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Abstract: Microplastics and radionuclides pose significant challenges to the sustainable management of water
systems. The interaction of uranium-232 and americium-241 with polyurethane (PU) and polylactic acid (PLA)
microplastics has been investigated in aqueous laboratory and environmental solutions (e.g., seawater and
wastewater) as a function of temperature in various pH (4, 7, 9). The temperature increase affects positively the
binding of uranium-232 and americium-241. The highest adsorption efficiency for uranium and americium is
observed at the neutral and alkaline pH region, respectively. In environmental water samples (pH ~8) the
adsorption efficiency decreases significantly due to the competitive adsorption of other metals present in
natural waters (e.g., Ca?") as well as the stabilization of the actinides (particularly uranium) in solution (e.g.,
UO2(COs)3*). The solution composition which governs both the actinide speciation, and the type of surface-
active sites is strongly associated with the surface adsorption thermodynamics and determines the values of
the associated parameters (AH° and AS°). Generally, the values of AH? and ASe are positive indicating an
entropy-driven reaction. However, in the case of the U(VI) adsorption by PLA in seawater samples both AH°
and ASe values become negative suggesting an enthalpy-driven binding mechanism associated with a decline
in randomness at the surface upon adsorption.

Keywords: radionuclides; microplastics (MPs); polyurethane (PU); polylactic acid (PLA); uranium
(U-232); americium (Am-241)

1. Introduction

The intertwining interaction of two emerging pollutants, namely radionuclides and
microplastics, within water systems, seawater, and wastewater poses a significant challenge to the
sustainable management of aqueous systems, thus research on their occurrence in the environment
as well as how they behave in artificial and natural systems in media including water, seawater, and
wastewater should be given the highest priority. Radionuclides, stemming from nuclear activities
and events, introduce radioactive isotopes into water bodies, presenting potential hazards to both
ecosystems and human health [1]. Concurrently, microplastics, minute plastic particles prevalent in
water due to waste and industrial activities, compound the pollution issue, while their persistence
and ability to accumulate in marine life and subsequently enter the human food chain highlight the
urgency to mitigate their spread [2]. The sustainable water management principles advocate for a
systemic approach to minimize waste and maximize resource efficiency, emphasizing the importance
of managing these pollutants through integrated strategies [1]. Addressing the coexistence of
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radionuclides and microplastics, as well as the adsorption and transport of radionuclides by
microplastics, demands innovative waste management techniques, improved water treatment
technologies, and a transition towards eco-friendly materials to ensure the sustainable management
of water resources and the protection of marine ecosystems. Striking a balance in tackling these
pollutants aligns with long-term sustainability, aiming for a harmonious relationship between
human activities and the environment.

Heavy metals are regarded as environmental contaminants because of their toxic effects,
persistence, and biological accumulation in both soil and water systems [3]. A number of radioactive
metals, including uranium (U), and Americium (Am), which belong also in this category, are of
particular concern [4,5]. Various studies report that microplastics (MPs) are capable of adsorbing
heavy metals ions including radionuclides in aqueous systems [1,6]. Due to their toxicity and the
prolonged half-lives of some actinides, contaminated waters with actinide levels above those advised
by the World Health Organization (WHO) and the United States Environmental Protection Agency
(USEPA) may result in major health issues [7,8]. The accumulation of toxic radioactive metals may
endanger the health of living organisms, including humans, thus it is mandatory to measure and
monitor the levels of radionuclides in the geosphere, as well as to study their migration into MPs,
since the latter can serve as a transfer medium into organisms.

1.1. Uranium and Americium Characteristics and Occurrence

Uranium is a natural element, which exists in the form of three radio-isotopes: uranium-238,
uranium-235, and uranium-234 [1]. Due to their modest radioactivity, there is only a little amount of
background radiation in the natural world, with uranium-238 making more than 99% of the naturally
existing element, whereas uranium-234 is present in very small quantities (less than 1%) and belongs
to the uranium-238 decay series. In aqueous solutions uranium may exist in four distinct oxidation
states (e.g., III, IV, V, and VI), with IV and VI oxidation states being the prevalent forms in
environmental systems. Uranium can be found in waters, soils, and rocks, with the Ilatter
disintegrating into tiny fragments and colloidal particles that can be deposited in soil and carried by
air and water into surface waterways such as streams and lakes. Human activities related to the
uranium fuel cycle, including mining and milling processes, as well as using chemicals to dissolve
uranium from subterranean rocks into groundwater can contribute to the presence of uranium in the
biosphere [9]. On the other hand, americium is a man-made element classified as part of the actinide
group, with an atomic number of 95 [10,11]. Its chemical behavior is quite similar to that of trivalent
lanthanides, and its most stable oxidation state in waters is Am(III). The interaction of dissolved
species of americium with colloids, minerals, and rocks has an essential effect on the way that species
spreads through the geosphere [12]. Americium-241 is the most abundant isotope and can be found
in the environment through various sources [11], which include atmospheric nuclear weapons tests,
or releases from nuclear power and reprocessing plants (such as Sellafield, La Hague, and Mayak),
as well as nuclear-related accidents such as Palomares in 1966, Thule in 1968, Chernobyl in 1986, and
Fukushima in 2011 [11,13]. Americium-241 is typically found conjugated in minute airborne
fragments, and when these fragments are released into the atmosphere, they have the potential to
precipitate into soil, water, and sediments. Consequently, americium-241 has entered the
environment to different extents and therefore, it is crucial to analyze it in the environment for
monitoring purposes and study its migration and impact in the environment, including potential
radiation risks [14,15].

1.2. Polyurethane Production and Applications

Polyurethanes (PU) are condensation products of polyisocyanates and polyols and have
intramolecular urethane bonds (carbonate ester bonds, -NHCOO-) [16]. It is a versatile polymer that
is widely used because of its desired properties such as excellent mechanical strength, resistance to
wear and tear, and flexibility [17]. Polyurethanes are used in a variety of industries, including
construction, automotive, furniture, and footwear. They are a key material in products such as
sponges, tires, paints, insulation, coats, fibers, foam cushions, and adhesives [18-20]. Additionally, it
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is used in medical devices such as catheters and artificial heart valves, as it is vulnerable to microbial
attack [17]. Fungi and bacteria degrade polyester-polyurethane through enzyme-based hydrolysis of
the ester bonds [20]. In the literature, three types of PU degradation have been identified: fungal and
bacterial, and enzymatic degradation [19,20]. Polyurethane can be produced in different forms
including flexible and rigid foams, coatings, and elastomers. Each form has its unique set of
properties and is suitable for different applications [21].

1.3. Polyurethane Adsorption Studies

PU foam has been extensively used for the accumulation or removal of organic and inorganic
species from aqueous solutions, thus it is widely studied in adsorption thermodynamics, particularly
in the field of wastewater treatment for the effective removal of pollutants [22]. Mingtian L. et al
(2016) studied the adsorption efficiency of polyurethane foams based on sodium alginate for
methylene blue (MB) in a water solution. The adsorption behavior of the PF-SA was significantly
influenced by the contact time, dose of the adsorbent, pH of the MB solution, temperature, and initial
concentration of the MB. For an MB solution with a concentration lower than 2000 mg L, the
elimination efficiency of MB could reach as high as 99% under ideal testing conditions. At higher
concentrations, the maximum adsorption capacity for an MB solution could be as high as 1000 mg g-
! and the pseudo-second-order model provided a good fit to the kinetic data. According to the
computed values of AG?, AH?, and AS? at various temperatures, the adsorption was an endothermic,
spontaneous process [18]. Clares et al. (2015) investigated cadmium removal by Anabaena sp. ATCC
33047, which was immobilized into polyurethane foam. The outcomes indicated that cadmium
removal from wastewater was a quick process, fitting better to Langmuir model, while maximum
adsorption capacity reached 162 mg Cd(Il) per gram dry biomass [23].

Bondareva and Fedorova investigated the capacity of a synthetic sorption material attached to a
polyurethane foam sheet that is coated with iron(Ill) oxyhydroxide and manganese(IV) dioxide to
purify surface water samples from radionuclides and heavy metals. Several experiments were
conducted using water samples contaminated with various toxic metals and radionuclides (e.g., Pb%,
Hg?, Cd?", Cu?, U-238, Cs-137, Pu-242) to demonstrate the effectiveness of the composite materials
for water decontamination from radionuclides and other toxic metals. The simplicity and
effectiveness, and preservation of desired qualities were the key benefits of the suggested sorption
materials [24]. Zhu and his team (2018) designed and synthesized a number of compositionally
different thermogelling polyurethane copolymers that could be injected into tumor during
brachytherapy in order to overcome a potential radiopharmaceutical leakage from the tumor [25].
Kaur et al. (2016) investigated the potential of radionuclide removal by a hydrogel impregnated
polyurethane foam from contaminated blood and other biological fluids and could show high Tc-99
removal ability [26].

Chen et al. (2022) studied the decontamination of surfaces in the case of nuclear accidents and
nuclear decommissioning using an eco-friendly foam detergent [27]. Youssef et al. (2022) investigated
the adsorption of hexavalent uranium onto polyether type polyurethane foam in aquatic solutions.
The effect of various parameters such as pH, uranium-ion concentration, temperature, and contact
time, on the removal efficiency were examined using batch-type experiments. The outcomes
demonstrated that a pseudo-second-order kinetic equation could adequately describe the U(VI)
adsorption process (qe = 26.3), while the Langmuir isotherm model could accurately describe the
adsorption process, and indicated that polyurethane polymer foam is a suitable material for uranium
sorption [28].

1.4. Polylactic Acids Production and Applications

Polylactic acids (PLAs) are of the most well-known thermoplastic polyester MPs that are
environmentally friendly as they are biodegradable, biocompatible, and bio-based polyester and
have been shown to be ambitious substitutes for petroleum-derived MPs [29]. They are formally
generated by lactic acid condensation or polymerization by ring-opening of the cyclic dimer lactide.
Moreover, their most important advantage is found in their production process, as PLAs can be
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produced from various biopolymers, such as cellulose, corn, starch or other carbohydrates [30,31].
Therefore, PLAs find wide application in everyday life such as food packaging and beverage
containers [32,33], and the textile industry [34]. PLAs also find applications in the automotive
industry as a substitute for conventional plastics commonly used (e.g., poly(ethylene terephthalate)
(PET), acrylonitrile butadiene styrene (ABS), polypropylene (PP) and polycarbonate (PC)) [35,36]. In
the agricultural sector, PLAs are precursor materials for the manufacture of hydrophobic nets as a
replacement for traditional materials applied in outdoor applications [37]. Additionally, PLAs have
application in the biomedical field as a support for one of the scaffolds intended for tissue engineering
purposes. Due to their excellent chemical, biomechanical, physical and degradation properties are
suitable materials for the restoration of blood vessels, bone, skin, cartilage, nerves, and muscles [38].
Further, PLAs appear to have several advantages that make them ideal for use in various sectors and
aspects of daily life, covering from single-use products to more permanent applications, surpassing
existing used polymers, making it the "polymer of the 21st century" [39]. Their demand is constantly
increasing, indicating that the percentage of PLAs released into environmental receivers is expected
to increase in near future [40,41]. However, the disadvantages of PLAs are mainly found in low
flexibility, poor crystallinity, ineffective gas barrier properties and the fact that PLAs are often contain
nanoparticles of organic and inorganic origin, including metals [30,31]. Recent studies have examined
PLA as a potential carrier for various contaminants into the environment, thus posing a threat to
freshwater, marine and terrestrial ecosystems [40,41].

1.5. Polylactic Acids Adsorption Studies

In a recent study Feng et al. (2023) used Prussian blue nanoparticles-PLA mixtures as adsorbents
for the treatment of cesium-containing wastewater and investigated the adsorption thermodynamics,
kinetics, and isotherm models [42]. It was found that at 293 K cesium ion adsorption capacity was
16.5 mg g and that the metal ion concentration was reduced from 40 mg L to 4.8 mg L. At the
optimum pH (5 < pH < 9), the maximum adsorption capacity was 17.0 mg g, and the equilibrium
was attained within 60 min. The adsorption isotherm and kinetic data were well fitted with the
Freundlich model and quasi-second-order fitting model, respectively, and the adsorption process was
an endothermic reaction.

Bearing in mind all the above, it can be concluded that studying the interaction between PU or
PLA and radionuclides (e.g., U and Am) is deemed necessary and of great interest. The present study
deals with various parameters that can affect the ability of MPs to adsorb and capture radionuclides,
such as the temperature impact on the actinide ion (uranium-232 and americium-241) adsorption by
polyurethane (PU) and polylactic acid (PLA) microplastics in laboratory aqueous solutions (at pH 4,
7 and 9) and natural water (seawater and wastewater) samples. The adsorption efficiency is described
in terms of the linear distribution coefficient Ka and the adsorption thermodynamics are described
by the standard enthalpy and entropy evaluated from the experimental data obtained from the
different systems for the two radionuclides. To the best of our knowledge this is the first study on the
adsorption of uranium and americium isotopes with PU and PLA microplastics and also the first
study dealing with the impact and the thermodynamics of radionuclide/actinide ion adsorption by
microplastics.

2. Results and Discussion

2.1. Temperature Effect on Radionuclide Adsorption by MPs in Lab Solutions

The temperature effect on the adsorption efficiency (Kd) of uranium (uranium-232) by PU and
PLA in the acidic, neutral, and alkaline pH region has been determined in de-ionized water solutions
and the associated data are visually presented in Figure 2. The experimental data clearly show that
increasing temperature favors the actinide adsorption indicating the endothermic character of the
radionuclide adsorption by the microplastics. In addition, it is obvious that the highest adsorption
efficiency is observed in the neutral pH region (pH 7).
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Figure 1. logKa values corresponding to the adsorption of U(VI) by a) PU and b) PLA as a function of
pH at three different temperatures. Experimental conditions: 20 mL of the solution in various pH (pH
=4,7,9), with 0.5 Bq mL" for both uranium-232 and americium-241 tracers, at different temperatures
(25, 35, 45 °C).

This can be ascribed to the stabilization of the positively charged UO2?* cation, which is the
predominant U(VI) species, in the acidic solution, as well as to the interaction of the protons with the
negatively polarized microplastic surface, which competes cation adsorption (Figure 3). On the other
hand, in the alkaline pH region (pH 9), the predominant formation of the tri-carbonate complex of
the hexavalent uranium (UO2(COs)s*) stabilizes the radionuclide in the aqueous phase and is
competitive to adsorption. Moreover, the data summarized in Figure 2 show that the two different
microplastic types (PU and PLA) present almost the same affinity for U(VI) in the acidic pH region
(pH 4) and in the neutral and basic pH region (pH 9) PU possesses higher affinity for U(VI).

O 2+
0 2+ e
\{:Hi %’C
3 YN 5- O
o” 030 it
I H Hy H 1 Hy Hp
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a) L b) R

Figure 2. Schematic interaction of U(VI) with a) PU and b) PLA.

The adsorption of Am(IIl) by PU and PLA is also an endothermic process, since increasing
temperature results generally in higher Kua values (Figure 4). However, the adsorption efficiency for
Am(III) increases with pH and the highest K4 values are obtained in the basic pH region. This could
be ascribed to the fact that the Am(III) species formed in the basic pH region (e.g. Am(COs)* and
Am(CO:s)s*) are compared to UO2(COs)s* less stable in the aqueous phase, resulting in higher
adsorption efficiency of Am(III) in the alkaline pH region compared to U(VI).

M esoc Masc Wasoc @ 25°c M as9C
W 359

log 10K, (Likg)

b)

Figure 3. logKa values for the adsorption of Am(III) by a) PU and b) PLA as a function of pH at three
different temperatures. Experimental conditions: 20 mL of the solution in various pH (pH =4, 7, 9),
with 0.5 Bq mL for both uranium-232 and americium-241 tracers, at different temperatures (25, 35,
45 °C).

Comparison of the present data with data obtained from experiments on the adsorption of
Am(IIl) and U(VI) by oxidized biochar using similar concentration levels suggests that the U(VI)
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adsorption is similarly an endothermic process, although the Ka values are several orders of
magnitude higher (4<logKa <5) [51]. On the contrary the Am(III) adsorption by oxidized biochar is
an exothermic reaction and the associated logKa values lie between 3 and 4 [52]. The higher Ka
values associated with the oxidized biochar can be ascribed to the higher chemical affinity of the
carboxylic groups, which are present on the biochar’s surface towards the hard Lewis acids (e.g.,
Am* and UO2?). In addition, high Ka values have been determined also for the adsorption of the
Am(III) and U(VI) isotopes by X-alginate aerogels [44]. The K4 values determined in the present study
are closer to corresponding Ka values determined for the adsorption of the same radionuclides by
PN6 and PE microplastics. The logKa values evaluated for the U(VI) adsorption by PN6, PVC and PE
are 2.2 <logKa < 3.4, 2.2 <logKa < 2.4 and 2.1 <logKu < 2.5, respectively [46]. On the other hand, the
logKa values evaluated for the Am(III) adsorption by PN6 and PE are 1.2 <logKa <2.8 and 0.7 < logKa
<2.0[50].

2.2. Temperature Effect on Radionuclide Adsorption by MPs in Laboratory Solutions Using Radionuclide
Mixtures

The impact of temperature on of U(VI) and Am(III) adsorption by the PU and PLA microplastics
has been also investigated using radionuclide mixtures in order to compare and prove the adsorption
behavior observed in the single radionuclide systems. The corresponding data are graphically
presented in Figure 5 and agree with the data obtained in the corresponding single radionuclide
systems. This is attributed to the fact that both radionuclides are in ultra-trace levels and their
concentration is several orders of magnitude lower than the equivalent concentration of the surface-

active sites, which results in a parallel, non-competitive adsorption behavior.
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Figure 4. logKa values for the adsorption of a radionuclide mixture (Am(III) and U(VI)) by a) PU
and b) PLA as a function of pH at three different temperatures. Experimental conditions: 20 mL of the
mix solution in various pH (pH =4, 7, 9), with 0.5 Bq mL- for each of uranium-232 and americium-
241 tracers, at different temperatures (25, 35, 45 °C).

Based on the data obtained from the temperature effect experiments, the thermodynamic
parameters AHe (standard enthalpy) and ASe (standard entropy) associated with the adsorption of
the two radionuclides by PU and PLA have been evaluated using the linear form of the Van’t Hoff
equation (equation 10 and the associated data are graphically shown in Figure 6.
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Figure 5. a) AH° and b) AS° values for the adsorption of a radionuclide mixture (Am(III) and U(VI))
by PU and PLA as a function of pH at three different temperatures. Experimental conditions: 20 mL


https://doi.org/10.20944/preprints202404.1795.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 April 2024 d0i:10.20944/preprints202404.1795.v1

of the mix solution in various pH (pH = 4, 7, 9), with 0.5 Bq mL" for each of uranium-232 and
americium-241 tracers, at different temperatures (25, 35, 45 °C).

The data presented in Figure 6 clearly indicate that the adsorption of both radionuclides (e.g.,
uranium-232 and americium-241) by PU and PLA is an endothermic, entropy-driven process. This
assumes that upon adsorption of each U(VI) and Am(III) radionuclide several water molecules are
released from the radionuclide coordination sphere resulting in increasing randomness at the
solid/solution interface upon adsorption.

2.3. Temperature Effect on Radionuclide Adsorption by MPs in Environmental Solutions

Furthermore, the temperature effect on the adsorption (logKa) of U(VI) and Am(III) by PU and
PLA has been investigated in seawater and wastewater solutions and the associated data are shown
in Figure 7. Considering that the pH values of the seawater and wastewater solutions is weak alkaline
(pH ~8) it appears that the Ka values associated with the environmental waters are significantly lower
than the corresponding K« values evaluated from experiments carried out in de-ionized water
solutions. This can be attributed to presence of competitor cations (e.g., Ca?* and Fe?*), which compete
for the active sites present on the microplastic surface and thus resulting in lower adsorption
efficiencies. A decline of the Ka values in seawaters and wastewaters compared to laboratory
solutions is observed also even to a greater extent when applying oxidized biochar [51,52], aerogels
[44] and other types of microplastics [46,50] to remove Am(III) and U(VI) from natural waters,
indicating a higher affinity of PU and PLA for the studied radionuclides. Specifically, in previous
studies, we have investigated the uranium-232 adsorption by polyethylene (PE), polyamide naylon
(PN6) and polyvinyl chloride (PVC) [46] and the americium-241 adsorption by PE and PN6 [50]. In
those studies [46,50], the parameters that can affect the ability of MPs to adsorb and capture
radionuclides included solution pH , contact time, and particle size, but not the temperature effect.
The resulting K4 values revealed intriguing insights: approximately 250 + 15 L kg for PE, 230 + 20 L
kg for PN6, and 270 + 50 L kg for PVC. Additionally, the adsorption of americium-241 on PE and
PNG6 resulted in Ka values of 100 and 680 L kg, respectively [50].

B 250C

b 8 26°C | Bif+ W a5
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SW-PU SW-PLA WW-FU WW-PLA SW-PU

Figure 6. logKa values evaluated for the adsorption of (a) U(VI) and (b) Am(III) by PU and PLA in
seawater (SW) and wastewater (WW) samples at three different temperatures. Experimental
conditions: 20 mL solution (SW and WW), 0.5 Bq mL- for both uranium-232 and americium-241
tracers, at different temperatures (25, 35, 45 °C).

According to the thermodynamic data summarized in Figure 8 the values of standard enthalpy
(AH°) and standard entropy (AS°) are positive except for the U(VI) adsorption by PLA in seawater
samples, where the AH° and ASe are both negative assuming degreasing randomness in the system
upon adsorption and an enthalpy-driven process. On the contrary, U(VI) adsorption by PU in
wastewater and seawater, and U(VI) adsorption by PLA in wastewater in an endothermic, entropy-
driven process, indicating that both, surface active moieties present on the microplastic surface as
well as aqueous phase composition are key factors governing the mechanism of the uranium
adsorption by microplastics.


https://doi.org/10.20944/preprints202404.1795.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 April 2024 d0i:10.20944/, rints202404.1795.v1

50
P ww-U 0

40 B sw-u

B sw W ww

30

20

AHC/ (k) mol™y
[/ (kI mal )

AH

PU PLA P ; - F‘l\

a) MP b) P

Figure 7. AH° values evaluated for the adsorption of (a) U(VI) and (b) Am(III) by PU and PLA in
seawater (SW) and wastewater (WW) samples at three different temperatures. Experimental
conditions: 20 mL solution (SW and WW), 0.5 Bq mL" for both uranium-232 and americium-241
tracers, at different temperatures (25, 35, 45 °C).
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Figure 8. AS° values evaluated for the adsorption of (a) U(VI) and (b) Am(II) by PU and PLA in
seawater (SW) and wastewater (WW) samples at three different temperatures. Experimental
conditions: 20 mL solution (SW and WW), 0.5 Bq mL" for both uranium-232 and americium-241
tracers, at different temperatures (25, 35, 45 °C).

3. Materials and Methods

The experiments were carried under ambient conditions in 30 mL polyethylene vials. The
standard tracer solutions, which have been used, were uranium-232 (National Physical Laboratory,
Teddington, UK) and americium-241 (North America Scientific Inc., Los Angeles, CA, USA) and had
a total activity concentration of 4.923 and 12.05 kBq g, respectively. These uranium-232 and
americium-241 standard solutions were used for the preparation of reference and test solutions,
which had generally an initial radioactivity concentration of 0.5 mBq mL.

The experiments were performed in laboratory solutions with a total volume of 20 mL. The
aqueous solutions used were deionized water (DI) at different pH (4, 7 and 9), seawater (SW, collected
from a coastal area of Cyprus) and wastewater (WW, corresponds to secondary treatment effluent,
supplied by a local water treatment facility of Cyprus), which were both physico-chemically
characterized in previous works [43,44]. Analysis of radionuclides uranium-232 and americium-
241 was performed by using an alpha spectrometer (Canberra) after electrodepositing a small amount
of sample onto stainless steel discs as described elsewhere [45].

3.1. Batch Experiments

Adsorption experiments were performed similarly to previous studies that have been performed
on the sorption of uranium-232 [46-48], Np-237 [49] and americium-241 [50] on MPs. To the separate
and mixtures solutions of uranium-232 and americium-241, were added 0.5 g of the MP material. The
final volume of the solution was 20 mL and the activity concentration of each isotope equal to 25 Bq
L1, corresponding to a molar concentration of [uranium-232] =86 fmol L' and [americium-241] = 0.82
pmol L. The experiments were carried out in PE vials under the various temperatures (25, 35, 45 °C)
and pH (4, 7 and 9) for the DI solutions. The solutions were allowed to equilibrate for 10 days, and a
small amount (100 uL) taken from the solution was withdrawn and electrodeposited. The
concentration of radionuclides was estimated by alpha spectroscopy. The alpha spectrometer used
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had been previously calibrated by using a standard reference solution and a calibration source (1.02
Bq mL- standard reference solution uranium-232 and 6.6 Bq (total) uranium-238/234, plutonium-239,
americium-241 mixed standard on planchet from Eckert & Ziegler).

222y 241z

prior J k
after I'M.

4 4.5 5 5.5 6 6.5 7
Energy (MeV)

Figure 9. A characteristic alpha spectrum of the uranium-232 and americium-241 corresponding to a
radionuclide mixture solution (a) prior and (b) after radionuclide adsorption by PU microplastics.

The distribution coefficient, Ka adequately describes the equilibrium associated with the
sorption of uranium-232 and americium-241 as the concentrations of the radionuclides are extremely
low and the binding sites (B) of the MP surface are in large excess compared to the initial
concentration radionuclides.

Ka= Cads/Caq (L kg'l) (].)

where Cadas (Bq g) is the activity of each actinide adsorbed by the MPs, Caq (Bq L) is the actinide
equilibrium concentration in the aqueous solution. The activity of actinides bound on the vial walls
must be considered when performing adsorption experiments at ultra-trace levels as it is not
negligible. The percent adsorbed is calculated as the percent adsorbed activity of actinide in the
aqueous solution relative to the activity of actinide in the reference solution. The adsorption
experiments were carried out in duplicate, and the mean values have been used for the calculations
and graphical presentations.

The following formula was used to calculate the enthalpy (AH°) and entropy (AS°) of the system:

—-AH? = AS°

T @)

and =

where Ku is proportional to enthalpy and entropy and inversely proportional to the temperature. The
slope is equal to the enthalpy divided to the temperature (T) in K by the gas constants (R) and the
intercept is equal to the entropy divided to the gas constants.

4. Conclusions and Future Studies

The adsorption of the uranium-232 and americium-241 radionuclides by polyurethane (PU) and
polylactic acid (PLA) microplastics in aqueous laboratory and environmental solutions (e.g., seawater
and wastewater) has been investigated as a function of temperature in the acidic, neutral, and alkaline
pH region. The temperature increase affects positively the adsorption of uranium-232 and
americium-241, which are present under oxic conditions basically in the hexavalent (U(VI)) and
trivalent (Am(III)) oxidation state. The highest adsorption efficiency for uranium was observed in the
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near pH range, whereas for americium, both the neutral and alkaline pH range favor its adsorption
by PU and PLA. Regarding the thermodynamics of the adsorption, generally the positive AHe and
ASe values indicate an endothermic and an entropy-driven adsorption mechanism. Only, in the case
of the U(VI) adsorption by PLA in seawater samples both AH° and ASe values become negative
suggesting a solid-solution interface enthalpy-driven adsorption process with diminishing
randomness.

Future studies could include other radionuclides, in different oxidation states and chemical
properties in solution. Furthermore, it would be of particular interest to carry out temperature effect
studies at relatively higher concentrations (10°M to 102 M) of radionuclides and apply various
analytical techniques (such as XPS, Raman, LFS, FTIR, SEM-EDX and C(-potential), as well as to
expand the temperature effect investigation also to other MP types (e.g., PN6, PE etc.), that will allow
a better understanding of the adsorption mechanism on the surface of the MPs and characterization
of the surface species.
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