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ARTICLE INFO ABSTRACT

Keywords: There are few studies related to the radionuclide remediation options, which comply to the de-
Miscanthus mands of the environmentally non-destructive physical remediation methods. So far, most of the
Radionuclides

research was conducted on the phytoremediation capacity of different energy crops, as well as the
established miscanthus hybrids which involved metal and heavy metal contaminants. Hence, the
objective of this research was the radioecological characterization of the examined agro-
ecosystem, including the initial source of the radionuclides (soil) as well as different miscanthus
hybrids grown on the same soil. The results have shown that the radioactive content of soil was
similar to the global averages. All measurements of the activity concentration of '¥’Cs in mis-
canthus samples were below the detection limits. There is also an indication that 2!°Pb is leaching
into the lower layers (or is being taken up by miscanthus plant from the upper layers). Moreover,
transfer factors (TFs) for radionuclides, as a more precise parameter for evaluating the phytor-
emediation potential, were calculated; the TFs were found to be very low for 226Ra (<£0.07), TFs
for “°Kk (<£0.39) and for 232Th (<£0.21) were in the lower limits, whereas the TFs for 238 were
found to be the highest (<0.92). For 21°Pb, the TFs were not calculated, since the expectation was
that a significant part of the measured quantity came from the air, and not through the soil.
Having in mind the sustainability and the circularity aspect of the radionuclide phytoremediation
system, the appropriate management method should be applied for the disposal and utilization of
the biomass contaminated with radionuclides. This research has shown that the radiological
content in miscanthus is high enough and the ash content is low enough that miscanthus ash
could be considered as a NORM (Naturally Occurring Radioactive Material), and it can be further

Phytoremediation
Sustainability
Construction materials

* Corresponding author.
E-mail addresses: vjurisic@agr.hr (V. Jurisi¢), draseta@imi.hr (D. Raseta), mislav.kontek@energovizija.hr (M. Kontek), John.Clifton-Brown@
agrar.uni-giessen.de (J. Clifton-Brown), luisa.trindade@wur.nl (L.M. Trindade), isabelle.lamy@inrae.fr (I. Lamy), annie.guerin@inrae.fr
(A. Guerin), a.kiesel@uni-hohenheim.de (A. Kiesel), amatin@agr.hr (A. Matin), tkricka@agr.hr (T. Kricka), petrinec@imi.hr (B. Petrinec).

https://doi.org/10.1016/j.heliyon.2024.e27788
Received 17 August 2023; Received in revised form 14 January 2024; Accepted 6 March 2024

Available online 11 March 2024
2405-8440/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC license

(http://creativecommons.org/licenses/by-nc/4.0/).


mailto:vjurisic@agr.hr
mailto:draseta@imi.hr
mailto:mislav.kontek@energovizija.hr
mailto:John.Clifton-Brown@agrar.uni-giessen.de
mailto:John.Clifton-Brown@agrar.uni-giessen.de
mailto:luisa.trindade@wur.nl
mailto:isabelle.lamy@inrae.fr
mailto:annie.guerin@inrae.fr
mailto:a.kiesel@uni-hohenheim.de
mailto:amatin@agr.hr
mailto:tkricka@agr.hr
mailto:petrinec@imi.hr
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e27788
https://doi.org/10.1016/j.heliyon.2024.e27788
https://doi.org/10.1016/j.heliyon.2024.e27788
http://creativecommons.org/licenses/by-nc/4.0/

V. Jurisi¢ et al. Heliyon 10 (2024) e27788

used for the construction industry (i.e. concrete, tiles), in mixtures with other materials with
certain limitations, similar to the utilization of ash from other sources such as coal or wood.

1. Introduction

Soil contamination, as a result of different human activities during the last several decades, is a major environmental issue
worldwide. Assessment of the natural radionuclides’ activity and heavy metals concentrations in the environment is of benefit to
human health. It is imperative to establish and know the background levels of both, radionuclides, and heavy metals in different
sources [1], as well as to find appropriate measures for their remediation. So far, most of the research was conducted on the phy-
toremediation capacity of different energy crops, as well as the established miscanthus genotypes which involved metal and heavy
metal contaminants [2-5]. Miscanthus x giganteus [3,6-11] and Miscanthus sinensis [7,11] were mostly investigated, and have shown a
great potential to stabilize and possibly remove the potentially toxic elements over the time, especially zinc, mercury, arsenic, cobalt,
and manganese. Aside the metal contaminants, several studies have examined the possibility of phytoremediation of soils contami-
nated with polycyclic aromatic hydrocarbons (PAHs), organochlorine pesticides (OCPs) and 232Th radionuclides. M. x giganteus has
shown the ability to maintain a degrading rhizosphere microflora thus enhancing the dissipation of recalcitrant PAH compounds in
polluted soils [12]. M. sinensis could grow satisfactorily in the soil contaminated with OCPs and accumulate them in the plant’s tissues
[13]. M. floridulus has the potential for phytoremediation of 232TH radionuclides, compared to other plants used in the research
described by Yan [14].

However, there is only a scarce number of studies related to the radionuclide remediation options, which comply to the demands of
the environmentally non-destructive physical remediation methods. Naturally occurring materials generally contain radioactive nu-
clides from the main decay chains for 232U, 22°U, 232Th, and their daughter products, and from the long-lived radioactive nuclides such
as “K [15]. However, the occurrence of anthropogenic (artificial) radioactivity and technologically enhanced natural radioactivity
causes the alteration of the natural ecological characteristics of the biosphere [16]. The commonly encountered radionuclides include
232Th, 239Pu, 226Ra, 60Co, 222Rd, 99Tc, and 238U [17]. Primordial radionuclides, which emit ionizing radiation, are present all around us
in the environment, especially in soil. So is 13’Cs, following nuclear fallout from the atmospheric testing and the Chernobyl accident.
Radionuclides such as *%2Ir, 2°1T1, °°Sr, and '*7Cs are also produced during the splitting of elemental atoms in the nuclear power plant
and they impose a serious hazard, especially to ecosystems [17]. Hence, monitoring radionuclides in the soil, water and air is important
to protect human health and the environment, since the ionizing radiation carries enough energy to ionize the atoms of the material it
passes through, including human tissue, by knocking the electrons out of those atoms [18].

Sources of contamination are many. Parts of Europe and Japan are still contaminated by the fallout from the Chernobyl and
Fukushima accidents. Control measures for last sheep farms in Great Britain were lifted only in 2012 [19]. Countries with military
nuclear programs have areas contaminated by those programs. Uranium mines are also considered contaminated areas. Contaminated
areas are also often the result of some industries, such as energy industry (coal ash dumps, even areas around some coal-fired power
plants before the filters were mandatory), oil and gas industry (pipes and drills are often contaminated, and drilling often brings soil
with higher radionuclide content to the surface), fertilizer industry (phosphogypsum), ash and refuse from ceramic industry, deco-
rative stone industry etc. Mines and quarries used as a source material for those industries can also be contaminated areas. Rare earths
are often found in rocks that contain elevated levels of 232Th, so mining and refinement of rare earths can create highly contaminated
areas.

Given this, it’s important to implement remediation strategies to prevent radionuclides from spreading into various environments,
including land, air, and water, with the aim of reducing contamination either partially or completely. Various remediation approaches
have been made in the past which include mechanical techniques such as soil incineration, excavation and land fill, soil washing,
solidification, and electric field application [17]. However, conventional remediation technologies are costly and less suitable for
removing the large-scale contamination. Phytoremediation, which uses plants to remove radionuclides in situ from the contaminated
sites, is a promising alternative for environmental remediation [20]. Plants are useful even for remediating the environment with low
concentration of contaminant due to their extensive root system [17].

Currently, despite the major steps done in this regard (e.g. RED II directive), the majority of biofuels still originate from food crops
grown on the agricultural land, whereas the most of the wooden biomass used for energy production are of forestry origin. In order to
avoid the conflict between food and fuel production, energy crops should be grown on the low-quality land wherever possible. It makes
marginal and degraded land a favourable place for cultivating energy crops while dedicating the high-quality arable lands for food
production [21,22]. Moreover, the cultivation of energy crops on marginal and contaminated areas provides opportunities for the in
situ remediation which could also have a significant economic and social impact [22,23].

Today, miscanthus is one of the leading perennial energy crops in Europe due to its high dry matter yields under a wide range of
agroclimatic conditions [24,25]. The most common commercially available cultivar is Miscanthus x giganteus, a natural sterile hybrid of
M. sinensis and M. sacchariflorus. However, commercially obtained yields are often much lower than those scientifically determined and
are commonly referred to as the ‘commercial yield gap’ [26]. There are several breeding programs in Europe to develop new varieties
with improved traits [26-28]. The general objective of these programs is to optimize the production systems of miscanthus genotypes
for different applications, mainly for production of bioenergy and bioproducts [29]. In addition to technological advances, the
breeding programs can indirectly improve the other capacities of certain genotypes, for example, promote the phytoremediation
capacity and revitalization of polluted soils. Miscanthus has been shown to be a useful crop for decontamination of those soils [13].
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Fig. 1. Experimental station Sasinovec, miscanthus trial and soil cores.

Table 1
Soil analyses (n = 8).

Physical properties

Coarse sand (g kg™ Fine sand (g kg™") Coarse silt (g kg™ Fine silt (g kg™") Clay (g kg™ Moisture (g kg ™)

53.4 32.4 291.4 379.8 243.1 19.6

+7.95 +14.1 +6.4 +5.5 +18.8 +3.2

Chemical properties

pH in H,0 CaCoOs; (g kg™!) TOC (g kg™) Total N (g kg™Y) C:N ratio Organic matter (g kg™!)
5.9 <0.1 11.5 1.1 10.9 19.8

+0.37 +1.5 +0.1 +0.4 +2.6

*all values (except pH and C/N) are expressed as a percentage on dry matter basis.

The objective of this research was to compare the ability of different miscanthus hybrids grown on the same soil to uptake several
radionuclides, using a radioecological characterization of the examined agroecosystem. The characterization was performed by the
radiological characterization of the initial source of the radionuclides (soil) and the radiological characterization of the miscanthus
hybrids. From there, transfer of radionuclides from soil into crop (miscanthus) can be analysed. One of the important parameters
characterizing the transfer of radionuclides from soil into the crops, and the one used here, is the transfer factor. Established transfer
factors can later be used in transfer models to predict the concentration of radionuclides in biomass.

2. Materials

In this research, the above-ground biomass of 14 different miscanthus hybrids was used, as well as homogenous soil samples at
three soil depths. Hybrids were grown at the University of Zagreb Faculty of Agriculture Experimental field Sasinovec (45°50'59.3'N
16°11'26.2"E) (Fig. 1). The field trial within the H2020 BBI-DEMO project No. 745012 “GRowing Advanced industrial Crops on
marginal lands for bioEfineries - GRACE” of 14 seed- or rhizome-based miscanthus hybrids was established in March 2018, in a
randomised complete block design with four replicates. GRC1-GRC8 represent novel intraspecific seed-based M. sinensis x M. sinensis
hybrids, selected from the WUR, Netherlands breeding program; GRC10, GRC 11, GRC13 and GRC14 are novel interspecific seed-based
M. sinensis x M. sacchariflorus hybrids selected from the Aberystwyth University, UK breeding program, as well as the rhizome-based
M. x giganteus GRC9 (commercial clonal standard) and GRC15 (TV1) provided by Terravesta (Lincoln, UK). The biomass of each hybrid
was sampled from all four replicates. After sampling, the biomass was homogenized, and its dry matter content was determined [30].

For the purpose of this study, the soil and the biomass samples were sampled in March 2020, and March 2021; the latter being the
year when the full yield potential was obtained. The biomass was sampled following the dormancy of the plants from the previous
year’s growing season. This timing allowed the natural leaching of soluble substances due to weathering and a consequent loss of a
significant portion of the foliage.

3. Methods
3.1. Soil analyses

Prior to the radionuclides’ measurements and determination, the initial soil analysis was performed at INRAE, France (Laboratoire
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Table 2
Miscanthus biomass analyses (n = 3).
Parameter GRC1 GRC 2 GRC 3 GRC 4 GRC5 GRC6 GRC7
Moisture (%) 2020 6.2 7.1 6.7 7.6 7.6 8.0 8.5
+0.1%* +0.1 +0.2 +0.1 +0.1 +0.1 +0.2
2021 20.3 23.2 21.9 19.8 25.0 21.8 20.9
+3.1 +4.6 +5.3 +5.8 +5.4 +4.6 +5.8
Ash (%db)* 2020 3.6 4.2 3.4 2.8 3.2 3.6 3.7
+0.22 +0.66 +0.29 +0.17 +0.15 +0.23 +0.06
2021 1.8 2.9 1.5 2.1 2.2 2.6 3.7
+0.1 +0.1 +0.1 +0.1 +0.1 +0.1 +0.2
Coke (%db) 2020 14.1 15.0 14.6 12.7 13.6 13.6 12.3
+0.81 +0.1 +0.2 +0.3 +0.3 +0.3 +1.4
2021 9.3 10.7 10.3 10.4 10.6 10.6 11.5
+0.5 +0.9 +1.3 +0.8 +0.2 +0.3 +0.2
Fixed carbon (%db) 2020 10.6 10.7 11.2 9.9 10.4 10.16 8.6
+0.8 +0.1 +0.2 +0.3 +0.3 +0.3 +1.4
2021 8.0 7.9 8.8 8.3 8.4 8.0 7.9
+1.2 +1 +1.2 +0.8 +0.2 +0.3 +0.3
Volatile matter (%db) 2020 78.9 78.0 78.1 79.6 79.4 79.0 80.4
+0.8 +0.1 +0.2 +0.3 +0.3 +0.3 +1.4
2021 85.0 83.4 82.2 84.7 85.0 83.8 84.4
+0.6 +0.7 +3.6 +1.0 +1.1 +0.2 +2.2
HHV (MJ kg’l) 2020 17.7 17.1 18.1 18.0 17.9 18.0 18.1
+0.2 +0.2 +0.2 +0.1
2021 17.8 17.4 17.6 17.6 17.4 17.6 17.4
+0.1 +0.1 +0.19 +0.1 +0.1 +0.1
Parameter GRC 8 GRC9 GRC10 GRC11 GRC13 GRC14 GRC15
Moisture (%) 2020 9.1 6.5 6.6 6.7 7.0 6.8 7.0
+0.2 +0.3 +0.2 +0.1 +0.1 +0.1
2021 24.1 29.9 47.3 42.9 44.4 43.3 33.5
+5.6 +4.0 +4.7 +3.1 +4.9 +3.3 +5.3
Ash (%db) 2020 3.1 4.9 3.9 7.2 3.7 4.1 4.0
+0.2 +4.3 +0.1 +0.4 +0.1 +0.1
2021 2.3 1.9 3.4 3.0 3.0 3.1 1.6
+0.2 +0.1 +0.1 +0.3 +0.1 +0.1 +0.1
Coke (%db) 2020 11.6 13.6 14.8 16.5 14.5 139 14.0
+0.9 +0.4 +1.0 +0.4 +0.5 +0.4 +0.3
2021 10.6 11.2 11.1 10.3 7.7 11.0 11.9
+0.6 +0.6 +0.4 +0.4 +0.9 +0.3 +0.4
Fixed carbon (%db) 2020 8.4 8.7 + 4.4 10.9 + 1.0 9.3+ 0.6 10.8 + 0.6 9.7 + 0.4 10.0 + 0.2
+0.9
2021 8.3 9.3 7.7 7.3 4.7 7.9 10.3
+0.71 +0.66 +0.44 +0.42 +0.89 +0.32 +0.5
Volatile matter (%db) 2020 81.4 79.9 78.6 76.8 78.5 79.4 79.1
+0.9 +0.1 +1.1 +0.4 +0.6 +0.5 +0.3
2021 83.9 84.0 82.2 83.0 84.7 84.9 84.3
+0.8 +0.7 +2.9 +2.0 +0.9 +1.8 +2.2
HHV (MJ kg b 2020 18.1 18.4 18.8 17.8 18.5 18.4 18.3
+0.0 +0.0 +0.2
2021 17.7 17.8 17.3 17.0 17.3 17.5 17.6
+0.1 +0.1 +0.45 +0.1 +0.1 +0.1

*db = dry basis; GRC1-GRC8 represent novel seed-based M. sinensis x M. sinensis hybrids, provided by WUR, Netherlands; GRC10, GRC 11, GRC13,
GRC14 are novel seed-based M. sinensis x M. sacchariflorus hybrids provided by IBERS, UK; rhizome-based M. x giganteus GRC9 (commercial) and
GRC15 (TV1) were provided by Terravesta.

d’analyse des sols, Arras, Cofrac accredited ISO 17025). For this purpose, in November 2017, eight soil cores (0-30 cm) were extracted
by a hand driven soil corer to quantify physical and chemical indicators. Physical analyses comprehended particle size distribution
[31] and moisture content [32]. Chemical analyses determined carbonate content [33], total organic carbon [34] and total N [35]. The
results of the soil physical and chemical properties, prior to miscanthus plantation establishment are presented in Table 1.

3.2. Biomass analyses

For biomass proximate and ultimate analyses, the following parameters were determined (Table 2): initial moisture content [30],
ash content [36], coke, fixed carbon and volatile matter content [37], and the calorific value [38] by using an adiabatic calorimeter.

An average ratio of stem:foliage was found to be 4.0, ranging from 2.1 to 9.7 for M. sinensis x M. sinensis and from 2.4 to 7.4 for
M. sinensis x M. sacchariflorus hybrids.
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3.3. Radionuclide analyses

All the radionuclides’ measurements were performed in the Laboratory of Radiation Protection Unit of the Institute for Medical
Research and Occupational Health. High resolution gamma spectrometry in energy range (40-2000 keV) was used for the purpose of
radionuclides’ analyses. The radionuclides of interest in the environmental samples were 238y, 2327 226Ra, 219pp, 49K and 1%7Cs [39,
40]. High purity Ge Mirion Technologies (Canberra), Inc. GC5019 photon detector system, 54 % relative efficiency and resolution of
1.9 keV, all at 1.33 MeV, was used to measure miscanthus samples. High-purity Ge photon detector system ORTEC HP GMX, 74 %
relative efficiency and resolution of 2.26 keV, all at 1.33 MeV, was used to measure soil samples.

All the selected radionuclides are y emitters, although 2®U and 2*2Th cannot be detected through their own v rays. 4°K, and '%’Cs
are also p emitters, and 238y, 2327, 225Ra, and 2!°Pb are also « emitters. 228U, 232Th, and 2?®Ra also have progeny, including short-
lived radionuclides, which are a, p, and y emitters.

a, B, and y rays can all ionize atoms they collide with. y rays are the most penetrating, but they ionize relatively few atoms per ray.
For y rays, there is little difference whether they are inside an organism or come from the outside. § rays have much lower penetration
than vy rays, but high energy p particles can still penetrate over a cm through a living tissue. Inside an organism, they can ionize many
more atoms than y rays. a rays cannot penetrate outer layer of organism (skin, bark etc.). Inside the organism, however, they can ionize
millions of atoms. The actual effect of ionization depends. If affected molecules split or copy, they can transfer the error. If enough
molecules in a single area are affected, the function can be impaired.

The soil samples were taken from fifteen different positions within the field, from depths of 0-5 cm, 5-10 cm and 10-15 cm. Before
the establishment of the plantation, the soil was deep ploughed (depth >50 cm); hence, soil uniformity, including the uniformity of
activity concentrations of radionuclides, was expected in the upper soil layers. The soil samples were collected from the whole field
(0.6 ha) using a random sampling method. A single composite sample was obtained from 15 individual subsamples from a given area,
and at each depth interval, in order to form a representative sample that reflects the average radionuclide concentration within this
micro-location. The approach was based in the understanding that a 1-ha area, as is the case in this research, is perceived as a micro-
location in terms of the radionuclide distribution, which is supported by the previous research indicating radionuclide homogeneity in
the area of approx. 0.6 ha. The homogenization method effectively reduces the sampling error that might arise from a small-scale
variability, which is particularly applicable where large-scale heterogeneity is not expected. Thus, for the scope of this study, a
detailed sampling error calculation was deemed unnecessary.

In terms of the origin of the radionuclide pollution in soil, there is no site contamination, except the 137Cs contamination present in
Europe as a result of the Chernobyl and Fukushima accidents, as well as the atmospheric nuclear weapon testing.

Samples of ~2 kg wet weight were placed in PET bags, sealed, and transported to the laboratory. Soil samples were dried out,
cleared of impurities (grass, dead leaves and similar), homogenized, and packed into 1-L Marinelli beakers.

Three whole plants of each miscanthus hybrid were taken from each plot within four replicates. Plant samples were dried at 105 °C
for 24 h, chopped into small pieces, milled in a laboratory mill, sieved through a 1 mm screen, homogenized and packed into the 200-
mL cylindrical containers until the containers were fully filled. The material was packed as tightly as possible by hand and weighted.
The uncertainty of mass measurement, no more than 0.1 g, was accounted for in the uncertainty budget of activity concentration. Both
geometries are in standard use in the laboratory. Calibrations for both geometries were performed using the calibration standards
acquired from the Czech Metrology Institute in the same geometries. Calibrations included correction for coincidence summing.

All the samples were carefully closed and sealed with a tape and left undisturbed long enough to reach the secular equilibrium in
Uranium (?*®U) and Thorium (*2Th) decay chains with respect to the Rn gas and its progenies (?22Rn in 233U decay chain and ??°Rn in
232 Th day chain).

3.4. Data processing and analysis

Activity concentrations of 21°Pb, “°K, and 13”Cs can be directly measured by using gamma ray spectrometry. This method identifies
radionuclides and measures their activity in a sample using distinct y-ray energy emissions. High-purity semi-conductor (Germanium)
absorbs y-ray and emits electric charge proportional to the y-ray energy. Activity concentrations of 228U, 232Th and 2?°Ra were
determined by measuring the activity concentrations of short-lived radionuclides in 2*®U and 22 Th day chains that are in secular
equilibrium with the radionuclides of interest. Those are 234Th for 238U, 21Pb and '*Bi for 2%°Ra, and 2?Ac for 232Th (*'2Pb, 2!Bi, and
208T] can also be used).

3.5. Transfer factor

The transfer factor is used as an index for the accumulation of a target element in the plant and its concentration in soil [15,16].
Transfer factors were calculated as:

AC(R),y / Ac(R),, &

where Ac is the activity concentration, and R is a radionuclide. In all calculations, soil measurements from the lowest level (10-15 cm)
were considered. The activity concentrations are close to uniform (see Table 3), and the lowest layer should be the least susceptible to
the surface events (rain, wind) and should be the closest to the activity concentrations of radionuclides up to the depth of ploughing.
Both Acpane and Acs, are calculated for dry weight and are expressed in Bgkg L.
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Table 3
Activity concentrations (expressed in Bgkg 1) of the selected radionuclides in soil samples taken from the same field on the same date in 2020 and in
2021. The values presented include 2¢ confidence interval.

Year 2020 Year 2021
Radionuclide 0-5 cm 5-10 cm 10-15 cm 0-5cm 5-10 cm 10-15 cm
40g 571+6 546 + 6 577+ 6 531+6 552+ 6 557 £ 6
238y 64+ 3 64 +2 63+ 3 61 + 2 63 +2 62 + 2
226Ra 54.2 4+ 0.6 53.3+ 0.6 54.8 + 0.5 51.7 £ 0.5 51.3+ 0.6 53.0 + 0.5
210pp, 80 + 10 80 + 20 70 + 10 70 + 10 7249 80 + 10
232Th 54+ 2 48.8+0.9 52+ 1 48 +1 49 +1 51 +1
137¢s 9.3+ 0.4 9.0 + 0.4 9.7 + 0.4 7.6 +0.3 8.1+ 0.4 8.2+ 0.3

3.6. Activity concentration index

The combustion residues, meaning the non-combustible part of biomass, i.e., ash, is a heterogeneous mixture of inorganic and
mineral substances suitable for production and/or mixing with the existing building industry products (e.g., cement and concrete). If
miscanthus ash is classified as a NORM' (Naturally Occurring Radioactive Material) (depending on the local regulations), it has to

)
comply with*:

I = Acera/300 + Acasom /200 + Acsok /3000 < 1 (@)

where I is the activity concentration index is the Acaagr, is the activity concentration of 226Ra, Acasorh is the activity concentration of
232Th and Acgox is the activity concentration of 40k,

4. Results and discussion
4.1. Soil activity concentration

Radionuclides in the soil solution constitute a pool available for the root uptake. This pool of radionuclides is also available for
downward migration within the soil profile. The migration depth of radionuclides in contaminated soil is an important factor in the
determination of the decrease of external dose rates resulting from the contamination, as well as in the determination of decontam-
ination strategies, like phytoremediation [17]. The soil where the investigated hybrids were grown was deep ploughed in autumn 2017
prior to the establishment of the plantation.

The uptake of radionuclides depends on the various soil and plant factors such as soil types, cation exchange capacity, organic
matter content, soil pH, as well as the plant species, root development and root system [14]. In this study, the pH of the soil was found
to be slightly acidic (pH around 5.9) which is not in favor of radionuclide sorption process on soil constituents but rather contributes to
their mobility. Furthermore, this acidity might have a great effect on the generation of soil colloid, radionuclide hydrolysis and ion
exchange reaction, which all affect the adsorption of the radionuclide [41]. The particle size distribution shows that the soil samples
from the studied area have a low clay content ranging from 3.6 % to 5.6 % with the soil texture estimated to be silt loam according to
the soil textural triangle. It is well established that the mobility of Cs* is linked to the sorption to clay minerals, thus the low clay
content is more in favor of its mobility. The organic matter content in soil was found to be 19.84 + 2.60 g/kg. Total N and total organic
C in soils ranged from 1.05 + 0.12 g/kg and 11.50 + 1.52 g/kg, respectively. The C/N ratio was found to be around 11 which is a
classical value for the surface horizon of an agricultural soil. Based on the properties, the soil is characterized as a silt-loam pseudogley,
with vertical texture contrast and periodic stagnation of the precipitation water.

The activity of the radionuclide is a number of radioactive decays per second (Bq). When the source is very large, such as in the
environmental monitoring (soil, air), the total activity is of very little interest. Hence, the activity concentration, that is, the activity per
mass or per volume is a preferred parameter [39,40]. The activity concentrations of radionuclides were measured by using gamma-ray
spectrometry method. This method can adequately identify and measure radionuclides of interest — 13’Cs and naturally occurring
radionuclides. Naturally occurring radionuclides which do not emit y-rays are in secular equilibrium with their progeny that emits
y-rays, so their activity concentration is determined through their progeny. The results of the soil measurements are presented in
Table 3.

Before the investigated miscanthus hybrids were planted in 2018, the specific area where the plantation was established was deep
ploughed. The expectation was that it would ensure the soil uniformity, including the uniformity of the activity concentrations of
radionuclides. As the results for the year 2020 samples in Table 3 show, the expectation was correct, and the radionuclides are

! NORM can be used to describe any material which contains natural radioactive elements, but usually NORM is used for the material where
human activity increases the likelihood of exposure — for example, uranium ore in the soil would not be referred to as NORM, but once dug up, it
would be referred to as NORM.

2 This formula for activity concentration index is recommended in Ref. [57] and is used in the EU, but the factors may vary. In Croatia, factor 1 is
considered conservative, while in some countries conservative factor may be 0.5.



V. Jurisi¢ et al. Heliyon 10 (2024) e27788

Table 4
Mass concentrations of selected radionuclides in soil and mass concentrations of elements calculated from their significant radioactive isotopes, where
applicable.

Year 2020 Year 2021
Radionuclide 0-5 cm 5-10 cm 10-15 cm 0-5 cm 5-10 cm 10-15 cm
40K (mg kg~! soil) 2.19 2.10 2.22 2.04 2.12 2.14
+2 +2 +2 +2 +2 +2
(total potassium) 18.3 17.5 18.5 17.0 17.7 17.8
(g k-1 g soil) +0.2 +0.2 +0.2 +0.2 +0.2 +0.2
238y (mg kg~ soil) 5.2 5.2 5.2 5.0 5.2 5.1
+0.2 +0.2 +0.2 +0.2 +0.2 +0.2
(total uranium) 5.3 5.3 5.2 5.0 5.2 5.1
(mg kg-1 soil) +0.2 +0.2 +0.2 +0.2 +0.2 +0.2
226Ra (ng kg ! soil) 1.5 1.4 1.5 1.4 1.4 1.4
+0.02 +0.02 +0.01 +0.01 +0.02 +0.01
210pp (pg kg soil) 25 25 22 22 22 25
+3 +6 +3 +3 +3 +3
232Th (mg kg ~! soil) = fot! thorium 13.3 12.0 12.8 11.8 12.0 12,5
+0.5 +0.2 +0.2 +0.2 +0.2 +0.2
137Cs (pg kg " soil) 2.9 2.8 3.0 2.3 2.5 2.52
+0.1 +0.1 +0.1 +0.1 +0.1 +0.09

uniformly distributed. The activity concentrations of “°K, 238U, 232Th, and 2!°Pb in soil were found to be higher than the average
activity concentrations in soil in Croatia and in the world [39,40,42]. Even though they were slightly elevated, these activity con-
centrations are not unusual and are not close to the extremes measured in Croatia, let alone in the world [39,40,42]. The activity
concentration of 22°Ra is similar to the average activity concentration in Croatia [39], and the activity concentration of 137¢s is less
than half the average activity concentration in soil in Croatia [40].

238y, 232Th, and *°K are primordial radionuclides; they had existed in the universe from before the Earth was formed [18,39,40].
137Cs is anthropogenic (man-made) radionuclide, present in the environment in Europe mainly as a result of the Chernobyl accident.
Some !37Cs found in the environment in Europe is a result of the atmospheric testing of the nuclear weapons, while small amounts of
137Cs in Europe come from the Fukushima accident. *¥’Cs is the only anthropogenic gamma-ray emitting radionuclide of interest
routinely found in the environment [18,40].

Table 4 presents mass of concentration of analysed radionuclides. From the activities of the primordial radionuclides, total mass of
those elements can be calculated — “°K comprises 0.01 % total potassium, 2®U comprises 99.3 % of total uranium, and ?>Th comprises
more than 99.9 % of total thorium.

Comparing the results for the year 2021 to those obtained for the year 2020, the activity concentrations of the radionuclides in the
uranium and thorium decay series are similar enough. Moreover, it was determined that the only radionuclides where 26 uncertainty
intervals do not overlap for at least two layers are “°K, 22°Ra and '%’Cs. It is important to note that the error presented in Table 2 is a
measurement error and does not include the sampling error, which may easily explain the 2?°Ra difference. While *°K difference
between the 2020 and 2021 soil samples might also be explained by the sampling error, it should be noted that K is an element
routinely taken in by the plants from the soil, and 40K is present in all the natural K (0.012 % of K). Both Cs and K are elements of the
first group of the Periodic table of elements. Both elements have one electron in outer shell and therefore their chemical properties are
similar [40]. That means that the living organisms can take Cs instead of K, and the other way around. Saturating the soil with K helps
in limiting *3’Cs intake by plants [43], while ingesting the extra K lowers biological half-life of 13’Cs in humans [44].

The results indicate that the soil cultivation ensured that, when miscanthus was planted, a vertical distribution of all the selected
radionuclides was uniform or close to uniform. Since 3’Cs does not naturally exist in the soil, it usually diffuses from the surface,
where it was deposited, into deeper layers. Vertical distribution of 1*’Cs and 2!°Pb in various soils is discussed in Ref. [45]. In the
surface layers, the similar process exists for 2!°Pb, where a significant part of 2!°Pb activity concentration comes not from the decay of
its progenies within the soil, but from the decay of the progenies in the air and on the surface, after the 22Ra leched into the at-
mosphere. Considering solely the mean values in Table 2, there is an indication that 2!°Pb is leaching into the lower layers (or is being
taken up by miscanthus plant from the upper layers); however, large uncertainties mean that it cannot be concluded that the effect is
not the result of a measurement uncertainty.

It is worth noting that the soil remediation is performed on contaminated soil, that is, on soil that contains several orders of
magnitude more radionuclides than the average soil. The radionuclide content of soil in this study is close to the world (and
Croatian) average.

4.2. Miscanthus activity concentration
After the radionuclides’ analyses in soil, the uptake and distribution of the uptake of radionuclides was studied for the miscanthus

samples. Table 5 shows the activity concentrations of the selected radionuclides in plant material.
49K comprises 0.012 % of all natural potassium. Of the 14 hybrids measured, only 9 had the “°K activity concentration above the
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Table 5
Activity concentrations of the selected radionuclides in miscanthus samples, expressed in Bq kg~ '. 14 samples were taken for 14 different hybrids
(named GRC 1 through 15, and w/o GRC 12) on the same date in 2020 and in 2021. The values presented include 2¢ confidence interval.

Radionuclide GRC1 GRC 2 GRC 3 GRC 4 GRC 5 GRC 6 GRC7
“0g 2020 68 + 2 <11.2 <16.9 <19.4 80+ 3 <20.5 <20.4
2021 23.5 + 0.7 <13.5 24.3 + 0.6 80 + 2 37+1 <9.1 <11.8
238y 2020 22 4+ 1 <12.3 29+ 3 <19.3 <15.4 2342 <18.1
2021 23 + 2 <11.5 44 + 4 3743 3442 <8.3 45+ 3
226Ra 2020 <2.0 <2.4 <2.9 <3.3 <27 <3.3 <3.7
2021 <2.7 <2.4 <1.9 <17 3.6 + 0.6 2.8+ 0.6 2.7 + 0.4
210pp, 2020 <80 <88 <133 <147 <127 <167 <182
2021 140 + 40 110 + 20 <73 180 + 50 120 + 30 80 + 20 <90
232Th 2020 52+ 0.6 <4.6 <7.0 <6.9 <8.1 <6.8 <7.3
2021 <4.4 <4.7 5+1 <3.6 11+2 4.3+ 05 <4.2
137¢s 2020 <1.1 <1.5 <1.8 <1.6 <1.8 <2.1 <2.0
2021 <1.3 <11 <0.7 <1.0 <1.0 <1.0 <1.3
Radionuclide GRC 8 GRC 9 GRC 10 GRC 11 GRC 13 GRC 14 GRC 15
4og 2020 31+1 99 + 3 223+ 8 83+ 3 118 + 4 110 + 5 22.4 4+ 0.8
2021 80 + 2 80 + 2 168 + 4 154 + 4 164 + 5 128 + 3 77 + 2
238y 2020 36+ 3 2+1 23+3 <135 34+4 33+4 <37
2021 18+1 27 +£2 1341 3943 57 + 4 2342 19+1
226Ra 2020 <2.9 <2.3 <3.0 <25 <1.9 <3.3 <2.8
2021 <15 <1.4 3.5+ 0.6 <2 <26 <21 3.0+ 0.5
210pp, 2020 <147 29+9 <161 <110 130 + 40 <135 <129
2021 130 + 40 <65 220 + 60 <70 <104 90 + 20 <61
232Th 2020 <7.2 <0.4 <7.0 <5.3 6+1 <7.7 <6.3
2021 <3.0 <2.8 <3.7 <3.4 7+1 7+1 <29
137¢s 2020 <1.7 <0.1 <1.8 <1.0 <1.4 <1.5 <1.4
2021 <0.6 <0.5 <1.0 <0.8 <1.3 <1.0 <0.9

Value < X in table means that the measured value was below the detection limit (DL), the smallest value needed to quantify the result. GRC1-GRC8
represent novel seed-based M. sinensis x M. sinensis hybrids, provided by WUR, Netherlands; GRC10, GRC 11, GRC13, GRC14 are novel seed-based
M. sinensis x M. sacchariflorus hybrids provided by IBERS, UK; rhizome-based M. x giganteus GRC9 (commercial) and GRC15 (TV1) were provided by
Terravesta.

detection limit (DL) in both 2020 and 2021, and in 3 hybrids it was below the DL in both samples. The average measured activity
concentration in 2020 samples was 92.7 Bq kg™, and in 2021 samples it was 92.3 Bq kg~'. The highest measured activity concen-
tration of “°K was 223 (+8) Bq kg L. The results indicate that these hybrids intake relatively low amount of K.

All measurements of the activity concentration of '3’Cs were below the DL. Considering the difference between the '*”Cs activity
concentrations in 2020 and 2021, it would indicate that it resulted from increased leaching into the deeper layers of soil (possibly as a
result of deep ploughing), and not from the transfer into the miscanthus plants.

The activity concentration of 23>Th was measured above the DL in both 2020 and 2021 sample in only one hybrid. In 5 other
hybrids, the activity concentration of 2*2Th was measured in one of the samples. Since 232Th levels in soil are close to the world average
[42], and not elevated, the results are not unexpected.

Activity concentrations of the long-lived radionuclides — members of the uranium decay chain are not secular equilibrium, which
should be expected. 228U and 22°Ra enter the miscanthus hybrids by using different chemical and biological processes, whereas 2°Pb
originates mostly from air [18,40].

In samples from both 2020 and 2021, activity concentration of 21°Pb was, on average, the highest, with the average activity
concentration of 123 Bq kg~! in 10 samples where it could be measured, and the average DL of 115 Bq kg ™! in 18 samples where the
activity concentration was below the DL. The latter means that the activity concentration of 21°Pb in miscanthus plants was higher than
in soil which indicates that the primary source of 2!°Pb is the atmosphere, from where the 2'°Pb is deposited either by precipitation or
through wind, either in form of 222pn, 219b or one of the short-lived radionuclides in-between.

Activity concentration of 22°Ra was above the DL in only 5 samples, all sampled in year 2021. The same as for 222Th, since 22°Ra, the
levels in soil are close to the world average [42], and not elevated.

Activity concentration of 233U was measured above the DL in both years in half of the hybrids, and only in 1 hybrid it was found to
be below the DL in both years. The average measured activity concentration of 22U was 25.2 Bq kg ™! in year 2020, and 31.6 Bq kg ! in
year 2021. These results are very interesting, since the activity concentration is much higher than for 2>2Th and 22°Ra. The latter result
is something to follow, to confirm during the following years whether the observed is a real effect.

4.3. Transfer factors (soil to plant)

The potential of a plant to be used in phytoremediation does not merely depend on the concentration of the element in the plant. It
also depends on the transfer and the accumulation ability of the target element [14,46]. One of the significant parameters widely used
in the evaluation of internal radiation dose is the soil-to-plant transfer factor (TF). The TF, i.e., the ratio of activity concentration of
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Table 6
Transfer factor (TF) ranges in 2020 and 2021.
Radionuclide GRC1 GRC 2 GRC 3 GRC 4 GRC5 GRC 6 GRC7
4og 2020 0.12 <0.02 <0.03 <0.03 0.14 <0.04 <0.04
2021 0.04 <0.02 0.04 0.14 0.07 <0.02 <0.02
238y 2020 0.35 <0.20 0.46 <0.30 <0.25 0.37 <0.29
2021 0.37 <0.19 0.71 0.60 0.55 <0.13 0.73
226Ra 2020 <0.04 <0.04 <0.05 <0.06 <0.05 <0.06 <0.07
2021 <0.05 <0.05 <0.04 <0.03 0.07 0.05 0.05
232Th 2020 0.10 <0.09 <0.13 <0.13 <0.16 <0.13 <0.14
2021 <0.09 <0.09 0.10 <0.07 0.22 0.08 <0.08
137¢s 2020 <0.11 <0.15 <0.19 <0.16 <0.19 <0.22 <0.21
2021 <0.16 <0.13 <0.09 <0.12 <0.12 <0.12 <0.16
Radionuclide GRC 8 GRC 9 GRC 10 GRC 11 GRC 13 GRC 14 GRC 15
g 2020 0.05 0.17 0.39 0.14 0.20 0.19 0.04
2021 0.14 0.14 0.30 0.28 0.29 0.23 0.14
28y 2020 0.57 0.03 0.37 <0.21 0.54 0.52 <0.59
2021 0.29 0.44 0.21 0.63 0.92 0.37 0.31
226Ra 2020 <0.05 <0.04 <0.05 <0.05 <0.03 <0.06 <0.05
2021 <0.03 <0.03 0.07 <0.04 <0.05 <0.04 0.06
232 2020 <0.14 <0.01 <0.13 <0.10 0.12 <0.15 <0.12
2021 <0.06 <0.05 <0.07 <0.07 0.14 0.14 <0.06
137¢s 2020 <0.18 <0.01 <0.19 <0.10 <0.14 <0.15 <0.14
2021 <0.07 <0.06 <0.12 <0.10 <0.16 <0.12 <0.11

For the radionuclides where some of the measured activity concentrations were below the DL, the minimum value in the range is expressed as < (“less
than”) smallest DL divided by the activity concentration in soil. If all the measured activity concentrations were below the DL, instead of a range, only
one value is given, expressed as < (“less than”) largest DL divided by the activity concentration in soil; GRC1-GRC8 represent novel seed-based
M. sinensis x M. sinensis hybrids, provided by WUR, Netherlands; GRC10, GRC 11, GRC13, GRC14 are novel seed-based M. sinensis x M. sacchari-
florus hybrids provided by IBERS, UK; rhizome-based M. x giganteus GRC9 (commercial) and GRC15 (TV1) were provided by Terravesta.

radionuclide in soil (expressed in Bq kg~'db) and activity concentration of radionuclide in plant (expressed in Bq kg~ db) [16,47] are
both affected by soil properties, vegetation type, radionuclide type, and climatic conditions. As they indicate the degree of uptake of
radionuclides from soil to plants, the physiological variability of plants (differences between types and species), are likely sources of TF
variations [47].

From the data shown in Tables 2 and 3, the transfer factors (TFs) were calculated. TF cannot be calculated for 210pp, Considering
relatively high activity concentration of 2!°Pb in miscanthus plants compared to the 2!°Pb present in the soil, and the fact that 21°Pb in
plants often is deposited from the atmosphere, and not absorbed from the soil (see, for example, discussion on 2'°Pb in maize in Sarap
et al. [16] we cannot reject the assumption that at least a part of the 210pp, present in miscanthus came from the atmosphere, and not
from the soil. Table 6 shows the TF ranges for different miscanthus hybrids.

The ranges of the TFs shown in Table 6 are comparable to the ranges given in Refs. [14-16,48-51]. In general, a TF range of
0.001-10 may encompass the most soil-to-plant TF values, considering different plant species and types, soil types, radionuclide origin,
and climatic conditions. Furthermore, the researchers found that radioisotope uptake during the middle or late growth stages resulted
in higher TF values than those during the early growth stage [16]. Compared to the studies dealing with miscanthus hybrids [14,48],
the results in this study were found to be in the lower end of the intervals. However, both latter studies investigated miscanthus
growing on uranium tailings, meaning that the soil contained very high concentrations of naturally occurring radionuclides, and
further study is needed to assess how TFs depend on the activity concentration of radionuclides in soil.

4.4. Possible management route of miscanthus contaminated with radionuclides

Miscanthus is currently being used for either the production of bioenergy or bioproducts. Lately, due to its high potential, it has
been considered as a phytoremediation tool, specifically, for phytoextraction. However, since phytoextraction involves contaminant
accumulation in the crop biomass during the plant growth, when being used for this purpose, the harvested biomass becomes a highly
contaminated biowaste that could be found as a secondary pollution source if mishandled [52-55]. Hence, appropriate management
methods should be applied and a serious approach for the disposal and utilization of the biomass contaminated with radionuclides
should be taken. Currently, most of the available studies focus on the management of the plants contaminated with heavy metals,
whereas very scarce data if any is available on the management of the plants contaminated with radionuclides. The biomass quality
after the phytoremediation process and the accumulation of radionuclides from soil is not desirable for its most common subsequent
use - energy production exclusively. Le. after burning the miscanthus biomass to obtain energy, most of the radionuclides still remain
in the ash, which may be considered as a radioactive material and its further use and deposition possibilities may be restricted. Such
value chains are sensitive to the accumulation rate of radionuclides from soil since both, the functionality and efficacy of the phy-
toremediation process are based on a high rate of pollutant accumulation, whereas the end-use options are often sensitive to their high
concentrations. Therefore, this paper analyses one of the possible routes for its environmentally safe further utilization — the con-
struction sector. The analysis is limited to the radiological suitability and related limitations for further use in the construction sector;
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Table 7
Activity concentration index I in the ash of miscanthus hybrids.
GRC1 GRC 2 GRC 3 GRC 4 GRC5 GRC 6 GRC?7
I 2020 1.36 + 0.00 * 0.83 *
2021 0.43 = 0.00 * 2.21 +£0.01 1.28 £+ 0.00 3.66 = 0.01 1.19 + 0.00 0.25 + 0.00
GRC 8 GRC9 GRC 10 GRC11 GRC 13 GRC 14 GRC 15
I 2020 0.33 + 0.00 0.67 + 0.00 1.89 + 0.00 0.38 + 0.00 1.89 +£0.01 0.89 £+ 0.00 0.19 + 0.00
2021 1.15 £ 0.00 1.40 + 0.00 1.98 + 0.00 1.71 + 0.00 2.98 +0.01 2.51 + 0.01 2.19 + 0.00

*refers to the activity concentrations of all the radionuclides relevant for I (226Ra, 232Th and “°K) below the DL. GRC1-GRCS represent novel seed-
based M. sinensis x M. sinensis hybrids, provided by WUR, Netherlands; GRC10, GRC 11, GRC13, GRC14 are novel seed-based M. sinensis x M. sac-
chariflorus hybrids provided by IBERS, UK; rhizome-based M. x giganteus GRC9 (commercial) and GRC15 (TV1) were provided by Terravesta.

hence, mineral and chemical suitability was not part of this study. Such utilization route complies with several UN SDGs, including
good health and well-being, responsible consumption and production, as well as clean energy. Moreover, further use of energy pro-
duction by-products is in line with the cascade utilization of biomass and circular bioeconomy EU supporting schemes. On the other
side, reducing the energy consumption in buildings is one of the objectives set by the European Union in its roadmap towards a low
carbon economy in 2050. The use of waste or biomass to produce biobased materials used in the building sector reduces the green-
house gas emissions associated with the production of construction materials; due to its low-CO; impact, such products are often
investigated during the last several years [56]. By using data for the ash content in miscanthus hybrids (Table 2), the activity con-
centration index I for each of the hybrids was determined (Table 7).

Table 7 shows that the activity concentration index I for most of the hybrids is higher than 1. That means that the use of ash has
certain limitations, similar to the utilization of ash from other sources such as coal or wood. The ash from the investigated miscanthus
hybrids could be used in the construction industry, in mixtures with other materials, so that the activity concentration index from the
final material (i.e. concrete, tiles) satisfies eq. (2). Depending on the use of the material, it is acceptable to have the activity con-
centration index higher than 1 (for example, it may be permissible for material used in road construction). The fact that the activity
concentrations of all the radionuclides relevant for I (226Ra, 232Th and “°K) were below the DL means that such sample is usually
considered safe, but strictly conservative approach may require calculation of I using the DLs. It needs to be noted that the results
shown in Table 7 presumed that all the radionuclides measured in the miscanthus hybrids remain in the ash, which is the presumption
used when assessing coal for coal-fired power plants and the potential for further use of coal ash.

5. Conclusion

Fourteen novel miscanthus hybrids were planted on a freshly deep ploughed field, and their radionuclide remediation potential was
determined during the two consecutive years. The radioactive content of soil was found to be similar to the global average. In order to
have a better insight into the miscanthus phytoremediation potential, transfer factors for radionuclides were calculated.

The transfer factors were found to be very low for 226Ra (<£0.07), but similar transfer factors for 226Ra were measured for a variety
of plants. Transfer factors for 40g (<0.39) and for 2321 (<0.21) were in the lower limits for these radionuclides, but not unprece-
dented, as were possible transfer factors for 137Cs (<0.22). Transfer factors for 238U were the highest of all the measured ones (<0.92),
but not too high compared to the measurements in other studies. For 2!°Pb, the transfer factors were not calculated, since the
expectation is that a significant part of the measured quantity came from the air, and not through the soil.

Furthermore, from the sustainability and circular bioeconomy approach, utilization of the contaminated biomass was assessed.
Radiological content in miscanthus was found to be high enough, whereas the ash content was found to be low enough that it can be
expected that miscanthus ash could be considered as a NORM; even when grown on non-contaminated land, and its further use could
be obtained under the controlled conditions, similar to the use of ash from the coal-fired power plants in the construction materials.
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