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Editor: Dr. R Teresa Mismanaged plastic waste interacts with secondary environmental pollutants, potentially aggravating their
impact on ecosystems and human health. Here we characterized the natural and artificial radionuclides in
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1. Introduction

Microplastics are ubiquitous in the environment: in the atmosphere
(Allen et al., 2020), soils (Koutnik et al., 2021), sediments (Martin et al.,
2020; Niu et al., 2021), seawater (Zayen et al., 2020), groundwater
(Huang et al., 2021), lagoons (Wakkaf et al., 2020a, 2022), lakes (Mao
et al., 2021), deserts (Wang et al., 2021), seafood (Smith et al., 2018),
and even in the human placenta (Ragusa et al., 2021) and feces (Zhang
et al., 2021). The contamination of the natural environment with plastic
has been on the rise since the 1950s with the increasing dependence of
almost all human activities on polymer materials. The worldwide
mismanagement of plastic waste has made it a widespread and common
pollutant (Geyer et al., 2017) and plastic waste presents global envi-
ronmental, ecological, economic and health risks and challenges, as a
result (Koelmans et al., 2022). A particular issue is the interaction of
plastic waste with other contaminants. Recent studies have focused on
microplastic particles and their ability to fix heavy metals (Gao et al.,
2021), hydrocarbons (Song et al., 2021), pesticides (Li et al., 2021),
pharmaceuticals (Puckowski et al., 2021), and pathogens (Pham et al.,
2021). However, to our knowledge, no information is available in the
literature about the radioactive contamination of plastic objects and
their environmental and health repercussions.

A multitude of studies have been carried out to determine the level of
natural and/or artificial radionuclides content in soils (Kang et al.,
2021), sediments (Heldal et al., 2021), groundwater (Sherif and
Sturchio, 2021), seawater (Byun et al., 2021), rivers (Guerrero et al.,
2021), and foodstuffs (Haase et al., 2021). These various studies re-
ported that the radioactive contamination of these compartments could
constitute a potential risk for human health, mainly by ingestion,
inhalation, and dermal contact (UNSCEAR, 2008). Two recent experi-
mental studies have illustrated the sorption of radionuclides on com-
mercial microplastics (Johansen et al., 2018; Ioannidis et al., 2022).
Measuring the radioactivity of environmental microplastics would be
challenging due to the substantial mass (grams) required. Therefore, we
investigate in this study radionuclide interaction with plastic debris in
the Gulf of Gabes littoral ecosystem, where phosphate fertilizer factories
and urban runoff discharge a waste stream rich in radioactive com-
pounds (phosphogypsum) and mismanaged plastics.

Gabes is a coastal industrial city located at the southeastern part of
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Tunisia (Fig. 1). It is considered as one of the most polluted Mediterra-
nean regions, according to a study conducted by the Facility for Euro-
Mediterranean Investment and Partnership and the World Bank (EIB,
2004; El Zrelli et al., 2018a). The industrialization of the Gabes coast
started in the 1970s with the establishment of one of the largest indus-
trial complexes specializing in the transformation of phosphate ores to
fertilizers, currently named the Tunisian Chemical Group (or Groupe
Chimique Tunisien; GCT). This was followed by the foundation of many
other chemical industries (such as the Chemical Society Alkimia, Fluo-
rine Chemical Industries (ICF), Timab Industries, PET Cristal Industries,
OMYV Tunisia, etc.). The inhabitants of Gabes city, especially those living
in the vicinity of the GCT phosphate fertilizer factories, in Chatt Sidi Abd
Essalam (Fig. 1) are exposed to high external radiation levels, in com-
parison with typical background values recorded in the literature (El
Zrelli et al., 2019c¢). This radiological risk is directly related to the ma-
rine discharge of untreated phosphogypsum (PG) waste, the aerial
dispersal of phosphate ores stored at factories (El Zrelli et al., 2019¢) and
accumulated on the beaches after its marine discharge (El Zrelli et al.,
2019a), and the phosphogypsum foams which are formed in seawater
after discharging the PG waste (El Zrelli et al., 2019b). It is estimated
that ~30 x 10° t of humid PG (14,4 x10? t of dry PG; El Zrelli et al.,
2017) are discharged daily in the marine environment of the Gulf of
Gabes, so that the accumulated waste exceeds 200 x 10° t of dry PG,
since the establishment of the local phosphate industry, in 1972 (El
Zrelli et al., 2018b). The contamination of the marine environment in
the Gulf of Gabes with various industrial pollutants, including
phosphogypsum-derived radionuclides, was reported to be responsible
for the degradation of local habitats and biodiversity (Darmoul et al.,
1980; Darmoul, 1988; Pergent and Kempf, 1993; El Zrelli et al., 2015; El
Zrelli, 2017; El Kateb et al., 2018; Hamza et al., 2021) and for health
impacts on both marine life and humans (El Zrelli et al., 2019¢, 2020,
2021; Rabaoui et al., 2014, 2015, 2017; El Kateb et al., 2016).

Human populations are constantly exposed to external (e.g., from
terrestrial radiation and cosmic rays) and internal radiation (through the
ingestion and inhalation of natural and artificial radionuclides) (Basu
et al., 2015). Natural radionuclides, in particular the decay chains of
28y and 2*2Th are ubiquitous in the environment, whereas artificial
radionuclides, associated with release from the nuclear weapon and
energy industries, are less common. Recent studies reported that

Mediterranean
Sea

Gulf of Gabes

Fig. 1. Location of the study area.
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microplastics are present in food webs, drinking water and air, and that
humans are exposed to microplastics via dietary intake and inhalation
(Cox et al., 2019; Nor et al., 2021; Senathirajah et al., 2021). Since
microplastics can be loaded with many harmful pollutants (Issac and
Kandasubramanian, 2021), potentially including radionuclides, it is
probable that the ingestion and inhalation of radionuclide-loaded
microplastics exacerbate the exposure of humans to radiation. To our
knowledge, there is a lack of information on the levels of radioactivity in
plastics and on the potential human health hazards related to the
ingestion of radioactive plastics. The present work was conducted in this
regard and aims at i) characterizing the capacity of polyethylene tere-
phthalate (PET) plastics collected from the human-impacted coastal area
of Gabes Gulf to host environmental radionuclides, and ii) assessing the
potential impacts of ingestion and inhalation of radioactive plastics on
human health in the area surrounding the industrial complex of Gabes.
The human health risk assessment includes the estimation of annual
dietary intake, annual effective dose, and excess lifetime cancer risk
associated with the direct ingestion of PET particles.

2. Materials and methods
2.1. Sampling and samples’ preparation

To achieve the goal of this study, 43 discarded PET bottles used for
mineral drinking water packaging and thrown in the natural
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environment were collected from the contaminated coastal area of the
Gulf of Gabes (close to the GCT industrial complex of Gabes; PET¢). Only
PET bottles with closed caps were selected for this study and were
collected from the edges of the littoral industrial discharge mouth of the
GCT complex (Fig. 2). To compare the characterization of the surface
PET¢ samples with those of non-used PET, 24 virgin drinking water
bottles (PETy) were additionally collected from local markets. All sam-
pling was carried out in August 2020. The choice of PET bottles was not
arbitrary because they are the dominant consumed plastic product for
drinking water by the local population (due to the deteriorated quality
of tap water), they are non-reusable, and they represent the most
abundantly observed macroplastic debris in the GCT industrial littoral
discharge (Fig. 2C). Furthermore, PET bottles are not recycled in Gabes,
and “illegal” dumping in the valley and fishing harbor of the city is a
common practice, as shown in Fig. 2A and B. Therefore, the heavy daily
use of PET bottles and the mismanagement of their waste make PET
bottles the most polluting plastic material in Gabes (Fig. 2).

To remove any surface contamination and adsorbed impurities
(shells, sediment particles, aquatic organisms, dusts), all PET bottles
(PETy and PET() were briefly rinsed with ultrapure water following
established protocols (Milli-Q®, at 25 °C; Kedzierski et al., 2018). The
bottle samples were dried in a hot air oven (24 h at 25 °C) and then cut
into small pieces of 3-5 mm? using a pair of ceramic blade scissors. The
two groups of PET pieces were separately homogenized and stored in an
airtight glass container prior to radiological analysis.

Fig. 2. Mismanaged waste accumulation of PET bottles in the valley (A), fishing harbor (B) and edges of the industrial littoral discharge mouth of phosphate

treatment plants of Gabes (C).



R. El Zrelli et al.
2.2. PET bottle surface characterization

The surface topography and roughness of both PETy and PET bottles
were characterized using Focused-Ion-Beam/Scanning Electron Micro-
scopy (FIB/SEM; Helios NanoLab™ 600i, Thermo Fisher Scientific)
coupled with a Silicon Drift Detector Energy Dispersive Spectrometer (X-
Max® 80 mm? SDD-EDS; Oxford Instruments) at the Raimond CASTA-
ING Micro-characterization Center (Toulouse, France). The Leica sputter
coater EM ACE600 was used to coat the sample surfaces with a layer of
carbon necessary for electron microscopy images and analysis. Two
types of image capture modes were used: secondary (SEIL; for surface
topography) and backscattered (BSE; for chemical contrast) Electron
Imaging modes. The thickness of the contaminants layer on the surface
of PET; was determined by xT Microscope Control software and its
chemical composition by AZTec X-ray microanalysis software.

2.3. Analytical procedure

Three naturally occurring series of radioactive elements exist. The
parent nuclides are 238U, 23U and 232Th that generate series of radio-
nuclides - with different half-lives and chemical behaviors - following
alpha or beta decay. Several daughters of these series are also gamma
emitters and will be determined in the present study using gamma
spectrometry. In natural samples, the daughter nuclides of the series
may equal the activity of their parent nuclides (radioactive secular
equilibrium), as is the case in closed systems. Alternatively, radioactive
disequilibrium may also occur in the decay series, as a consequence of
the migration of one daughter nuclide due to physical or chemical
processes. The samples were dried, weighed (PETy=41.39 g; PET¢=
32.75 g) and placed in sealed containers (72 x15 mm) to prevent any
radon gas loss (*?2Rn being part of the 22U decay series). Prior to
analysis, the samples were stored for 3 weeks which are necessary to
reach radioactive equilibrium between U, Th, and their short-lived
decay products, in case 2>?Rn escaped during the sample preparation.
The analysis of samples was made using low-background gamma spec-
trometry at the LAFARA underground laboratory in the French Pyrénées
(van Beek et al., 2013). The gamma spectrometers at the LAFARA are
placed under 85 m of rock, which protect the detectors from cosmic
radiations, thus providing a very low background to the counting fa-
cility. An ORTEC-AMETEK semi-planar high purity germanium (HPGe)
detector of 183 cc (van Beek et al, 2013) equipped with a
CP5®+ electric  cryogenerator and LYNX® electronics (MIR-
ION-CANBERRA) was used. Each individual sample was analysed during
96 h. Data acquisition and treatment of the spectra were performed
using APEX software (MIRION-CANBERRA). The spectrometer calibra-
tion has been performed using IAEA reference materials RGU-1 (338U
and daughters at secular equilibrium), RGTh-1 (232Th and daughters at
secular equilibrium) and IAEA-447 (*°K and ¥7Cs).

The activities of gamma emitters from the decay chains of 2%U
(?®%Th, ?*°Ra and 2!°Pb) and 2*?Th (228Ra, 228Th and ZOBTI), as well as
40K and '¥7Cs were determined. From the 23®U decay chain, we deter-
mined the activity of 234Th (63.3 keV), 226Ra (using the y rays of 24pp at
295.2 keV, 351.9 keV and 2'*Bi at 609.3 keV) and ?'°Pb (46.5 keV). The
samples were analyzed after more than six months from the collection
date and given the short half-life of 2>*Th (24.1 days), the 23Th activity
is considered in equilibrium with its direct parent radionuclide 238U (.
e., no remaining excess of 22*Th in the samples). The analysis of 2>Th
thus provides a quantification of the 233U activity in the samples. From
the 2%2Th decay chain, we determined the activity of 2®Ra (using the
228p¢ y rays at 338.3, 911.2 and 969.0 keV, with 228Ac assumed to be in
equilibrium with 228Ra), 228ThH (using the y rays of 212pp a1 238.6 keV),
and 28Tl (using both y rays at 583.2 and 2614.5 keV). Note that within
the 232Th decay chain at secular equilibrium, the 2°8TI activity is ex-
pected to be ca. 1/3 of the 228Ra (or 228Th) activity due to the specific
branching scheme in the decay chain ahead of 2°®Tl. Finally, we re-
ported activities of 40g (1460.8 keV), as well as activities of the artificial
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radionuclide ¥’Cs (661.7 keV), when this latter was detected in the
samples. The detection limits are 0.96, 0.26, 1.33, 0.39, 0.16, 0.09, 2.48
and 0.10 Bq kg! for 23*Th, 226Ra, 219pb, 228Ra, 228Th, 208T], “°K and
137¢s, respectively.

2.4. Assessment of human health risk

The probable effect of the ingestion and inhalation of radionuclide-
loaded PET microplastics on human health of local inhabitants was
assessed using three indices: the Annual Intake (AI), Annual Effective
Dose (AED), and Excess Lifetime Cancer Risk (ELCR). We made the
important assumption that the plastic debris we observed contribute to
local microplastic exposure via the consumption of seafood and via
inhalation of MPs in air.

2.4.1. Annual Intake

The Annual Intake through the direct ingestion and inhalation of
radionuclide-loaded PET microplastics was estimated for both PETy and
PET( samples using the following equation:

Al = z":AI:Zn:ZCxA 1)
i=1 i=1

with:

Alz: sum of individual annual intake for all analyzed radionuclides.

Ar individual annual intake for each analyzed radionuclide.

C: activities (in Bq kg'l) for each analyzed radionuclide, multiplied
by 2 because the debris analyzed (closed bottles) only hosted radionu-
clides on half of its available surface area.

A: annual plastic rate consumption (in Kg y'l) per person. Table 1
lists human microplastic exposure estimates from the literature in par-
ticles per capita per year (#/capita/y) and pg per capita per year (ug/
capita/y) for dietary intake and inhalation. Particle to mass conversion
is critical in assessing radiation exposure here because radioactivity is
measured per mass unit (in Bq kg™!). Exposure data from Senathirajah
et al. (2021) showed inexplicably high mass exposure (from 0.1 to

Table 1
Adult human intake of microplastics, including dietary ingestion and inhalation.
Seafood includes fish and shellfish. MP: microplastic.

Plastic intake MP intake References

based on:

Population

#/capita/ ug/
y capita/y

770 x 10*
287 x 106

shellfish, salt,
drinking
water, and
beer
seafood, salt, USA mean
drinking
tap water,
alcohol,
and honey
(15 % of
caloric
intake)
Inhalation USA mean
Total intake: Global
sea food,
drinking
water, salt,
beer, milk,
and air
inhalation
Inhalation Global median
Ingestion (15 Gabes mean
% caloric (Tunisia)
correction)
Inhalation
Total intake

Global min
Global max

102,527
102,527

Senathirajah
et al. (2021)

Cox et al.
(2019)

44,414 251

46,440 18
322,295 213 Nor et al.

(2021)

median

98,237 39

1,222,363 1546 Present study

72,339 29
1,294,702 1575
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5 g/week), given similar estimates of particles exposure as alternative
studies. Cox et al. (2019) provided both dietary and inhalation particles
exposure estimates, which we converted to mass exposure using the
mean microplastic particle masses from Nor et al. (2021) which are
equal to 5.65 x 10® and 3.97 x 107 ug/particle for food and air,
respectively.

2.4.2. Annual effective dose

The ‘Annual Effective Dose’ index (UNSCEAR, 2000) has been found
useful in the assessment of the radiological risk because it gives a good
idea on the total dose proportion received by a particular population
(Makon et al., 2011; Uwatse et al., 2015). The AED can be calculated as
follows:

AED; = Xn:AED = Xn:AI x e 2
i1 i1

with:
AEDt: sum of individual annual effective doses for all analyzed
radionuclides.

HV HR WD curr det ' mag ®
.00 kv um .2mm | 86 pA | ETD = 250 x

Aa

30um
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AED: annual effective dose for each analyzed radionuclide.

AL individual annual intake for each analyzed radionuclide.

e: dose coefficient for ingestion and inhalation of each analyzed
radionuclide (in Sv Bq'l; ICRP, 2012; Delacroix et al., 2006).

2.4.3. Excess lifetime cancer risk
According to Qureshi et al. (2014), the ELCR can be calculated as
follows:

ELCR=AED xDL xRF 3

with:

ELCR: Excess lifetime cancer risk.

AED: Annual Effective Dose.

DL: average lifetime duration, which is 76.70 years for Tunisian
people in 2019 (WB, 2022).

RF: fatal risk factor per Sievert (0.05 Sv’l; ICRP, 2008).

bias | mode
ov SE

Fig. 3. The multi-layer structure of PET bottles.
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3. Results

The FIB/SEM characterization showed that PET bottles are formed
by several thin layers joined together (Fig. 3). Additionally, we noticed
an evident morphological differences between the surfaces of virgin
PETy and contaminated PET( bottles (Fig. 4). While PETy bottles pre-
sented a smooth and homogenous surface (Fig. 4A), PET¢ bottles were
found to be rough and heterogeneous (Fig. 4B). The electron photomi-
crograph of a PET( bottle longitudinal cut, given in Fig. 5, showed a
brown to blackish and 6-19 um thick layer (average thickness of 13 ym)
which partially covers the PET surface (average PET thickness
=214 pym). The examination of this superficial layer showed that it is
mainly formed by contaminated organic matter, and phosphogypsum
and marine halite crystals (Fig. 6). No microorganism colonies were
observed at the surfaces of either PETy or PET¢ bottles.

Table 2 presents activity concentrations of 234Th, 226Ra, 210Pb, 228Ral,
228}, 208T], 40K and '37Cs measured in PETy and PET samples. These
activity concentrations ranged from < 0.10 (**’Cs) to < 2.48 Bq kg’!
(**K), and < 0.12 (**7Cs) to 12.70 Bq kg™ (*?°Ra), for PETy and PET¢
samples, respectively. The decreasing order of activity concentrations
for PET¢ was found to be 2?°Ra >23*Th >21%pb >*0Kk >228Th >22%Ra
>2087] >1%7Cs, The activity concentrations of the radionuclides associ-
ated with the 232Th decay chain (*®Ra, 22®Th, and 2°°TI) suggest that
the radionuclides are at secular equilibrium in PETc, the 2°®T1 activity
being lower due to the 35.6 % branching in the decay chain. The 22%Ra
and 22Th activity concentrations thus provide an estimate of the 232Th
activity concentration in the sample (1.2 Bq kg™l). Similarly, the 2>*Th
activity concentration analyzed in the sample can be related to 23%U
(8.8 Bq kg'1) and we found that the daughters from the 2°3U decay chain
are in secular equilibrium, with a slight excess of 22°Ra. The 228Ra/23*Th
activity ratio reported in the PET is thus indicative of the 232Th/?%%U
ratio (i.e., 0.1). We reported significant 40 activity concentrations in
the PET¢. The radionuclides from the 23°U decay chain are also expected
to be present in the samples. However, because of the lower natural
abundance of 2°U, these radionuclides are likely to have a negligible
impact and were therefore excluded from further analyses. Finally, note
that a peak of '*’Cs was detected in the PETg sample but the activity
concentration was below the detection limit.

Table 4 presents the estimated values of annual intake (AI), annual
effective dose (AED), and excess lifetime cancer risk (ELCR) indexes (see
Materials and methods), assessed based on the potential adult human
intake (by ingestion and inhalation) of PET¢ microparticles, contami-
nated with radionuclides, by local residents. Considering a microplastic
ingestion and inhalation rate of 1.6 x 10%kg y! (Table 1), Al was found
to range between 9.19 x 10 Bq y! (by inhalation) and 4.98 x 10 Bq
%fl (by ingestion), with a total annual effective dose of 5.07 x 10 Bqy’

Similarly, the ‘AED’ index, estimated based on an annual rate of

HY HFW W curr | det | ma

5.00 KV | 508 ym | 9.5mm | 86 pA | ETD | 25
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Outside PET bottle

—— 100 ym ——

UAR CASTAING
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m | 41mm | 86pA |ETD | 200x | OV | SE |5°

Fig. 5. FESEM image of a longitudinal cut of contaminated PET bottle (scale
bar: 100 pm).

microplastic consumption equal to 1.6 x 10® kg, varied from 6.01 x 10°
1 gy y! (by inhalation) to 8.63 x 107! Sv y! (by ingestion), with an
annual effective dose of 1.46 x 10° Sv for PET¢ (Table 4). The AED
value for exposure to PET( is lower than the standard exposure values
recommended for the public of 1 mSv y'1 (Akhter et al., 2007; Table 4).

Regarding ELCR, the cumulative value of this index estimated for the
local population (for a lifetime of 76.7 years), using the estimated
microplastic ingestion rates of 1.6 x 10" kg, was 5.62 x 1071 for PET
(Table 4). Similar to AED results, all ELCR calculated values (ingestion
and inhalation) were found to be below the cancer risk factor suggested
by ICRP (Akhter et al., 2007; i.e., 2.5 x10° based on an annual dose
limit of 1 mSv for the general population).

Based on the total microplastic exposure estimated by both Cox et al.
(2019) and Nor et al. (2021) (Table 1, dominated by seafood con-
sumption and inhalation which are both relevant in the context of
Gabes), we estimated a potential human microplastic intake of
1575 ug/capita/y (A=1.6 x10° kg/capita/y in Eq. 1). Multiplied by the
sum of the individual PET¢ radionuclide activity concentration, and
corrected for caloric intake and PET( surface area, we found an Al of
5.07 x 10 Bq y}, (by ingestion and inhalation), an AED of 1.46 x 10710
Svyl, and an ELCR of 5.62 x 1071° (Table 4).

4. Discussion
In recent years, PET plastic pollution studies have been greatly
increasing and several researchers evidenced the ability of PET micro-

and nano-particles (MPs and NPs) to adsorb different types of chemical
and organic pollutants from their environment (Gao et al., 2021;

5.00 KV | 508 ym | 10.1 mm

Fig. 4. FESEM images of the surface topography of virgin (PETy; A) and contaminated (PETc; B) PET bottles (scale bar: 100 pm).
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Fig. 6. FESEM images of a contaminant layer on the surface of a contaminated PET bottle (A; scale bar: 50 um), halite (B; scale bar: 3 um), contaminated organic

matter (C; scale bar: 4 um), and phosphogypsum (D; scale bar: 30 um).

Table 2

Activity concentrations (in Bq kg!) of 23Th, 22°Ra, 21°pb, 228Ra, 228Th, 2°8T], *°K, and '*’Cs in contaminated (PET() and virgin (PETy) polyethylene terephthalate
(PET) bottles. For PETy, the measurement incertitude shown represent two-sigma uncertainty.

234 226p 4 210py, 228p, 22871 20877 40 137¢
PET¢ 8.81 +1.83 12.7 £ 0.4 8.14+1.71 1.17 £0.33 1.18 £0.17 0.47 +£0.11 4.60 +2.43 <0.12
PETy <0.96 <0.26 <1.33 <0.39 <0.16 <0.09 <2.48 <0.10

Rochman et al., 2014; Lionetto and Corcione, 2021). In this work, and
for the first time in the context of natural plastic debris, we showed the
ability of these emerging environmental contaminants to carry natural
and artificial radionuclides in urban-industrial discharges.

Due to the effects of various environmental factors including the
wave forces, exposure to sunlight, and erosion by sand grains, the outer
surface layers of the bottles (Fig. 3) cannot resist and gradually begin to
degrade (Fig. 7). The degraded zones make the bottle surface rough,
increase surface area, and therefore enhance the fixation of phospho-
gypsum foams (PGF) which are abundant in the industrial coastal
discharge. These industrial foams adhere to the bottle surface by phys-
ical adsorption. The mechanism of radionuclide’s sorption on the sur-
face PET bottles is likely to occur in two essential steps: (i) degradation
of PET bottle surface, and (ii) physical adsorption of PGF on the surface
of PET plastics (Fig. 8).

Among all analyzed radionuclides, *°Ra was the radionuclide that
has the highest measured activity concentration (12.7 = 0.4 Bq kg'’;
Table 2). This trend is similar to what was measured in phosphate rock
(PR; 2%°Ra=375.1 + 1 Bqkg™'), phosphogypsum (PG; 2?°Ra=220
+ 1 Bq kg'!) and phosphogypsum foams (PGF; 22°Ra=1169 + 3 Bq kg™})
which have been identified as the main source of radioactive pollution in
Gabes marine environment (El Zrelli et al., 2019¢). In addition, ac-
cording to Table 3, the correlation between activity concentrations in
PET, and PR (0.93), PG (0.78) and PGF (0.95) is positive and significant.

The mineralogical composition of the thin adsorbed layer on the
surface of PET( bottles (Fig. 4) was very similar to that of phospho-
gypsum foams with organic contaminated cement, phosphogypsum
crystals, and other secondary minerals (e.g., halite, quartz, sphalerite-
Cd, fluorapatite, etc.) which are present in micrometric and nano-
metric forms. Note that the 232Th/23®U ratio - derived from the
228Ra/234Th activity ratio - was 0.1, which is in good agreement with the
232Th/238Q ratio determined in phosphogypsum foams (El Zrelli et al.,
2019c). However, while the structure of phosphogypsum foams is
alveolar, the PET( surface deposits are in the form of clusters (Fig. 4B).
The superficial alteration of PET(, bottles (appearance of thin scratches;
Fig. 7) seems to play an important role in the fixation of this layer on the
surface of bottles. In fact, the surface roughness of MPs is likely to
facilitate the formation of deposits, compared to those with smooth
surfaces (Yang et al., 2014; Fotopoulou, and Karapanagioti, 2015).
These superficial morphological changes may be due to several abiotic
factors such as physical abrasion and fragmentation in the discharge
zone, by beach sand grains and wave action, but also by chemical
corrosion due to the acidic pH of the GCT industrial effluents (pH =
3.11; El Zrelli et al., 2018a). Under the current chemical pollution
conditions of the GCT industrial discharge, we consider it unlikely that
biotic factors (bacteria, fungi, and algae) contribute to PET plastic
degradation, as it has been shown in other studies (Moog et al., 2019;
Sarkhel et al., 2020).
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Fig. 7. Surface degradation of PET bottles.
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Fig. 8. Mechanisms of physical adsorption of phosphogypsum foams (PGF) on the surface of PET bottles.

Table 3

Correlation between the levels of radioactivity in PET (this study) and those in
phosphate rock (PR), phosphogypsum (PG), and phosphogypsum foam (PGF; El
Zrelli et al., 2019c¢).

Table 4

Annual Intake (in Bq y'l), Annual Effective Dose (in Sv y’1 ), and Excess Lifetime
Cancer Risk from ingestion and inhalation of contaminated polyethylene tere-
phthalate microplastics (PET().

PET PR PG PGF
PET 1.00 0.93 0.78 0.95
PR 1.00 0.76 0.54
PG 1.00 0.13
PGF 1.00

In the broader littoral zone, several abiotic and biotic factors
including ultraviolet and thermal radiations, wave action, oxidation,
pH, salinity, biofilm formation, and microbial degradation could influ-
ence the degradation and fragmentation of the radionuclide contami-
nated macroplastic debris (@>5 mm) we observed, to microplastic

Annual Intake Annual Effective Excess Lifetime

(Bq y'l) Dose (Sv y'l) Cancer Risk

Ingestion 4.98 x 10 8.63 x 107! 3.31 x 1010

Inhalation 9.19 x 10°® 6.01 x 10! 2.31 x 1010

Total 5.07 x 10 1.46 x 10710 5.62 x 10710
exposition

particles (5 mm>@>1 pm) and to nano-plastics (@<1 pm; Lionetto and
Corcione, 2021; Wakkaf et al., 2020b; Atugoda et al., 2021). These
mechanical, chemical and/or biological degradations/fragmentations
increase MPs specific surface area (Fotopoulou and Karapanagioti,
2015) and hydrophobicity, which in turn increases their chemical
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reactivity towards environmental pollutants (Atugoda et al., 2021; Joo
et al., 2021) and hence their pollutant loads. More importantly, the in-
crease in the pollutant loading of MPs can aggravate their potential
ecotoxicological effects including on humans. In our study, we assumed
that the radioactive plastic debris we observed can be degraded to
microplastics in the coastal marine environment, where they integrate
food webs, and can be emitted to the atmosphere (Allen et al., 2020).
Human microplastic exposure is dominated by seafood consumption and
inhalation of microplastics in air (Cox et al., 2019; Nor et al., 2021),
which we took into account in our exposure estimate (see Materials and
methods).

Even though the human health risk indices (AL, AED, and ELCR) did
not exceed international safety limits, the radio-chemically contami-
nated PET debris should be considered as hazardous. Plastic debris in
areas without enhanced industrial or natural radionuclide sources do
not likely present measurable radioactivity. Continued and increased
use of plastic waste, its mismanagement, and continued fragmentation
of plastic debris in the Gulf of Gabes, and elsewhere, may lead to
enhanced exposure in the future.

5. Conclusion and recommendations

We showed for the first time that it is possible for polyethylene
terephthalate plastic debris to be contaminated by natural and artificial
radionuclides from non-nuclear waste discharge, such as the phospho-
gypsum of phosphate fertilizer factories. We considered that fragmen-
tation of radionuclide contaminated PET in the Gulf of Gabes likely leads
to the contamination of seafood that is consumed by coastal human
populations, and to emission of marine PET that can be inhaled. We
quantified the Annual Intake, Annual Effective Dose, and Excess Life-
time Cancer Risks from ingestion of radionuclides contained in micro-
plastics in a typical human diet in Gabes. Although we found that PET
radionuclide exposure would be 7 times enhanced compared to virgin
PET exposure, the ELCR remained below international dose limits. In
parallel, international ICRP dose limits for radioelement exposure have
been gradually lowered over the past decades, leading to a point where
radioactive microplastics caused by mixed phosphate industrial and
urban waste disposal could become a significant burden for human ra-
diation exposure.

Better waste management of both phosphogypsum and plastic
discharge is needed to avoid and/or reduce the potential fertilizer in-
dustry radioactive impact on the study area and elsewhere across the
Mediterranean coast. Otherwise, the extensive usage of plastic, its short
service life, its long (bio) degradation time, and its mismanagement will
likely continue complicating the current environmental/health situation
of Gabes and other similar littoral areas in the world. Finally, the
radiological risk associated with micro/nano-plastic particle ingestion
should be considered in future radiological and epidemiological studies.
To precisely evaluate these radiological, environmental, and health ef-
fects, it is recommended to take into consideration all major routes of
human incorporation of these emerging pollutants, especially by
ingestion and inhalation.

Environmental implication

Although several studies have been conducted on microplastics as
vector of organic and inorganic pollutants, only few studies were con-
ducted so far on the -in vitro- association of radionuclides with micro-
plastics. This is the first study confirming the association of natural and
artificial radionuclides with polyethylene terephthalate bottles collected
from the surrounding environment (from the industrial littoral
discharge of a phosphate fertilizer plant). In addition to the determi-
nation of the activity concentrations of radionuclides in littered bottles,
the study also assessed the human health risks associated to the inha-
lation and ingestion of radioactive PET microplastics.
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