 2012;
Saleh et al., 2018). In our experiments, the negative zeta potential values
of soil particles were 2 times higher at pH 7.5 (— 23 mV =+ 2) than at pH
5 (= 12 mV =+ 1), confirming the increase of negative charge on the
surface of soil particles at pH 7.5. Ilton et al., 2012 reported that the
increase in pH can deprotonate soil silanol groups, creating a more
electrostatic repulsion for uranyl carbonate aqueous species. Such
mechanisms can explain the detected lower removal of U in our exper-
iments at pH 7.5 as compared to pH 5. Interestingly, for experiments
with only added HDPE, the quantitative aqueous analysis of U did not
reveal a noticeable interaction of HDPE with U at both pH conditions.
However, the findings presented in this study suggest that adding HDPE
particles to soil can modify the mechanisms of U accumulation
depending on pH as follows. Under acidic pH, the occurrence of
neutrally charged phosphate uranyl complexes and the positively
charged U complexes (UO3" and UO,0H™) resulted in a significant (P <
0.05) increase in the initial removal of U in the mixture of soil and HDPE
as compared to soil with no plastics. However, under circumneutral pH,
the high electrostatic repulsion between the negatively charged uranyl
carbonate complexes and the mixture of soil and HDPE, resulted in a
significant (P < 0.0001) decrease in the initial removal of U as
compared to soil with no plastics. These effects of HDPE in soil were
predominantly observed within the first hours of experiments as shown
in Fig. 1C and 1D. Phosphate was reported in many other studies to
increase U immobilization in soil through metal complexation, precip-
itation, redox and adsorption mechanisms (Dong et al., 2023). Under our
experimental conditions, the precipitation of U in soil was not detected
by electron microscopy at both pH 5 and 7.5 given that the accumulated
U concentrations in soil were below the detection limit (<100 mg kg‘l).
Further research should investigate the role of the speciation of U and
phosphate levels in soil on U immobilization and interaction with the
coexisting plastics.

3.3. Detection of soil inorganics on the surface of HDPE particles
following two weeks of agitation in water

The sorption of micro-sized soil minerals with the surface of HDPE
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particles after two weeks of batch experiments was confirmed by SEM-
EDS at both pH conditions, with no detectable precipitation of U
(Fig. 2). SEM images show plastic particles in micrometer and millimeter
scales interacting with the large soil particles (> 1 mm) in the collected
filtrate at pH 7.5 (Fig. 2D). Various particles from the fine fraction of soil
(14-60 pm) were found (Fig. 2) on the surface of HDPE. Image 2E shows
a quartz mineral between the cracks of HDPE surface. The EDS spectra
corresponding to the soil particles observed on the surface of HDPE
identified Si, Al, Ca, K, Ti, Fe, and Mg. These elements constitute the
typical essential minerals of sandy loam soil (quartz, feldspar, and clay
silicates) as identified by the XRD analysis (Fig. S4). The examination of
the surface of HDPE using SEM-EDS analysis (Fig. 2F) also revealed that
the surface of some HDPE particles was coated with inorganic elements,
including Si, K, Ti, Ca, and Mg. Such observation confirms that two
weeks of agitation in carbonate water was sufficient to induce noticeable
chemical and physical changes on the surface of HDPE particles. This
phenomenon was replicated at acidic pH. Fig. 2G-I show the surface of
HDPE particles in the collected filtrate from experiments at pH 5 covered
by soil minerals as compared to the HDPE particles from experiments at
pH 7.5 (Fig. 2D—F). This observation is consistent with previous studies
showing that the degree of MPs interaction with soil minerals can differ
depending on the pH of media (Jin et al., 2022; Luo et al., 2020). For
example, Luo et al. suggested that the electrostatic and hydrophobic
interactions are the dominant mechanisms determining MPs sorption
capacity with soil minerals and organic matter respectively (Luo et al.,
2020). With the increase in pH, the deprotonation of functional groups
of soil particles increases, resulting in a higher electrostatic repulsion
between plastic particles and the soil as compared to a more acidic pH
(Luo et al., 2020). In addition, the detection of fine soil particles along
with the formation of inorganic coating on the HDPE surface in our
experiments is in agreement with Wang et al., 2023 study showing that
plastic debris in soil can form plastic-rock complexes. It should be noted,
that under our experimental conditions, we did not detect in the
collected filtrates any significant changes in soil density or in soil ag-
gregation in the presence or absence of HDPE using the CT scanning
analysis (Figs. S5 and S6 and Table S5).

The findings presented in this study provide relevant insights about
the interaction of soil minerals with HDPE surface and highlights the
need to further understand the specific mechanisms of U accumulation
in soil in the presence of HDPE. Pincus et al., 2023 documented that the
complexation of inorganic coatings to plastics, such as aluminosilicates
and ferrous oxides/oxyhydroxides, can considerably affect the sorption
of toxic inorganic contaminants to plastics (Ashton et al., 2010; Violante
and Pigna, 2002). The examination of HDPE-soil mixtures using electron
microscopy did not reveal any information regarding U precipitation or
interaction with the solid mixture. However, the quantitative measure-
ment of aqueous U removal in this study demonstrated that HDPE-soil
mixtures significantly changed the initial removal of U as compared to
only soil particles. Additional microscopy and spectroscopy analyses
were conducted to better understand the interaction of U with HDPE
particles.

3.4. Uranium precipitation on HDPE surface at pH 5 and pH 7.5

U-bearing precipitates on the surface of reacted HDPE particles at
both pH 5 and 7.5 were detected using SEM-EDS and by fitting of high-
resolution XPS U 4f spectra. The examined HDPE particles were ob-
tained from experiments with only added HDPE. SEM images (Figs. 3, 4
and Fig. S7) show U-bearing precipitates on the cracked surface of HDPE
after 14 d of agitation in water, suggesting that the weathered sites on
the MPs surface facilitated the nucleation of the U-bearing precipitates.
This observation is consistent with previous studies showing that the
weathered sites in MPs can act as a substrate for adsorption through
electrostatic interaction or inner sphere complexation (Gao et al., 2021;
Liu et al., 2022a). The EDS spectra of these precipitates contained U, Ca,
Cl, and K (Fig. 3C, F, and Fig. S7). Titanium peak co-occurred in the same
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Fig. 2. SEM images and EDS spectra for unreacted HDPE (A-C) and the collected filtrate from batch experiments containing HDPE reacted with soil and aqueous U at
pH 7.5 (D-F) and HDPE reacted with soil and aqueous U at pH 5 (G-I). All experiments were conducted in systems containing 100 pM initial U; concentration, 1 mM

HCO3 and 3 mM Ca.

area where U-bearing precipitates were detected at pH 7.5 (Fig. 4F).
These elements were also identified on the surface of unreacted HDPE
(Fig. 2A-C and Fig. S2) and may correspond to the chemical impurities in
HDPE structure as reported in the literature. For example, TiCly species
are used as catalyst to modulate the grade of PE production (Piovano
etal., 2017). The increase in the appearance of these elements in reacted
HDPE agrees with previous studies reporting that weathering can expose
inorganic additives as the surface properties of plastics are altered
(Holmes et al., 2014; Liu et al., 2020). The EDS spectrum of the U—K
bearing solid phases on HDPE surface and the X-Ray maps show prin-
cipally U, K, and O (Fig. 4B—F).

The precipitation of U onto the surface of pristine MPs was observed
at pH 7 in ultrapure water but not at acidic pH (Quiambao et al., 2023).
In the present study, U precipitation occurred on the surface of HDPE at
pH 7.5 despite the presence of bicarbonate in solution. The precipitation
of U with Ca was previously reported in solution without bicarbonate at
pH 7 (Gonzalez-Estrella et al., 2020; Laurette et al., 2012). Gonzalez-

Estrella et al., 2020 observed a partial or complete dissolution of U
precipitates at pH 7 in reactors containing 10 mM bicarbonate and Ca.
This observation is in accordance with the present study, as the quan-
titative data shows that U mostly remained soluble in carbonate water in
batch experiments with added HDPE (Fig. 1A, B). However, U precipi-
tation on HDPE surface was still detected after 14 d of experiments,
suggesting that the active weathered sites of HDPE facilitated the
mechanisms of nucleation and formation of U-bearing precipitates. Such
formation of U-plastic solids as an organic particulate can affect U
toxicity and bioavailability in agricultural soil, as evidenced in our
previous study (El Hayek et al., 2021). Additional analyses using XPS
were conducted to examine the chemical associations of U to HDPE by
measuring the signal of U 4f, C 1 s and O 1 s on the near-surface region of
reacted and unreacted particles.

Results from the XPS survey scan revealed that 0.55 % and 0.43 % U
4f were accumulated in the reacted HDPE at pH 7.5 and pH 5 respec-
tively, indicating the chemical association of U at the top 5-10 nm of the
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HDPE reacted with U at pH 7.5

o gqde

Fig. 3. SEM images and EDS spectra for the collected filtrate from batch experiments for HDPE reacted with aqueous U at pH 7.5 (A-C) and HDPE reacted with
aqueous U at pH 5 (D-F). All experiments were conducted in systems containing 100 uM initial U; concentration, 1 mM HCO3 and 3 mM Ca.

HDPE reacted with U at pH 7.5

M series K K series

Fig. 4. Top row-Examples of U-bearing particles on the surfaces of HDPE at pH 7.5: U-K bearing solid phases (A-C). U-M X-ray map of particle shown in Figure C (D).
K-Ka X-ray map of particle shown in Figure C (E). EDS X-ray spectrum of particle in Figure B (taken at different scale) showing the presence of U, K, and O (F). The Au
peak is from the gold coating applied to the sample to prevent charging. All experiments were conducted in systems containing 100 pM initial U; concentration, 1 mM
HCO3 and 3 mM Ca.

near-surface region of HDPE (Fig. 5). An increase in the overall oxygen oxygen content than those reacted at pH 7.5. In addition, at pH 5, the
content was identified using XPS analysis for all reacted HDPE as a relative oxygen content increased 72 % at the near-surface region of
function of pH, with reacted HDPE at pH 5 having 1.2-fold higher reacted HDPE in the absence of U as compared to unreacted HDPE.
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Fig. 5. U 4f high-resolution spectra for the reacted HDPE with aqueous U at both pH 7.5 and 5 with the percent composition of C 1s, O 1s and U 4f spectra. All
experiments were conducted in systems containing 100 pM initial U; concentration, 1 mM HCO3 and 3 mM Ca.

However, when U was detected at the near surface, the relative oxygen
content increased only 42 % as compared to unreacted HDPE. Similarly,
at pH 7.5, the relative oxygen content increased 40 % in controls with no
U while it increased 19 % when U was accumulated on the surface of
HDPE. These results suggest that the two weeks agitation of HDPE in
carbonate water augmented the level of oxygen-containing groups at the
near-surface region of particles. This oxidation process was enhanced at
pH 5 as compared to pH 7.5. The mechanical abrasion and agitation in
water can lead to the formation of surface cracks and make the MPs
surfaces gain oxygen, Si, and other impurities (Bullard et al., 2023; Song
et al., 2017). Such a phenomenon explains the high occurrence of oxy-
gen, Ti, and other elements near the U—K bearing solid phases. Previous
studies reported that the presence of oxygen functional groups could
serve as reactive surface sites for metals adsorption, enabling the
nucleation and precipitation of metals (Gao et al., 2021). For instance,
the sorption capacity of weathered MPs to metals (e.g., Cr, Co, nickel
(Ni), Cu, Zn, Cd, Pb, and strontium (Sr)) was higher than the sorption of
pristine particles due to the increased surface polarity and charges (Gao
et al., 2021; Holmes et al., 2012; Johansen et al., 2019; Liu et al., 2020;
Wang et al., 2020). In the present study, the decrease in the relative
content of oxygen occurred when U level increased, suggesting an
interaction of U with the oxygen polar groups on the surface of particles.

4. Conclusion

This work indicates that the surface chemistry of HDPE can mediate
the rapid accumulation and precipitation of U on the near-surface region
of HDPE particles in water containing Ca and carbonate at pH 5 and pH
7.5. These findings have implications in natural and engineered systems
as well as in agricultural sites affected by anthropogenic activities, in
which U and MPs coexist. A relevant result of our study is that HDPE
modified the initial removal of aqueous U in agricultural soil depending
on pH, particularly within the first hours of the experiments. Our study
also confirms the weathering of HDPE surface after two weeks of
agitation in water with the increase of surface cracks and oxygen content
level as determined by SEM analysis and by XPS survey scan respec-
tively. Given the persistent character of MPs in the environment, further
research is needed to investigate the kinetics of surface adsorption and
precipitation of U as well as the re-release conditions with the increase of
the residence time, the content of organic matter, and the application of
P fertilizers. Our study showed that the interaction of U and HDPE

occurred at the natural pH range of soil rhizosphere, underlining the
urgency to address the impact of U interaction with plastic polymer on
their bioaccumulation and root-to-shoot translocation in crops and
vegetation. Formation of U-plastic solids is a critical understudied
exposure pathway that may enhance U bioavailability under the form of
organic particulate. Future investigations should focus on a greater
understanding of plastics on U toxicity and the associated health risks
exposure.

CRediT authorship contribution statement

Casey Miller: Writing — original draft, Methodology, Investigation,
Formal analysis, Conceptualization. Andrew Neidhart: Methodology,
Investigation. Kendra Hess: Investigation. Abdul-Mehdi S. Ali: Re-
sources. Angelica Benavidez: Resources, Investigation. Michael
Spilde: Resources. Eric Peterson: Resources. Adrian Brearley: Re-
sources, Funding acquisition. Xuewen Wang: Investigation. B. Dulani
Dhanapala: Resources, Investigation. José M. Cerrato: Writing — re-
view & editing, Supervision, Resources, Methodology, Funding acqui-
sition, Conceptualization. Jorge Gonzalez-Estrella: Writing — review &
editing, Resources, Project administration, Methodology, Funding
acquisition, Conceptualization. Eliane El Hayek: Writing — review &
editing, Writing - original draft, Supervision, Resources, Project
administration, Methodology, Funding acquisition, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.
Data availability

Data will be made available on request.
Acknowledgements

Funding for this research was provided by the National Institute on
Minority Health and Health Disparities (NIMHD) Center for Native

Environmental Health Equity Research at the University of New Mexico
under Award Number P50MD1570606 and by the National Institute of



C. Miller et al.

Environmental Health Sciences under the Superfund Research Program
Award Number P42ES025589. This work was also supported by the
Center for Metals in Biology and Medicine pilot funding from
P20GM130422-03, the Center for Water and the Environment (National
Science Foundation CREST Grant No. 1914490), the University of New
Mexico Comprehensive Cancer Center and the College of Pharmacy.
Support for this research was provided by core center grant
P30ES032755 from the National Institute of Environmental Health
Sciences, National Institutes of Health. Scanning electron microscopy
was performed in the Electron Microbeam Analysis Facility, Department
of Earth and Planetary Sciences and Institute of Meteoritics, University
of New Mexico, a facility supported by the State of New Mexico, Na-
tional Aeronautics and Space Administration (NASA), and the National
Science Foundation. The content, opinions, findings, conclusions, and
recommendations are those of the authors and do not necessarily
represent the official views of NIMHD, National Institutes of Health, or
NIEHS Superfund Research Program. E.E.H would also like to thank M.
M.N.N. for the support along the preparation phase of this work.

Appendix A. Supplementary data

Additional materials and methods, soil characterization (Table S1
and Fig. S4), experimental setup (Table S2), chemical equilibrium
analysis for U speciation (Table S3), and CT scanning analysis details
(Tables S4, S5 and Figs. S5, S6 and S8), FTIR, SEM images and size
distribution of HDPE particles used in this study (Figs. S1-3), and SEM
images and corresponding EDS spectra of U-bearing precipitates on
HDPE surface (Fig. S7). Supplementary data to this article can be found
online at https://doi.org/10.1016/j.scitotenv.2024.171834.

References

Alimi, O.S., Farner Budarz, J., Hernandez, L.M., Tufenkji, N., 2018. Microplastics and
nanoplastics in aquatic environments: aggregation, deposition, and enhanced
contaminant transport. Environ. Sci. Technol. 52, 1704-1724.

An, Q., Zhou, T., Wen, C., Yan, C., 2023. The effects of microplastics on heavy metals
bioavailability in soils: a meta-analysis. J. Hazard. Mater. 460, 132369 https://doi.
org/10.1016/j.jhazmat.2023.132369.

Ashton, K., Holmes, L., Turner, A., 2010. Association of metals with plastic production
pellets in the marine environment. Mar. Pollut. Bull. 60, 2050-2055. https://doi.
org/10.1016/j.marpolbul.2010.07.014.

Blake, J.M., Avasarala, S., Artyushkova, K., Ali, A.-M.S., Brearley, A.J., Shuey, C.,
Robinson, W.P., Nez, C., Bill, S., Lewis, J., Hirani, C., Pacheco, J.S.L., Cerrato, J.M.,
2015. Elevated concentrations of U and co-occurring metals in abandoned mine
wastes in a northeastern Arizona Native American Community. Environ. Sci.
Technol. 49, 8506-8514. https://doi.org/10.1021/acs.est.5b01408.

Blake, J.M., De Vore, C.L., Avasarala, S., Ali, A.-M., Roldan, C., Bowers, F., Spilde, M.N.,
Artyushkova, K., Kirk, M.F., Peterson, E., Rodriguez-Freire, L., Cerrato, J.M., 2017.
Uranium mobility and accumulation along the Rio Paguate, Jackpile Mine in Laguna
Pueblo, New Mexico. Environ. Sci. Process. Impacts 19, 605-621.

Bullard, J.E., Zhou, Z., Davis, S., Fowler, S., 2023. Breakdown and modification of
microplastic beads by aeolian abrasion. Environ. Sci. Technol. 57, 76-84. https://
doi.org/10.1021/acs.est.2c05396.

Chamas, A., Moon, H., Zheng, J., Qiu, Y., Tabassum, T., Jang, J.H., Abu-Omar, M.,
Scott, S.L., Suh, S., 2020. Degradation rates of plastics in the environment. ACS
Sustain. Chem. Eng. 8, 3494-3511. https://doi.org/10.1021/
acssuschemeng.9b06635.

Chen, L., Liu, J., Zhang, W., Zhou, J., Luo, D., Li, Z., 2021. Uranium (U) source,
speciation, uptake, toxicity and bioremediation strategies in soil-plant system: a
review. J. Hazard. Mater. 413, 125319 https://doi.org/10.1016/j.
jhazmat.2021.125319.

Chen, L.Y., Yu, L., Li, Y.J., Han, B.J., Di Zhang, J., Tao, S., Liu, W.X., 2022. Spatial
distributions, compositional profiles, potential sources, and intfluencing factors of
microplastics in soils from different agricultural farmlands in China: a national
perspective. Environ. Sci. Technol. 56, 16964-16974. https://doi.org/10.1021/acs.
est.2c07621.

Cherif Lahimer, M., Ayed, N., Horriche, J., Belgaied, S., 2017. Characterization of plastic
packaging additives: food contact, stability and toxicity. Arab. J. Chem. 10,
$1938-51954. https://doi.org/10.1016/j.arabjc.2013.07.022.

Corradini, F., Casado, F., Leiva, V., Huerta-Lwanga, E., Geissen, V., 2021. Microplastics
occurrence and frequency in soils under different land uses on a regional scale. Sci.
Total Environ. 752, 141917 https://doi.org/10.1016/j.scitotenv.2020.141917.

Dawson, A.L., Kawaguchi, S., King, C.K., Townsend, K.A., King, R., Huston, W.M.,
Bengtson Nash, S.M., 2018. Turning microplastics into nanoplastics through
digestive fragmentation by Antarctic krill. Nat. Commun. 9, 1-8. https://doi.org/
10.1038/541467-018-03465-9.

Science of the Total Environment 926 (2024) 171834

De Souza MacHado, A.A., Lau, C.W., Till, J., Kloas, W., Lehmann, A., Becker, R.,
Rillig, M.C., 2018. Impacts of microplastics on the soil biophysical environment.
Environ. Sci. Technol. 52, 9656-9665. https://doi.org/10.1021/acs.est.8b02212.

Dong, Z., Zhu, L., Zhang, W., Huang, R., Lv, X.W., Jing, X., Yang, Z., Wang, J., Qiu, Y.,
2019. Role of surface functionalities of nanoplastics on their transport in seawater-
saturated sea sand. Environ. Pollut. 255, 113177 https://doi.org/10.1016/j.
envpol.2019.113177.

Dong, L., He, Z., Wu, J., Zhang, K., Zhang, D., Pan, X., 2023. Remediation of uranium-
contaminated alkaline soil by rational application of phosphorus fertilizers: effect
and mechanism. Environ. Res. 220, 115172 https://doi.org/10.1016/j.
envres.2022.115172.

Duis, K., Coors, A., 2016. Microplastics in the aquatic and terrestrial environment:
sources (with a specific focus on personal care products), fate and effects. Environ.
Sci. Eur. 28, 1-25. https://doi.org/10.1186/512302-015-0069-y.

El Hayek, E., Torres, C., Rodriguez-Freire, L., Blake, J.M., De Vore, C.L., Brearley, A.J.,
Spilde, M.N., Cabaniss, S., Ali, A.-M.S., Cerrato, J.M., 2018. Effect of calcium on the
bioavailability of dissolved uranium(VI) in plant roots under circumneutral pH.
Environ. Sci. Technol. 52, 13089-13098.

El Hayek, E., Brearley, A.J., Howard, T., Hudson, P., Torres, C., Spilde, M.N.,
Cabaniss, S., Ali, A.M.S., Cerrato, J.M., 2019. Calcium in carbonate water facilitates
the transport of U(VI) in Brassica juncea roots and enables root-to-shoot
translocation. ACS Earth Sp. Chem. 3, 2190-2196. https://doi.org/10.1021/
acsearthspacechem.9b00171.

El Hayek, E., Medina, S., Guo, J., Noureddine, A., Zychowski, K.E., Hunter, R.,
Velasco, C.A., Wiesse, M., Maestas-Olguin, A., Brinker, C.J., Brearley, A., Spilde, M.,
Howard, T., Lauer, F.T., Herbert, G., Ali, A.M., Burchiel, S., Campen, M.J., Cerrato, J.
M., 2021. Uptake and toxicity of respirable carbon-rich uranium-bearing particles:
insights into the role of particulates in uranium toxicity. Environ. Sci. Technol. 55,
9949-9957. https://doi.org/10.1021/acs.est.1c01205.

El Hayek, E., Castillo, E., In, J.G., Parra, A.S., Garcia, M., Cerrato, J., Brearley, A.,
Gonzalez Estrella, J., Herbert, G., Bleske, B., Benavidez, A., Hsiao, H., Yin, L.,
Campen, M.J., Yu, X., 2023. Photoaging of polystyrene microspheres causes
oxidative alterations to surface physicochemistry and enhances airway epithelial
toxicity. Toxicol. Sci. 193, 90-102.

Elseblani, R., Cobo-Golpe, M., Godin, S., Jimenez-Lamana, J., Fakhri, M., Rodriguez, I.,
Szpunar, J., 2023. Study of metal and organic contaminants transported by
microplastics in the Lebanese coastal environment using ICP MS, GC-MS, and LC-MS.
Sci. Total Environ. 887 https://doi.org/10.1016/j.scitotenv.2023.164111.

Gabriel, U., Charlet, L., Schlapfer, C.W., Vial, J.C., Brachmann, A., Geipel, G., 2001.
Uranyl surface speciation on silica particles studied by time-resolved laser-induced
fluorescence spectroscopy. J. Colloid Interface Sci. 239, 358-368. https://doi.org/
10.1006/jcis.2001.7602.

Galloway, T.S., Cole, M., Lewis, C., 2017. Interactions of microplastic debris throughout
the marine ecosystem. Nat. Ecol. Evol. 1, 1-8. https://doi.org/10.1038/541559-017-
0116.

Gao, X., Hassan, L., Peng, Y., Huo, S., Ling, L., 2021. Behaviors and influencing factors of
the heavy metals adsorption onto microplastics: a review. J. Clean. Prod. 319,
128777 https://doi.org/10.1016/j.jclepro.2021.128777.

Gao, Q., Wang, Y., Ji, Y., Zhao, X., Zhang, P., Chen, L., 2022. Tracking of realistic
nanoplastics in complicated matrices by iridium element labeling and inductively
coupled plasma mass spectroscopy. J. Hazard. Mater. 424, 127628 https://doi.org/
10.1016/j.jhazmat.2021.127628.

Garcia, M.A., Liu, R., Nihart, A., El Hayek, E., Castillo, E., Barrozo, E.R., Suter, M.A.,
Bleske, B., Scott, J., Forsythe, K., Gonzalez-Estrella, J., Aagaard, K.M., Campen, M.J.,
2024. Quantitation and identification of microplastics accumulation in human
placental specimens using pyrolysis gas chromatography mass spectrometry.
Toxicol. Sci. kfae021.

Girlamo, C., Lin, Y., Hoover, J., Beene, D., Woldeyohannes, T., Liu, Z., Campen, M.J.,
MacKenzie, D., Lewis, J., 2023. Meteorological data source comparison - a case study
in geospatial modeling of potential environmental exposure to abandoned uranium
mine sites in the Navajo Nation. Environ. Monit. Assess. 195 https://doi.org/
10.1007/5s10661-023-11283-w.

Godoy, V., Blazquez, G., Calero, M., Quesada, L., Martin-Lara, M.A., 2019. The potential
of microplastics as carriers of metals. Environ. Pollut. 255 https://doi.org/10.1016/
j.envpol.2019.113363.

Gong, C., Donahoe, R.J., 1997. An experimental study of heavy metal attenuation and
mobility in sandy loam soils. Appl. Geochem. 12, 243-254. https://doi.org/
10.1016/5S0883-2927(96)00049-2.

Gonzalez-Estrella, J., Meza, 1., Burns, A.J., Ali, A.M.S., Lezama-Pacheco, J.S.,

Lichtner, P., Shaikh, N., Fendorf, S., Cerrato, J.M., 2020. Effect of bicarbonate,
calcium, and pH on the reactivity of As(V) and U(VI) mixtures. Environ. Sci. Technol.
54, 3979-3987. https://doi.org/10.1021/acs.est.9b06063.

Hahladakis, J.N., Velis, C.A., Weber, R., lacovidou, E., Purnell, P., 2018. An overview of
chemical additives present in plastics: migration, release, fate and environmental
impact during their use, disposal and recycling. J. Hazard. Mater. 344, 179-199.
https://doi.org/10.1016/j.jhazmat.2017.10.014.

Hashemi, S., Shin, I, Kim, S.-O., Lee, W.-C., Lee, S.-W., Jeong, D.H., Kim, M., Kim, H.,
Yang, J., 2023. Health risk assessment of uranium intake from private residential
drinking groundwater facilities based on geological characteristics across the
Republic of Korea. Sci. Total Environ. https://doi.org/10.1016/j.
scitotenv.2023.169252.

Hermabessiere, L., Dehaut, A., Paul-Pont, L., Lacroix, C., Jezequel, R., Soudant, P.,
Duflos, G., 2017. Occurrence and effects of plastic additives on marine environments
and organisms: a review. Chemosphere 182, 781-793. https://doi.org/10.1016/j.
chemosphere.2017.05.096.


https://doi.org/10.1016/j.scitotenv.2024.171834
http://refhub.elsevier.com/S0048-9697(24)01977-6/rf0005
http://refhub.elsevier.com/S0048-9697(24)01977-6/rf0005
http://refhub.elsevier.com/S0048-9697(24)01977-6/rf0005
https://doi.org/10.1016/j.jhazmat.2023.132369
https://doi.org/10.1016/j.jhazmat.2023.132369
https://doi.org/10.1016/j.marpolbul.2010.07.014
https://doi.org/10.1016/j.marpolbul.2010.07.014
https://doi.org/10.1021/acs.est.5b01408
http://refhub.elsevier.com/S0048-9697(24)01977-6/rf0025
http://refhub.elsevier.com/S0048-9697(24)01977-6/rf0025
http://refhub.elsevier.com/S0048-9697(24)01977-6/rf0025
http://refhub.elsevier.com/S0048-9697(24)01977-6/rf0025
https://doi.org/10.1021/acs.est.2c05396
https://doi.org/10.1021/acs.est.2c05396
https://doi.org/10.1021/acssuschemeng.9b06635
https://doi.org/10.1021/acssuschemeng.9b06635
https://doi.org/10.1016/j.jhazmat.2021.125319
https://doi.org/10.1016/j.jhazmat.2021.125319
https://doi.org/10.1021/acs.est.2c07621
https://doi.org/10.1021/acs.est.2c07621
https://doi.org/10.1016/j.arabjc.2013.07.022
https://doi.org/10.1016/j.scitotenv.2020.141917
https://doi.org/10.1038/s41467-018-03465-9
https://doi.org/10.1038/s41467-018-03465-9
https://doi.org/10.1021/acs.est.8b02212
https://doi.org/10.1016/j.envpol.2019.113177
https://doi.org/10.1016/j.envpol.2019.113177
https://doi.org/10.1016/j.envres.2022.115172
https://doi.org/10.1016/j.envres.2022.115172
https://doi.org/10.1186/s12302-015-0069-y
http://refhub.elsevier.com/S0048-9697(24)01977-6/rf0085
http://refhub.elsevier.com/S0048-9697(24)01977-6/rf0085
http://refhub.elsevier.com/S0048-9697(24)01977-6/rf0085
http://refhub.elsevier.com/S0048-9697(24)01977-6/rf0085
https://doi.org/10.1021/acsearthspacechem.9b00171
https://doi.org/10.1021/acsearthspacechem.9b00171
https://doi.org/10.1021/acs.est.1c01205
http://refhub.elsevier.com/S0048-9697(24)01977-6/rf0100
http://refhub.elsevier.com/S0048-9697(24)01977-6/rf0100
http://refhub.elsevier.com/S0048-9697(24)01977-6/rf0100
http://refhub.elsevier.com/S0048-9697(24)01977-6/rf0100
http://refhub.elsevier.com/S0048-9697(24)01977-6/rf0100
https://doi.org/10.1016/j.scitotenv.2023.164111
https://doi.org/10.1006/jcis.2001.7602
https://doi.org/10.1006/jcis.2001.7602
https://doi.org/10.1038/s41559-017-0116
https://doi.org/10.1038/s41559-017-0116
https://doi.org/10.1016/j.jclepro.2021.128777
https://doi.org/10.1016/j.jhazmat.2021.127628
https://doi.org/10.1016/j.jhazmat.2021.127628
http://refhub.elsevier.com/S0048-9697(24)01977-6/rf0130
http://refhub.elsevier.com/S0048-9697(24)01977-6/rf0130
http://refhub.elsevier.com/S0048-9697(24)01977-6/rf0130
http://refhub.elsevier.com/S0048-9697(24)01977-6/rf0130
http://refhub.elsevier.com/S0048-9697(24)01977-6/rf0130
https://doi.org/10.1007/s10661-023-11283-w
https://doi.org/10.1007/s10661-023-11283-w
https://doi.org/10.1016/j.envpol.2019.113363
https://doi.org/10.1016/j.envpol.2019.113363
https://doi.org/10.1016/S0883-2927(96)00049-2
https://doi.org/10.1016/S0883-2927(96)00049-2
https://doi.org/10.1021/acs.est.9b06063
https://doi.org/10.1016/j.jhazmat.2017.10.014
https://doi.org/10.1016/j.scitotenv.2023.169252
https://doi.org/10.1016/j.scitotenv.2023.169252
https://doi.org/10.1016/j.chemosphere.2017.05.096
https://doi.org/10.1016/j.chemosphere.2017.05.096

C. Miller et al.

Hidalgo-Ruz, V., Gutow, L., Thompson, R.C., Thiel, M., 2012. Microplastics in the marine
environment: a review of the methods used for identification and quantification.
Environ. Sci. Technol. 46, 3060-3075.

Holmes, L.A., Turner, A., Thompson, R.C., 2012. Adsorption of trace metals to plastic
resin pellets in the marine environment. Environ. Pollut. 160, 42-48. https://doi.
0rg/10.1016/j.envpol.2011.08.052.

Holmes, L.A., Turner, A., Thompson, R.C., 2014. Interactions between trace metals and
plastic production pellets under estuarine conditions. Mar. Chem. 167, 25-32.
https://doi.org/10.1016/j.marchem.2014.06.001.

Hoover, J.H., Coker, E., Barney, Y., Shuey, C., Lewis, J., 2018. Spatial clustering of metal
and metalloid mixtures in unregulated water sources on the Navajo Nation —
Arizona, New Mexico, and Utah, USA. Sci. Total Environ. 633, 1667-1678. https://
doi.org/10.1016/j.scitotenv.2018.02.288.

Horton, A.A., Walton, A., Spurgeon, D.J., Lahive, E., Svendsen, C., 2017. Microplastics in
freshwater and terrestrial environments: evaluating the current understanding to
identify the knowledge gaps and future research priorities. Sci. Total Environ. 586,
127-141.

Huerta Lwanga, E., Gertsen, H., Gooren, H., Peters, P., Salanki, T., van der Ploeg, M.,
Besseling, E., Koelmans, A.A., Geissen, V., 2017. Incorporation of microplastics from
litter into burrows of Lumbricus terrestris. Environ. Pollut. 220, 523-531. https://
doi.org/10.1016/j.envpol.2016.09.096.

Ilton, E.S., Wang, Z., Boily, J.F., Qafoku, O., Rosso, K.M., Smith, S.C., 2012. The effect of
pH and time on the extractability and speciation of uranium(VI) sorbed to SiO2.
Environ. Sci. Technol. 46, 6604-6611. https://doi.org/10.1021/es300501v.

Jin, T., Tang, J., Lyu, H., Wang, L., Gillmore, A.B., Schaeffer, S.M., 2022. Activities of
microplastics (MPs) in agricultural soil: a review of MPs pollution from the
perspective of agricultural ecosystems. J. Agric. Food Chem. 70, 4182-4201. https://
doi.org/10.1021/acs.jafc.1c07849.

Johansen, M.P., Cresswell, T., Davis, J., Howard, D.L., Howell, N.R., Prentice, E., 2019.
Biofilm-enhanced adsorption of strong and weak cations onto different microplastic
sample types: use of spectroscopy, microscopy and radiotracer methods. Water Res.
158, 392-400. https://doi.org/10.1016/j.watres.2019.04.029.

Kar, A.S., Kumar, S., Tomar, B.S., 2012. U(VI) sorption by silica: effect of complexing
anions. Colloids Surfaces A Physicochem. Eng. Asp. 395, 240-247. https://doi.org/
10.1016/j.colsurfa.2011.12.038.

Lauchli, A., Grattan, S.R., 2017. Plant stress under non-optimal soil pH. Plant Stress
Physiology. 201-216.

Laurette, J., Larue, C., Mariet, C., Brisset, F., Khodja, H., Bourguignon, J., Carriere, M.,
2012. Influence of uranium speciation on its accumulation and translocation in three
plant species: oilseed rape, sunflower and wheat. Environ. Exp. Bot. 77, 96-107.
https://doi.org/10.1016/j.envexpbot.2011.11.007.

Lefebvre, P., Mangeret, A., Gourgiotis, A., Louvat, P., Le Pape, P., Sabatier, P., Diez, O.,
Cazala, C., Gaillardet, J., Morin, G., 2023. Geochemical controls on the uranium
cycle in a lake watershed. ACS Earth Sp. Chem. 7, 972-985. https://doi.org/
10.1021/acsearthspacechem.2c00348.

Lenaker, P.L., Baldwin, A.K., Corsi, S.R., Mason, S.A., Reneau, P.C., Scott, J.W., 2019.
Vertical distribution of microplastics in the water column and surficial sediment
from the Milwaukee river basin to Lake Michigan. Environ. Sci. Technol. 53,
12227-12237. https://doi.org/10.1021/acs.est.9b03850.

Li, M., Wu, Dedong, Wu, Di, Guo, H., Han, S., 2021. Influence of polyethylene-
microplastic on environmental behaviors of metals in soil. Environ. Sci. Pollut. Res.
28, 28329-28336. https://doi.org/10.1007/s11356-021-12718-y.

Li, Y., Zhang, Y., Su, F., Wang, Y., Peng, L., Liu, D., 2022. Adsorption behaviour of
microplastics on the heavy metal Cr(VI) before and after ageing. Chemosphere 302,
134865. https://doi.org/10.1016/j.chemosphere.2022.134865.

Li, X., Kong, Y., Juhasz, A.L., Zhou, P., Zhang, Q., Cui, X., 2023. Effect of microplastic
types on the In vivo bioavailability of polychlorinated biphenyls. Environ. Sci.
Technol. https://doi.org/10.1021/acs.est.3c04068.

Liu, P., Zhan, X., Wu, X,, Li, J., Wang, H., Gao, S., 2020. Effect of weathering on
environmental behavior of microplastics: properties, sorption and potential risks.
Chemosphere 242, 125193. https://doi.org/10.1016/j.chemosphere.2019.125193.

Liu, S., Huang, J.H., Zhang, W., Shi, L.X,, Yi, K.X., Yu, H.B., Zhang, C.Y., Li, S.Z., Li, J.N.,
2022a. Microplastics as a vehicle of heavy metals in aquatic environments: a review
of adsorption factors, mechanisms, and biological effects. J. Environ. Manage. 302,
113995 https://doi.org/10.1016/j.jenvman.2021.113995.

Liu, Q., Wu, H., Chen, J., Guo, B., Zhao, Xiufang, Lin, H., Li, W., Zhao, Xin, Lv, S.,
Huang, C., 2022b. Adsorption mechanism of trace heavy metals on microplastics and
simulating their effect on microalgae in river. Environ. Res. 214, 113777 https://doi.
org/10.1016/j.envres.2022.113777.

Liu, B., Zhao, S., Qiu, T., Cui, Q., Yang, Y., Li, L., Chen, J., Huang, M., Zhan, A., Fang, L.,
2024. Interaction of microplastics with heavy metals in soil: mechanisms,
influencing factors and biological effects. Sci. Total Environ. 918, 170281 https://
doi.org/10.1016/j.scitotenv.2024.170281.

Luo, Y., Zhang, Y., Xu, Y., Guo, X., Zhu, L., 2020. Distribution characteristics and
mechanism of microplastics mediated by soil physicochemical properties. Sci. Total
Environ. 726, 138389 https://doi.org/10.1016/j.scitotenv.2020.138389.

Machado, A.A.D.S., Lau, C.W., Kloas, W., Bergmann, J., Bachelier, J.B., Faltin, E.,
Becker, R., Gorlich, A.S., Rillig, M.C., 2019. Microplastics can change soil properties
and affect plant performance. Environ. Sci. Technol. 53, 6044-6052. https://doi.
org/10.1021/acs.est.9b01339.

Mao, R., Lang, M., Yu, X., Wu, R., Yang, X., Guo, X., 2020. Aging mechanism of
microplastics with UV irradiation and its effects on the adsorption of heavy metals.
J. Hazard. Mater. 393, 122515 https://doi.org/10.1016/j.jhazmat.2020.122515.

Massey, M.S., Lezama-Pacheco, J.S., Nelson, J.M., Fendorf, S., Maher, K., 2014. Uranium
incorporation into amorphous silica. Environ. Sci. Technol. 48, 8636-8644. https://
doi.org/10.1021/es501064m.

10

Science of the Total Environment 926 (2024) 171834

McLemore, V.T., 2014. Uranium-cradle to grave (P.C. Burns and G.E. Sigmon). Econ.
Geol. 109, 1802-1803. https://doi.org/10.1177/1748895811401979.

Meza, 1., Hua, H., Gagnon, K., Mulchandani, A., Gonzalez-Estrella, J., Burns, P.C., Ali, A.
M.S., Spilde, M., Peterson, E., Lichtner, P., Cerrato, J.M., 2023. Removal of aqueous
uranyl and arsenate mixtures after reaction with limestone, PO43-, and Ca2+.
Environ. Sci. Technol. 57, 20881-20892. https://doi.org/10.1021/acs.est.3c03809.

Min, K., Lehmeier, C.A., Ballantyne, F., Tatarko, A., Billings, S.A., 2014. Differential
effects of pH on temperature sensitivity of organic carbon and nitrogen decay. Soil
Biol. Biochem. 76, 193-200. https://doi.org/10.1016/].s0ilbio.2014.05.021.

Mitrano, D.M., Wick, P., Nowack, B., 2021. Placing nanoplastics in the context of global
plastic pollution. Nat. Nanotechnol. 16, 491-500. https://doi.org/10.1038/541565-
021-00888-2.

Nye, P.H., 1982. Changes of pH across the rhizosphere induced by roots. Plant and Soil
61, 7-26.

Pincus, L.N., Pattammattel, A., Leshchev, D., Zhao, K., Stavitski, E., Chu, Y.S., Myneni, S.
C.B., 2023. Rapid accumulation of soil inorganics on plastics: implications for plastic
degradation and contaminant fate. Environ. Sci. Technol. Lett. 10, 538-542. https://
doi.org/10.1021/acs.estlett.3c00241.

Piovano, A., Morra, E., Chiesa, M., Groppo, E., 2017. Tuning the Ti3+ and Al3+ synergy
in an A1203/TiClx catalyst to modulate the grade of the produced polyethylene. ACS
Catal. 7, 4915-4921. https://doi.org/10.1021/acscatal.7b01284.

Purwiyanto, A.LS., Suteja, Y., Trisno P.S., Ningrum, Putri, W.A.E.,

Rozirwan F., Agustriani, Fauziyah M.R., Cordova, Koropitan, A.F., 2020.
Concentration and adsorption of Pb and Cu in microplastics: case study in aquatic
environment. Mar. Pollut. Bull. 158, 111380 https://doi.org/10.1016/j.
marpolbul.2020.111380.

Quiambao, J., Hess, K.Z., Johnston, S., El Hayek, E., Noureddine, A., Ali, A.-M.S.,
Spilde, M., Brearley, A., Lichtner, P., Cerrato, J.M., Howe, K.J., Gonzalez-Estrella, J.,
2023. Interfacial interactions of uranium and arsenic with microplastics: from field
detection to controlled laboratory tests. Environ. Eng. Sci. 00, 1-12. https://doi.org/
10.1089/ees.2023.0054.

Ravalli, F., Yu, Y., Bostick, B.C., Chillrud, S.N., Schilling, K., Basu, A., Navas-Acien, A.,
Nigra, A.E., 2022. Sociodemographic inequalities in uranium and other metals in
community water systems across the USA, 2006-11: a cross-sectional study. Lancet
Planet. Heal. 6, €320-e330. https://doi.org/10.1016/52542-5196(22)00043-2.

Redondo-Hasselerharm, P.E., Rico, A., Koelmans, A.A., 2023. Risk assessment of
microplastics in freshwater sediments guided by strict quality criteria and data
alignment methods. J. Hazard. Mater. 441, 129814 https://doi.org/10.1016/j.
jhazmat.2022.129814.

Reichert, J., Tirpitz, V., Plaza, K., Worner, E., Bosser, L., Kiihn, S., Primpke, S.,
Schubert, P., Ziegler, M., Wilke, T., 2024. Common types of microdebris affect the
physiology of reef-building corals. Sci. Total Environ. 912 https://doi.org/10.1016/
j.scitotenv.2023.169276.

Ren, Z., Gui, X., Xu, X., Zhao, L., Qiu, H., Cao, X., 2021. Microplastics in the soil-
groundwater environment: aging, migration, and co-transport of contaminants — a
critical review. J. Hazard. Mater. 419, 126455 https://doi.org/10.1016/j.
jhazmat.2021.126455.

Rochman, C.M., Hentschel, B.T., The, S.J., 2014. Long-term sorption of metals is similar
among plastic types: implications for plastic debris in aquatic environments. PloS
One 9. https://doi.org/10.1371/journal.pone.0085433.

Rout, S., Patra, A., Yadav, S., Wagh, S., Pulhani, V., Saradhi, I.V., Kumar, A.V., 2024.
Uranium bioavailability in soil pore water: a long-term investigation in a
contaminated soil mesocosm. Sci. Total Environ. 907, 167899 https://doi.org/
10.1016/j.scitotenv.2023.167899.

Rudolph, N., Voss, S., Moradi, A.B., Nagl, S., Oswald, S.E., 2013. Spatio-temporal
mapping of local soil pH changes induced by roots of lupin and soft-rush. Plant and
Soil 369, 669-680. https://doi.org/10.1007/s11104-013-1775-0.

de Ruijter, V.N., Hof, M., Kotorou, P., van Leeuwen, J., van den Heuvel-Greve, M.J.,
Roessink, 1., Koelmans, A.A., 2023. Microplastic effect tests should use a standard
heterogeneous mixture: multifarious impacts among 16 benthic invertebrate species
detected under ecologically relevant test conditions. Environ. Sci. Technol. 57,
19430-19441. https://doi.org/10.1021 /acs.est.3c06829.

Ruiz, O., Thomson, B.M., Cerrato, J.M., 2016. Investigation of in situ leach (ISL) mining
of uranium in New Mexico and post-mining reclamation. New Mex. Geol. 38, 77-85.

Saleh, A.S., Lee, J.Y., Jo, Y., Yun, J. I, 2018. Uranium(VI) sorption complexes on silica in
the presence of calcium and carbonate. J. Environ. Radioact. 182, 63-69. https://
doi.org/10.1016/j.jenvrad.2017.11.006.

Saunders, J.A., Pivetz, B.E., Voorhies, N., Wilkin, R.T., 2016. Potential aquifer
vulnerability in regions down-gradient from uranium in situ recovery (ISR) sites.

J. Environ. Manage. 183, 67-83. https://doi.org/10.1016/j.jenvman.2016.08.049.

Schefer, R.B., Armanious, A., Mitrano, D.M., 2023. Eco-Corona formation on plastics:
adsorption of dissolved organic matter to pristine and photochemically weathered
polymer surfaces. Environ. Sci. Technol. https://doi.org/10.1021/acs.est.3c04180.

Schlegel, M.L., Descostes, M., 2009. Uranium uptake by hectorite and montmorillonite: a
solution chemistry and polarized EXAFS study. Environ. Sci. Technol. 43,
8593-8598. https://doi.org/10.1021/es902001k.

Shen, N, Li, J., Guo, Y., Li, X., 2020. Thermodynamic modeling of in situ leaching of
sandstone-type uranium minerals. J. Chem. Eng. Data 65, 2017-2031. https://doi.
org/10.1021/acs.jced.9b01152.

Song, Y.K., Hong, S.H., Jang, M., Han, G.M., Jung, S.W., Shim, W.J., 2017. Combined
effects of UV exposure duration and mechanical abrasion on microplastic
fragmentation by polymer type. Environ. Sci. Technol. 51, 4368-4376. https://doi.
org/10.1021/acs.est.6b06155.

Sun, A., Wang, W., 2023. Human exposure to microplastics and its associated health
risks. Environ. Sci. Technol. 1, 139-149. https://doi.org/10.1021/
envhealth.3c00053.


http://refhub.elsevier.com/S0048-9697(24)01977-6/rf0175
http://refhub.elsevier.com/S0048-9697(24)01977-6/rf0175
http://refhub.elsevier.com/S0048-9697(24)01977-6/rf0175
https://doi.org/10.1016/j.envpol.2011.08.052
https://doi.org/10.1016/j.envpol.2011.08.052
https://doi.org/10.1016/j.marchem.2014.06.001
https://doi.org/10.1016/j.scitotenv.2018.02.288
https://doi.org/10.1016/j.scitotenv.2018.02.288
http://refhub.elsevier.com/S0048-9697(24)01977-6/rf0195
http://refhub.elsevier.com/S0048-9697(24)01977-6/rf0195
http://refhub.elsevier.com/S0048-9697(24)01977-6/rf0195
http://refhub.elsevier.com/S0048-9697(24)01977-6/rf0195
https://doi.org/10.1016/j.envpol.2016.09.096
https://doi.org/10.1016/j.envpol.2016.09.096
https://doi.org/10.1021/es300501v
https://doi.org/10.1021/acs.jafc.1c07849
https://doi.org/10.1021/acs.jafc.1c07849
https://doi.org/10.1016/j.watres.2019.04.029
https://doi.org/10.1016/j.colsurfa.2011.12.038
https://doi.org/10.1016/j.colsurfa.2011.12.038
http://refhub.elsevier.com/S0048-9697(24)01977-6/rf0225
http://refhub.elsevier.com/S0048-9697(24)01977-6/rf0225
https://doi.org/10.1016/j.envexpbot.2011.11.007
https://doi.org/10.1021/acsearthspacechem.2c00348
https://doi.org/10.1021/acsearthspacechem.2c00348
https://doi.org/10.1021/acs.est.9b03850
https://doi.org/10.1007/s11356-021-12718-y
https://doi.org/10.1016/j.chemosphere.2022.134865
https://doi.org/10.1021/acs.est.3c04068
https://doi.org/10.1016/j.chemosphere.2019.125193
https://doi.org/10.1016/j.jenvman.2021.113995
https://doi.org/10.1016/j.envres.2022.113777
https://doi.org/10.1016/j.envres.2022.113777
https://doi.org/10.1016/j.scitotenv.2024.170281
https://doi.org/10.1016/j.scitotenv.2024.170281
https://doi.org/10.1016/j.scitotenv.2020.138389
https://doi.org/10.1021/acs.est.9b01339
https://doi.org/10.1021/acs.est.9b01339
https://doi.org/10.1016/j.jhazmat.2020.122515
https://doi.org/10.1021/es501064m
https://doi.org/10.1021/es501064m
https://doi.org/10.1177/1748895811401979
https://doi.org/10.1021/acs.est.3c03809
https://doi.org/10.1016/j.soilbio.2014.05.021
https://doi.org/10.1038/s41565-021-00888-2
https://doi.org/10.1038/s41565-021-00888-2
http://refhub.elsevier.com/S0048-9697(24)01977-6/rf0320
http://refhub.elsevier.com/S0048-9697(24)01977-6/rf0320
https://doi.org/10.1021/acs.estlett.3c00241
https://doi.org/10.1021/acs.estlett.3c00241
https://doi.org/10.1021/acscatal.7b01284
https://doi.org/10.1016/j.marpolbul.2020.111380
https://doi.org/10.1016/j.marpolbul.2020.111380
https://doi.org/10.1089/ees.2023.0054
https://doi.org/10.1089/ees.2023.0054
https://doi.org/10.1016/S2542-5196(22)00043-2
https://doi.org/10.1016/j.jhazmat.2022.129814
https://doi.org/10.1016/j.jhazmat.2022.129814
https://doi.org/10.1016/j.scitotenv.2023.169276
https://doi.org/10.1016/j.scitotenv.2023.169276
https://doi.org/10.1016/j.jhazmat.2021.126455
https://doi.org/10.1016/j.jhazmat.2021.126455
https://doi.org/10.1371/journal.pone.0085433
https://doi.org/10.1016/j.scitotenv.2023.167899
https://doi.org/10.1016/j.scitotenv.2023.167899
https://doi.org/10.1007/s11104-013-1775-0
https://doi.org/10.1021/acs.est.3c06829
http://refhub.elsevier.com/S0048-9697(24)01977-6/rf0385
http://refhub.elsevier.com/S0048-9697(24)01977-6/rf0385
https://doi.org/10.1016/j.jenvrad.2017.11.006
https://doi.org/10.1016/j.jenvrad.2017.11.006
https://doi.org/10.1016/j.jenvman.2016.08.049
https://doi.org/10.1021/acs.est.3c04180
https://doi.org/10.1021/es902001k
https://doi.org/10.1021/acs.jced.9b01152
https://doi.org/10.1021/acs.jced.9b01152
https://doi.org/10.1021/acs.est.6b06155
https://doi.org/10.1021/acs.est.6b06155
https://doi.org/10.1021/envhealth.3c00053
https://doi.org/10.1021/envhealth.3c00053

C. Miller et al.

Tang, S., Lin, L., Wang, X., Feng, A., Yu, A., 2020. Pb(I) uptake onto nylon microplastics:
interaction mechanism and adsorption performance. J. Hazard. Mater. 386, 121960
https://doi.org/10.1016/j.jhazmat.2019.121960.

Tang, Z., Zhu, F., Jiang, T., Wei, F., Gao, Y., Xiang, C., Duan, Y., Hua, Y., Zhou, S.,
Wang, Y., 2023. Oxygen-containing functional groups enhance uranium adsorption
by aged polystyrene microplastics: experimental and theoretical perspectives. Chem.
Eng. J. 465, 142730 https://doi.org/10.1016/j.cej.2023.142730.

Tziourrou, P., Kordella, S., Ardali, Y., Papatheodorou, G., Karapanagioti, H.K., 2021.
Microplastics formation based on degradation characteristics of beached plastic
bags. Mar. Pollut. Bull. 169, 112470 https://doi.org/10.1016/j.
marpolbul.2021.112470.

Violante, A., Pigna, M., 2002. Competitive sorption of arsenate and phosphate on
different clay minerals and soils. Oil Sci. Soc. Am. J. 66, 1788-1796.

Wang, H.T., Ding, J., Xiong, C., Zhu, D., Li, G., Jia, X.Y., Zhu, Y.G., Xue, X.M., 2019.
Exposure to microplastics lowers arsenic accumulation and alters gut bacterial
communities of earthworm Metaphire californica. Environ. Pollut. 251, 110-116.
https://doi.org/10.1016/j.envpol.2019.04.054.

Wang, Q., Zhang, Y., Wangjin, X., Wang, Y., Meng, G., Chen, Y., 2020. The adsorption
behavior of metals in aqueous solution by microplastics effected by UV radiation.
J. Environ. Sci. (China) 87, 272-280. https://doi.org/10.1016/j.jes.2019.07.006.

11

Science of the Total Environment 926 (2024) 171834

Wang, L., Bank, M.S., Rinklebe, J., Hou, D., 2023. Plastic-rock complexes as hotspots for
microplastic generation. Environ. Sci. Technol. 57, 7009-7017. https://doi.org/
10.1021/acs.est.3¢00662.

Wen, H., Pan, Z., Giammar, D., Li, L., 2018. Enhanced uranium immobilization by
phosphate amendment under variable geochemical and flow conditions: insights
from reactive transport modeling. Environ. Sci. Technol. 52, 5841-5850. https://
doi.org/10.1021/acs.est.7b05662.

Xia, F., Yao, Q., Zhang, J., Wang, D., 2021. Effects of seasonal variation and resuspension
on microplastics in river sediments. Environ. Pollut. 286, 117403 https://doi.org/
10.1016/j.envpol.2021.117403.

Xiong, X., Wang, J., Liu, J., Xiao, T., 2024. Microplastics and potentially toxic elements: a
review of interactions, fate and bioavailability in the environment. Environ. Pollut.
340, 122754 https://doi.org/10.1016/j.envpol.2023.122754.

Zhang, L., Dong, H., Li, R., Liu, D., Bian, L., Chen, Y., Pan, Z., Boyanov, M.1., Kemner, K.
M., Wen, J., Xia, Q., Chen, H., O’Loughlin, E.J., Wang, G., Huang, Y., 2022. Effect of
siderophore DFOB on U(VI) adsorption to clay mineral and its subsequent reduction
by an iron-reducing bacterium. Environ. Sci. Technol. 56, 12702-12712. https://doi.
org/10.1021/acs.est.2c02047.


https://doi.org/10.1016/j.jhazmat.2019.121960
https://doi.org/10.1016/j.cej.2023.142730
https://doi.org/10.1016/j.marpolbul.2021.112470
https://doi.org/10.1016/j.marpolbul.2021.112470
http://refhub.elsevier.com/S0048-9697(24)01977-6/rf0440
http://refhub.elsevier.com/S0048-9697(24)01977-6/rf0440
https://doi.org/10.1016/j.envpol.2019.04.054
https://doi.org/10.1016/j.jes.2019.07.006
https://doi.org/10.1021/acs.est.3c00662
https://doi.org/10.1021/acs.est.3c00662
https://doi.org/10.1021/acs.est.7b05662
https://doi.org/10.1021/acs.est.7b05662
https://doi.org/10.1016/j.envpol.2021.117403
https://doi.org/10.1016/j.envpol.2021.117403
https://doi.org/10.1016/j.envpol.2023.122754
https://doi.org/10.1021/acs.est.2c02047
https://doi.org/10.1021/acs.est.2c02047

	Uranium accumulation in environmentally relevant microplastics and agricultural soil at acidic and circumneutral pH
	1 Introduction
	2 Materials and methods
	2.1 Preparation and characterization of HDPE plastic particles
	2.2 Soil characterization
	2.3 Batch experiments for aqueous U interaction with HDPE and agricultural soil
	2.4 Chemical equilibrium modeling
	2.5 Statistical analysis

	3 Results and discussion
	3.1 Characterization of HDPE plastic particles
	3.2 Aqueous uranium removal in water mixed with HDPE and agricultural soil at pH ​5 and pH ​7.5
	3.3 Detection of soil inorganics on the surface of HDPE particles following two weeks of agitation in water
	3.4 Uranium precipitation on HDPE surface at pH ​5 and pH ​7.5

	4 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


