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Testing sorption of uranium from seawater on waste biomass:
a feasibility study

Steven McGowan', Hao Zhang?, Claude Degueldre!”
! Engineering Department, Lancaster University, Lancaster LA1 4YW, UK
2 Lancaster Environmental Centre, Lancaster University, Lancaster LA1 4YW, UK

Abstract
The extraction of uranium from seawater has been successfully performed in batch mode on 15

selected biomaterials, including fruit, green vegetable and tuber samples. Theses biomaterial samples
were contacted in static batches with Irish seawater (2.8 ppb U) for periods of 1-2 months. After
sorption, both supernatants and HNOj3 digests from the sorbed biomass were analysed by inductively
coupled plasma mass spectroscopy (ICP-MS) for uranium.

Sorption of uranium from seawater onto the following materials revealed loadings (ug kg'!) increases
from 10 to 20 for diced potato (Solanum tuberosum), Sultanas grape (Vitis vinifera), Brussels sprouts
(Brassica oleracea), and sweet potato (Ipomoea batatas), to 200-300 for skin of nectarine (Prunus
Persica), of orange (Citrus Sinensis) and of potato (Solanum tuberosum).

The fraction of sorbed uranium reached 92% to 98% for peanut shell, orange skin, Brussels sprouts,
garlic, grape pulp, grape skin, and Sultanas grape.

Consequently the K, values were of the order of 50 to 200 mL g™ for mange tout (Pisum sativum),
sweet potato (lpomoea batatas) whole, potato (Solanum tuberosum) whole, Brussels sprouts
(Brassica oleracea) and nectarine (Prunus Persica) skin, of 200 to 1000 mL g for grape (Vitis
vitaceae) pulp, Sultanas (Vitis vinifera) grape, peanut (Arachis hypogaea) shell, kale (Brassica
oleriaceae), lemon skin and grape (Vitis vinifera) skin, and finally of 1000 -2000 mL g! for potato
(Solanum tuberosum) skin, orange (Citrus Sinensis) skin and garlic (Allium sativum).

Polyphenols are expected to increase sorption. The plot of Kz with polyphenol concentration displays

a positive correlation. Increases in sorption of may also be due to U(VI) reduction in U(IV) by
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antioxidants reported on these biomaterials and by colloidal aggregation, suggesting irreversible
sorption.
This screening study aimed to select specific bio-waste material absorbents to be tested in detail in a

future study, prior tests at the pilot scale.

Keywords: uranium; seawater; extraction; biomass; sorption

*Corresponding author: Claude Degueldre, e-mail: c.degueldre@lancaster.ac.uk
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1. Introduction

Nuclear power represents one of the cleanest energy vectors available to humans (Birol, 2019 [1])
partly due to the energy density of the fuel and partly due to the low mobility of the radioisotopes in
their waste form and the engineered environment, due to their strong sorption (Degueldre, ef al., 1994
[2] and 1996 [3]). With careful management, it is possible to ensure that all significant risks are

mitigated through engineering. In 1976, Pigford [4] stated:

“The environmental acceptability of nuclear fission power plants rests upon the careful
control of environmental effluents from each of the many diverse steps in the nuclear fuel
cycle including uranium mining, fuel preparation, reactor operation, fuel reprocessing,

and the storage and disposal of radioactive wastes.”

This is still fundamentally true today, as it was at the time. While the fuel cycle itself is under constant
review, economics have dictated that geological mining has continued to be the preferred route for
sourcing the uranium (U) necessary for the operation of a nuclear system at the current time (Ewing,
2004 [5]). However, uranium geological sources are finite, with some high-usage scenarios limiting
the supply of U to 80 years, with an estimated 7.6 Mt of U available at production costs of up to

$260/kg of U extracted (NEA and IAEA, 2016 [6]).

A potential alternative exists, by extracting uranium from seawater. It is present at trace quantities
with an average of approximately 3.3 parts per billion (ppb or pug kg™!) in standard seawater conditions

(35% salinity, pH 8.0), as a product of its annual input of approximately 10* tonnes by the rivers from
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geological erosion, with approximately the same quantity being deposited (output) in deep sea
sediments. The total available in equilibrium at any time is 4500 Mt (e.g. Degueldre, et al., 2019 [7]).
Research focussing on the use of man-made absorber has been prioritised since many years as
reviewed by Jun, et al., 2022 [§].

There have been some attempts to extract this resource on test scales. The most successful was
attempted by a Japanese group, who placed braided chains of amidoxime-doped polyethylene into
deep-water conditions. Based on their experiment, they were estimated recovery of U at $300 per kg,
assuming 20 reuses of the sorbing material (Sugo, et al., 2001 [9]). This is considered the “Best
Possible Technology” existing so far for the application, but it remains uneconomic under current
market conditions (NEA and IAEA, 2016 [6]; Sugo, et al., 2001 [9]; Schneider & Sachde, 2013 [10]).
Recently, Dong, et al., 2019a [11], reported about the functionalization and fabrication of soluble
polymers of intrinsic microporosity for CO; transformation and uranium extraction. These are specific
microporous polymer PIM-1-based quaternary ammonium iodide. They were found to have the
highest uranium uptake ability tested in real seawater at pH 8.2 and room temperature for balanced
time of 10 to 4 h.

The same group also studied the enhanced uranium extraction by functionalization of cyano-bearing
conjugated porous polycarbazoles, see Dong, et al, 2019b [12]. Cyano groups in polymers were
converted to conjugated polycarbazoles containing tetrazole or amidoxime groups after specific
treatment. In the real seawater with excess uranium, a maximum uranium extraction uptake of 119.4
mg g’ at room temperature was reported to be due to the strong chelating interaction between the
amidoxime groups and uranium.

More recently, Liu & Mao, 2021 [13] reviewed the potential of graphene oxide-based nano-materials

for uranium adsorptive uptake. Graphene oxide unique 2D structure, high specific surface area,
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dispersion and hydrophilicity and abundant oxygen-containing functional groups provided excellent
adsorption potential for uranium extraction. In this review, the research status and progress of
graphene oxide-based nanomaterials for uranium adsorption were summarized. Their adsorption
capacities, influencing factors, kinetics, isotherms and thermodynamics were compared and
discussed. The microscopic mechanisms of uranium adsorption onto these absorbers were elaborated
at molecular level by spectral analysis, surface complexation models, and theoretical calculations.

The absorption models allow estimation of the sorption properties on the basis of physical and
chemical properties. The physical properties deal with the grain size, the fractal and/or the porousity.
As an example, Wei, et al., 2018 [14] reported about sustainable cross-linked porous corn starch
adsorbents with high methyl violet adsorption. In this frame, and since smaller particles are stronger
than the larger one for their sorption potential, Song, ef al., 2019 [15] investigated the high adsorption
performance of methyl blue from aqueous solution using hyper-branched polyethyleneimine grafted

on short multiwalled carbon nanotubes as an adsorbent.

In a complementary way, Chen, et al., 2019 [16], reported on the adsorption removal of pollutant
dyes, e.g. methylene blue, methylene orange and rhodamine B as model dyes, in wastewater by

nitrogen-doped porous carbons derived from pyrolysed natural leaves (Euonymus Japonicus).

In sorption, chemistry plays also a crucial role going from surface complexation with substitution
reactions as reviewed by Liu & Mao, 2021 [13] to the formation of specific compounds. This later
case was for example applied by Lin, et al., 2019 [17] in their work on the efficient fluoride adsorption

in domestic water with educed graphene oxide loaded silver nanomaterials.
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Several recent studies extend the concepts.

Wang, et al, 2020 [18] investigated hyperelastic magnetic reduced graphene oxide-aminated
nanomagnetite three-dimensional frameworks and reported their oil and organic solvent adsorption
capability.

Shi, et al., 2021 [19] preparation of Mg,N-co-doped lignin adsorbents for enhanced selectivity and
high adsorption capacity of As(V) oxyanion from wastewater.

Hong, et al., 2022 [20] proposed a highly efficient removal method for trace lead (II) absorption
and removal from wastewater using 1,4-dicarboxybenzene modified Fe/Co metal organic

nanosheets.

An alternative to the approach of using man-made absorber (e.g. plastics) would be to use a natural
material to sorb the uranium, which would not require specific absorbent synthesis. Many natural
materials include structures intended to selectively interact with elements in solution. These can be
either for functional, nutritional, or protective part of biological items. However, the original purpose
is actually irrelevant, if the relevant compounds can be extracted or otherwise exploited (Mata, et al.,
2009 [21]). This approach avoids utilisation of synthetic polymers as proposed in several projects
where weakness may be identified, such as lamination in amidoxime polymers assimilation or
covering with phytoplankton and assimilation by local fauna. In the coming years, it would be
expected that Governments first play an active role in addressing the issue of plastic waste by
introducing legislation to control all potential sources of plastic debris as proposed by Li, et al. (2016)

[22].
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While these natural bio-sorbants are not as selective as the synthetic polymers, the lower production
costs, the strong sorbent properties for the elements of interest, and the high concentration effect from
the recovery process would potentially allow higher capacity on a per cost basis, compared with

materials that can cost 40% of the process as reported by Schneider & Sachde, 2013 [10]).

The nature of these materials means they are often more prone to degradation of their sorption
capacity, in seawater conditions (although this is relatively minor under the timescales foreseen),
limiting reuse however they are selected for their lower costs that will mitigate the need to replace
them. As with the synthetic polymers, bio-fouling is likely to be the primary limiting factor in contact
time, as it growth is fuelled by the fraction of nutrients lost to solution from the biomass. This will
prevent further contact with the seawater, capping the influx (Park, ef al., 2016 [23]) although this is
known to be a capture process in its own right (Nakajima, et al., 1982 [24]). The organisms produce
mucus as a pre-filter, which can precipitate toxic metals, including the elements of interest. Unlike
with the polymers, where the biofouling layer has to be removed to recover the elements of interest,

this layer is functionally indistinguishable from the materials, especially if suitably encapsulated.

While biomaterials has not been subject to a full scale attempt for the extraction of uranium from
seawater previously, some data is available from leach and tailing mining environments, where
attempts have been made to decontaminate ground or surface waters with a number of substances, or
aimed at elements other than uranium (Ramamoorthy, et al., 1969 [25]; El-Sheikh, 2016 [26]; Tang,
et al., 2013 [27]; Diallo, et al., 2015 [28]; Gondhalekar & Shukla, 2014 [29]; Satari & Karimi, 2018
[30]). These tests are generally based on testing the sorption isotherm of the material, most commonly

in conjunction with a simulated liquid phase. The tested materials included Myricae Cortex barks
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(Nakajima & Sakaguchi, 1989 [31]), Citrus Limetta peels (Gondhalekar & Shukla, 2014 [29]),
pyrolyzed tea and coffee wastes (Aly & Luca, 2013 [32]), Eucalyptus distillation sludge (Bhatti &
Hamid, 2013 [33]) and Citrus reprocessing wastes (Satari & Karimi, 2018 [19]; Pathak, ef al., 2015
[34]). In addition specific biological substances, such as chitin and chitosan, were tested as received
(Sakaguchi, et al., 1979 [35]) or treated (Sakaguchi, et al., 1981 [36]). Rather than testing materials
one at a time, with inconsistent methodology, tests were performed utilizing these materials on a
standardised approach, using natural seawater, rather than the historical approaches involving

simulated seawater mentioned above.

In addition to the material properties, it is important to not lose sight of the key benefit of these
materials: the low cost. In practice, this has proved to be hard to quantify, as there is no marketplace
for many. As a general rule, by-products of food crops such peels or husks, are preferential as their
supply generally outstrips demand: their “price” is only the transport and processing costs, which is
outside the scope of this work. Therefore, the materials of interest are by-product, or otherwise low

cost biomaterials, which can be dried effectively, with high surface area and antioxidant compounds.

Biomass has also been used in other fields that sorption. As an example, Xie, et al., 2018 [37],
reviewed the applications of unmodified and modified cellulose nanocrystals in papermaking
industry, reinforcing filler for polymers, shape memory polymers, healable polymeric materials, food
industry, drug carrier in pharmaceutical industry, supporting matrix for catalysts, and nano-medicine.
Cai, et al., 2019 [38] proposed a robust construction of flexible bacterial cellulose paper for high
capacitance and sensitive sensors for H>O; detection. Yuan, et al., 2020 [39] reported and reviewed

about nano-cellulose-based composite materials for wastewater treatment and waste-oil remediation.
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Boni, et al., 2020 [40] combined silk sericin, known for its antioxidant and mitogenic effects, with
surface micro-patterns in bacterial cellulose dressings to control fibrosis and enhance wound healing.
More recently, Mu, et al., 2021 [41] proposed a high value utilization of bio-oil from lignin targeting
for advanced lubrication.

This study is part of an attempt to develop a new nuclear fuel cycle, including uranium extraction
from seawater, and its utilization in a fast molten salt reactor, in order to develop a renewable nuclear

fuel cycle as described recently in Degueldre, et al., 2019 [7].

2. Sorption background

Sorption is traditionally described by reactions between specific groups and the metal or complex ions
(Degueldre, et al., 1994 [2]; Joseph, Van Loon et al., 2013 [42]). Considering a generic surface >Su,
above a macromolecule, substrate or colloid (¢), associated with one or more exposed ‘hydroxyl’
groups O>Su(OH).. They are in contact with an aqueous phase with which specific chemical

exchanges may take place. Typically, for biomaterials, these groups could be phenolic or carboxylic.

A metal ion M™" or their complexes (M(OH){™") may complex to the surface, by substitution with
one or more of the protons.

0>SuOH  + M & 0>SuOM™D* + H" {1}

0>Su(OH), + M™ &  0>SuO,M™P* +2HY {2}
These reactions may result in a bond which may be of variable strength (Degueldre, et al., 1994 [2]).
There are three factors that control how strong surface complexation is and how likely that this

reaction is to be reversible.
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1) The species of ions or complexes in solution dictate the strength of surface
complexation on a site. To estimate their surface complexation constant values
correlations with the hydrolysis constants are used. These values which are readily
available for a large body of ions and complexes and can be extended by correlation
to others (Degueldre, ef al., 1994 [2]; Degueldre, ef al., 2001 [43]).

2) The active groups at the surface of the sorbing material have an effect on the surface
complexation of the bond. These structures can be classified into groups of
compounds with similar mechanisms, but different morphologies. The two common
examples in bioorganic systems are carboxylic and phenolic groups.

3) The relative concentration of these species in solution and the pH play a relevant
role in the surface complexation process starting with the strongest (poly-dentate) to

the weakest (mono-dentate).

The sorption is traditionally described on the basis of the concentration of metal sorbed on the solid

[M]s, and the dissolved metal in the fluid (water) phase [M]w or [M]idepending on the unit basis.

For dynamic systems, it is possible to quantify sorption using the sorbed fraction F' (%) as defined in
Eq. (1) below.

[M]s

F=100 oo

(1)

Where [M]s and [M]; are in ng kg™!. Note that this is primarily a “living” ratio, and may be calculated

even if the system is not at equilibrium.

10
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A more formal way to quantify this ratio is the sorption constant Kd, as defined by Eq. (2) for reactions

{1} & {2} at equilibrium:

Kd = [M]s/[M]w (2)
With [M]s the concentration of all metal species on the surface of the absorbent (g g')and [M]w the
concentration of all metal species in solution (g mL™"). The K4 values are then given in mL g (or L
kg™h).
For redox sensitive species, in addition to the direct sorption process occurring for a given redox state,
there are indirectly redox effects, as different forms of complexes and ions (oxidative and reductive)
have different hydrolysis constants, so have different sorption properties. The reactions at the surface

and in the area of effect form a cycle that can be generalised to {3} - {6}:

0>Su(OH), + M°" & 0>SuOMCP* + 2H* {3}
$o-ne {5} $o-ne {6}
0>Su(OH), + M™ & 0>SuO,MT2* + 2H* (4

This concept of K can be applied and a net Eq. (2) can be adapted for all species at the surface and
in solution. For example, if the direct effect of sorption described by reaction {4} produces stronger
sorbed species than {3} then the reduction of the metal by {6} will control the sorption by {4} to a
greater degree than {3}. The net result would be the sorption of the oxidative species may generate

the reductive complexes at the surface, due to a reduction of the sorbed species after fixation.

For the specific example of U, as the focus of this study, the ion can exist under several oxidative
states. In surface waters, U is normally hexavalent. Its sorption in neutral conditions is strong, but
when reduced as tetravalent U it exhibits even stronger sorption. This is considered to be due to a

Coulomb effect, as the binding for U*" complexes is known to be stronger than for the UO»*"

11
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complexes (McKee & Todd, 1993 [44]). Therefore, a reducing agent e.g. antioxidants from the
biomass material, introduced into solution, will increase the proportion of U*" present, and increase

the effective K, values for U.

These sorbed species still have an interactive potential for further reactions with species in solution,
which means they have become a reactive surface. This is a factor for both free species, and other

surfaces. For example, in these circumstances, colloidal materials can interact as per {7}:

0>SuOoM™2*  + 0>Su(OH), & 0>SuOo MY 0.8u<0¢ + 2H' {7}
Clearly in this case the 0>SuOMT*0,5u<0 structure will not allow the ions M™¥* (which may be
a complex of the form M(OH)"™ " ) to return to the aqueous phase. They are quenched in the
macromolecular phase of the colloid aggregate and are fixed on it with only extremely low possibility
of desorption. In this case, the sorption becomes effectively irreversible and the Ks becomes a plain

sorption ratio, leading to very high effective K4 values.

An additional factor to this model is, in practice, natural sorbents are not exclusively one sorbing site
type, and exist on a sliding scale, between wholly polyphenolic, and wholly carboxylic
polysaccharides. However, both materials are based on a similar sized replicating unit for lignin or
hesperidin in polyphenolic compounds, and cellulose or demi-cellulose for polysaccharide, due to the
mechanical processes in synthesis in biomaterials (Boudet, 2000 [45]). This has the consequence that
it is only necessary to measure the proportion of the relevant structures to be able to estimate the
material composition net (direct effect) Ks. Further to this, it is necessary to consider that certain
compounds and classes of compounds are known to be high in antioxidants: for example, tannins are

a class of compounds with antioxidant properties present in many plant species, due to their use in

12
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transport and defence mechanisms. As a polyphenolic compound, these also function as a sorption
site, and some are known to actively co-chelate to form insoluble compounds with metal ions,

permanently removing from solution (Zhang, et al., 2016 [46]).

For the purposes of maximising the effective surface area of sorbent, if it is finely dispersed, the
processes would favour the aggregation, making sorption of U irreversible on specific biomaterial.
Therefore, these materials are to be investigated to find the optimum performance for the extraction

of U.

3. Experimental

In order to calculate the sorption constant Ky, it is necessary to measure the concentration of the metal
in solution and at the biomaterial surface, at equilibrium. The following section deals with the water

sampling, selection and preparation of biomass materials, and the methodology of analysis.

3.1 Materials selected for sorption tests

3.1.1 Water Samples

For the purposes of supplying seawater, 3 batches of 2.5 L water samples were collected from
Trafalgar Point (54.075192 N, -2.878758 W), Stone Jetty, Morecambe, NW UK, on the Irish Sea (see
Fig.1), at high tide, at 09:33am on the 19 of January 2019; at 10:38am on the 15 of June 2019 and at
07:32am on the 15 of August 2019. These water salinities (around 3.2%, per Jones (1991) [47]
corresponding to 91% dilution and 1.023 g mL™! density) are known to be slightly below the salinity
the average seawater (3.5%) found on Earth because of some local mixing with estuary water.

However, since these surface seawater samples were collected on non-rainy days over the Morecambe

13
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Bay area, these samples can be considered to be a good representative for the composition found in

Irish seawaters.

Fig. 1: Map of the Irish Sea 50-56°N, 2-8°W, and of Morecambe 54°N, 3°W, sampling point ®

3.1.2 Biomass Samples

All biomass materials are vegetal and sourced through suppliers within Lancaster.

To represent fruits, orange skin (Citrus Sinensis), lemon skin (Citrus Limon) and nectarine skin
(Prunus Persica) were selected as readily available material which are commonly discarded. These
have a large volume produced through industrial processing, mainly consisting of the skin, which is
currently used for animal fodder, although some use for the production of flavourings are also
common. These fruits are all known to have high polyphenolic compound concentrations for fruits,
particularly in the skins, where they serve important biological functions. To prepare the samples,
they were dried, and the pith on the oranges and limes was removed, as far as practical. They were

then diced so not to exceed 4 mm on any axis.

Grapes (Vitis) have extensive and specific regions dedicated to their harvest, for the purposes of wine
production. These have a large volume of solid by-products, mainly consisting of the skin, which is
currently mainly used for animal fodder. Grapes are associated with well-studied antioxidant
chemicals e.g. tannin, and are known to be easily dried and powdered for the purposes of the present
study. Given the range of species and cultivation purposes, two variants were selected as

representatives.

14
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A red grape (Vitis vitaceae) was selected, as reasonable middle ground of grape varieties. One
subsample was pulped whole, while a second had the skin separated, to measure its specific effect.
Furthermore, sultanas grape (Vitis vinifera), which are a variety of white grape that has been dried
to raisin standards, were selected as an easily available grape material that had underwent commercial
drying. As skinning was not practical, the samples were split into one subsample of whole sultanas,
and one subsample minced through a 4 mm diameter grate, to compare exterior surface to internal

bulk properties. This had limited effect, due to particle cohesion.

Kale (Brassica oleriaceae, var. Acephala), mange tout (Pisum sativum, var. macrocarpon), garlic
(Allium sativum) and Brussels sprouts (Brassica oleracea) were selected to represent a number of
useful species that are otherwise difficult to source as a by-product. Kale is known to be high in
antioxidant properties, stemming from both polyphenolic compounds, and sulphur-rich compounds,
and has a high surface area. Brussels sprouts are similar, but have much higher proportion of sulphur-
rich compounds compared to the polyphenolics present in kale. Garlic contains several chelating acids
known to precipitate heavy metals. Mange tout is high in a number of antioxidants, particularly

retinoic acid, which have important scavenging effects in biological systems.

Ground vegetable tubers have been known to sorb heavy metals from their surrounding soil, during
their normal life processes. These are filtered and concentrated utilizing their skin, so a white potato
(Solanum tuberosum) and a sweet potato ([pomoea batatas) variety were selected. As with the grapes,
each were split into two subsamples, one where the skin was separated, and one where they were

diced through a 4 mm diameter grate.

15
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Another option is the common by-product of Peanut (4rachis hypogaea) products, where the shells
are removed. These have a wide but weak use in a variety of industries, such as fibre production and
in construction, but the most common disposal route is by incineration, either, for direct disposal or
converted to smokeless fuel for domestic heating. These are known to have high site capacity, and
fixed polyphenolic compounds suitable for heavy metal sorption, and have been used in remediation
techniques, as a natural sorbent for some heavy metals. As with the previous materials, they were cut
into 4 mm diameter squares.

As previously described, samples of the bio-materials were cleaned, chopped and separated. The
samples that were not already sized were cut into 4 mm? segments. A small subsample of each
(displayed in Table 1) was separated, weighed, and dried using an Aicok© Digital Dehydrator, at
50°C for 72 hours (Under N»). It was then weighed (precision 1 mg), to establish the dry weight

conversion factor. This was used to adjust the mass values in Table 1 to dry basis.

Table 1: Dry weight conversion

Wet Dry Water  Water

Sample Mass Mass Lost  fraction
(g) (g) (g) %
Orange .23 867 1972  69.4%
skin
lemon .60 435 1824  80.7%
skin
Nectarine
: 2386 351 2036 85.3%
skin
Grape .11 295 1216  80.5%
skin
Grape 10900 4569 6331  58.1%
pulp
Sultanas
99.14 23.75 7539  76.0%
whole
Brussels oo o9 1092 4498  80.5%
sprouts
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Kale 1492 217 1275  85.4%
diced
Mange 3,43 541 2703 83.3%
tout
Garlic
) 928 038 890 959%
diced
Peanut

187 174 013  6.9%
shell
Potato .3 047 175  78.8%
skin
Potato /e 357 1094  75.4%
whole
Sweet
potato 23.73 5.70 18.03 76.0%
whole

3.2 Batch methodology

Where mentioned, deionised water is Suprapure© Quality. A 100 mL and 500 mL volumetric flask
is approximately half filled with deionised water, and labelled appropriately. In a fume cupboard, 64
mL of concentrated nitric acid (Aldrich© 70% redistilled, >99.999% pure) is slowly pipetted into the
100 mL volumetric flask, shaking regularly to fully disperse the acid and heat. Vial is then slowly
made up to the mark with deionised water and shaken to ensure full dispersal. The 100 mL flask is
then slowly added to the 500 mL flask, rinsing regularly to ensure complete transfer and is made up
to the mark, and mixed. The final solution is transferred to a storage bottle. This was repeated 4 times

over the course of the work. This solution is referred to as the 2 M nitric solution.

With organic material, in practice it is difficult to establish that a formal equilibrium has been reached,

due to the dynamic nature of the materials. As the material undergoes fragmentation, more surfaces
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are exposed, increasing the number of available sites, while existing sites may, in turn, be permanently
deactivated and become non-functional. Therefore it is expected that the Ky will exist on a curve,

which will change over time, which must be actively tested, to allow prediction.

While fragmentation is occurring, the structural materials have longer dispersal rates, which are low
enough that this would not be a concern. However, to contextualise this process, the liquid phase
sampling process was designed with the intention to allow measurement of fractionalisation
between these fragments which were larger than 0.4 pm, and the liquid phase. If this fraction proved
significant, then it would be possible to enclose the material in a boundary layer (a filter bag), which
would prevent further transport outside the system. However, these sub 0.4 pm phase samples

proved to be prone to micro-organism growth and were unable to be analysed.

Samples were prepared in Corning™ 50mL Plug seal cap polypropylene self-standing centrifuge
tubes. These were labelled, and pre-weighed, to establish the zero weight of the sample. Batch

component masses and ratio at contact time are given in Table 2.
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397

398
399  Table 2: Batch component masses and ratio at initial contact time.

Samplel. Sample 1. Sample2. Sample 2.

Sample Biomass Seawater Ratio Biomass  Seawater Ratio C_Io_inr;c:;ct

(8) mass (g) (8) mass (g)
Orange skin 0.177 25.41 0.007 0.281 25.58 0.011 2 months
Lemon skin 0.349 25.40 0.014 0.222 25.19 0.009 2 months
Nectarine skin 0.132 26.04 0.005 0.207 25.16 0.008 2 months
Grape skin 1.061 25.44 0.042 0.946 25.65 0.037 2 months
Grape pulp 3.800 25.06 0.152 6.800 25.52 0.266 2 months
Sultanas whole 5.680 25.45 0.223 5.010 25.59 0.196 2 months
Sultanas diced 5.480 25.28 0.217 5.480 25.44 0.215 2 months
Brussels sprouts 3.680 25.55 0.144 4.770 25.51 0.187 2 months
Kale diced 0.428 2541 0.017 2 months
Mange tout 0.804 40.64 0.020 1.002 38.91 0.026 1 month
Garlic diced 0.673 40.11 0.017 1.744 39.07 0.045 1 month
Peanut shell 1.337 43.63 0.031 0.804 45.64 0.018 1 month
Potato skin 0.199 44.64 0.004 0.165 50.86 0.003 1 month
Potato whole 3.364 32.02 0.105 3.084 34.52 0.089 1 month
Sweet potato whole 2.061 36.12 0.057 2.293 36.52 0.063 1 month

400
401  As previously described, samples of the bio-materials were cleaned, chopped and separated. The

402  samples that were not already sized were cut into 4 mm? segments. A small subsample of each
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(approximately 5 g) was separated, weighed, and dried using an Aicok© Digital Dehydrator, at 40°C

for 72 hours. It was then weighed, to establish the dry weight conversion factor.

Two replicated subsamples of each of the materials of was placed into the sample vials, and the weight
recorded. Then the volume was made up to 40 mL, and the weight of water added is recorded. These

samples were left undisturbed for at least one month to equilibrate.

A third sample of each of the biomaterials was separated and left without contact with the seawater,

in order to establish ground state concentrations of the materials.

Further to this, samples of the seawater were placed into sample tubes, without any biomass present,

to act as system controls, to establish if there were any losses in processing.

At the end of the leave time, the samples which had seawater present were partitioned.

A volume of 10 mL of the aqueous phase was extracted using a mechanical pipette and digested in
10 mL of heated 2 M HNOs. The remainder was then filtered using a Whatman™ 0.4 um PTFE
membrane filter, then made up to 100 mL, using a clean volumetric flask. The solution was then

transferred to a clean tube for storage.

In parallel to this, the remainder was filtered using a Whatman™ 595 150 mm filter paper to capture
the solids, then they were digested in 20 mL of heated 2 M HNOg, then filtered through a Whatman™

0.4 um PTFE membrane filter then made up to 100 mL, using a clean volumetric flask. The solution
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was then transferred to a clean tube for storage. In addition to the samples themselves, the blank and

control samples were also subjected to the same process.

All samples were then diluted by a factor of x20 with deionised water, to minimise the impact of salt

precipitation on the ICP-MS instrumentation.

3.3 Sample analysis

3.3.1 Biomass sample characterisation

A subset of samples was identified as of particular interest, and were selected for analysis by
Fourier Transform Infrared (FTIR) spectroscopy. These were the dried kale diced sample, garlic
powder, grape skin, orange peel, peanut shell and potato skin. Spectra were also recorded on the
dried sorbed samples after contact with seawater and phase drying as described above for each
sample which was dried using the same protocol as for the initial samples. Together with a control
sample of each, they were analysed by a Shimadzu IR Tracer-100 with attenuated total reflection
(ATR) stage, in the UTGARD facility at the Engineering Department, Lancaster University.
Analysis was by absorbance of the total reflection using Happ-Genzel apodization. The spectral
resolution was 1 cm™, over the range 600 — 4000 cm™! and for 45 scans. Samples were analysed on
the basis of a consistent volume, as they are intended for only comparative review to assess

alteration.

3.3.2 ICP-MS analysis
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Samples were analysed by ICP-MS at Lancaster Environmental Centre Trace Metals laboratory using
a Thermo Fisher Scientific Series X7. The ICP-MS spectrometer is installed in a dust free laboratory

equipped to avoid contamination.

Because of interference with the salt, which is typically 35 g kg'!, a dilution by a factor of 20 is
required to record artefact free readings because of crystallisation on the cone. The injection rate was

0.3 mL per time unit (10 seconds). The dwell time for uranium was 10 ms.

In this bulk of this work, the difference between an experimental and average value is referred to as
the absolute error, which for paired samples would be equivalent to the Standard Deviation (SD).
Otherwise, where the sampling involved multiple results, the formal definition of Standard Deviation
was applied. When the absolute error is divided by the mean value it becomes the relative error, or
the relative standard deviation, as appropriate. Percent error is relative standard deviation (RSD)

multiplied by 100%.
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4 Results

4.1 Biomass sample analysis

Samples were analysed by FTIR on the basis of a consistent volume, as they are intended for only
comparative review to assess alteration and compare the density of active groups from one sample to
others. It was observed that the control samples were more homogeneous in size, as the contact
samples had partially clumped, forming during the redrying process loosely cemented
conglomerations of finer particles. This was mostly visible in orange peel, peanut shell and grape

skin, while the others were more consistent.

In most cases, the two samples have no variation in location of the peaks, only intensity, with the post
contact samples generally being less intense than the pre contact samples. This can be attributed to a
shielding effect from salt crystals, and the larger particle size (and hence lower surface area). This is
illustrated by two samples which do not follow this pattern (garlic and kale) which experienced the
highest fragmentation of the samples, and so the variation in intensity can be attributed to increased

surface area through the contact period.

As would be expected, given the material’s organic nature, the signals are dominated by those
associated with cellulose. Peaks at ~ 3300 cm™! (O-H), 1200 cm™ (C-Hz) and 1050 cm™ (C-O and C-
C) are all clearly visible and are broadly similar between samples. Of interest as potential sites for
sorption, in most cases, at least a single (merged) peak, or a double peak associated with carboxylic
groups are visible at 1720-1620 cm™ are clearly present in all samples, and a region of activity which

would correspond with a double peak associated with polyphenolic groups is visible at 1400-1200
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cm™'. The IR spectra recorded for the prior and post contacted samples with natural seawater are

given in Fig. 2.

Post contacted grape skin has the notable exceptional feature of the carboxylic double peak at 1720-
1620 cm™ being more intense than pre contact, which can be attributed to either an increase in
sorbance sites through specific processes, or the sorbance effects leaving them more exposed to be

sensed by the FTIR.

Although kale diced exhibits much greater activity due to dispersal, one feature of a double peak at -
2900-2800 cm™! stands out as quite distinct: a C-H bond under stretched and aldehydic conditions

respectively. This is probably a fermentation effect.

Garlic would be the normal response of the dispersing material. The increased response on each of

the peaks is fairly consistent in proportion between the peaks.

Orange peel, peanut shell and potato skin are the three samples which exhibit consistent but reduced
peak pattern between the samples. The notable exceptional features are potato skin having a higher
carboxylic double peak, and peanut shell exhibiting reduced carboxylic peak, compared to their pre-

contact baseline.

Fig 2. IR spectra of the samples prior and post contact with natural seawater.
Samples: A grape skin, B kale diced, C garlic, D peanut shell, E potato skin, F orange peel.
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4.2 Uranium analysis in standard

A mass scan range was first set for standardisation. It ranged from 45 (scandium), 103 (rhodium), 208
(lead) or 209 (bismuth) and 238 (uranium).

For uranium calibration, uranium solutions of 0.1, 0.3, 0.6 and 1.0 pg L! were prepared from a
reference standard uranium solution (sourced from VWR), together with a zero standard of ultrapure
water were analysed for a calibration curve. In addition, a broadband reference standard was added
for traceability. The calibration curve proved to be linear (see Fig. 3) over this range (R? = 0.9943),
with an increasing variance from 1.0 - 4.6%. Most of this variance is instrumental in nature: samples
experience a small dilution effect between the first sampling and the following ones. The noise factor
of the system was measured from the O standards, resulting in a zero variance of 8.62 counts,
corresponding to a concentration of 0.000127 pg L', Therefore, the 3-c value (Degueldre, 2017 [48])

for as the limit of detection is 0.0004 pg L' (ppb) or 0.4 ppt.

Fig 3: ICP-MS calibration curve for uranium.

Conditions: injection rate: 0.03 mL s™!'; dwell time 10 ms.

4.3 Analysis of uranium in seawater samples

The seawater samples were gathered on 3 separate campaigns. These were analysed and were
considered similar enough between the sampling times as to not have an appreciable effect on the
results (see Table 3). The average value of 2.69+0.41 pg L is below (82%) that conventionally
ascribed to the sea (3.3 pg L', 100%) (Diallo, et al., 2015 [28]). However, this is likely due to
sampling being near-shore, which is due to a small dilution factor (e.g. 91% see Section 3.1.1) due to
freshwater runoft (Laane, ef al., 1996 [49]), and a weak scavenging effect from phosphates, which

are known precipitants for uranium (Beazley, et al., 2007 [50]).
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Table 3: Uranium concentration in seawater as sampled for this study

Uranium Samplel Sample2 Sample 3
concentration 09:33am, 10:38am, 07:32am, Average
(ug LY 19-01-19 15-06-19 15/08/19
2.27 2.29 2.48
1+0.07 +0.02 +0.00
2.89 2.66 3.53
10.16 $0.29 10.17
2.92 3.21
+0.03 +0.03
2.32 2.35
$0.31 $+0.38
Average 2.58 2.55 2.89 2.69
RSD 12.10% 10.21% 17.00% 15.33%

There are several isobaric interferences that can be anticipated to impact on the accuracy of the ICP-
MS measurements of uranium 23%U in seawater.

The only single isotope interference would be due to 2**Pu’. However, plutonium is nearly absent in
seawater today (<<fg L!).

There are however, several cluster ions which could potentially impact readings. Heavy metal cluster
ions where there is an attachment with O, C, Ar, Cl and H isotopes, which would all be present at
significant concentrations. The most likely are the following cluster ions, which are given below,
alone with their elemental concentration in seawater. From these, we can conclude that none of these
cluster ions would significantly interfere with 238U because the concentrations of their heavy element

cluster ions are several order of magnitude below that of uranium in seawater.

* [222Rn'%0]*, with a maximum potential concentration of 6x10'° g L™! Rn (Gregorié, et al., 2008

[51])
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* [22°Ra!?C]*, with a maximum potential concentration of ~9.8 x 10714 g L'! Ra (Walker & Rose,
1990 [52])

* [*Hg*°Ar]" with a maximum potential concentration of 9.97% of 5 x 10° g L'! Hg (Gardner,
1973 [53])

* [22Hg**Ar]* with a maximum potential concentration of 29.86% of 5 x 10° g L"! Hg and 0.337%
Ar (Gardner 1973 [53])

* [>’Np'H]" with a maximum potential concentration of <102 g L'! Np (Assinder, 1999 [54])

* [Pt *°Ar]" with a maximum potential concentration of 7.2% of <1012 g L"! Pt (Turetta, et al.,
2003 [55] & Goldberg, et al., 1986 [56]) .

* [2"Hg*’CI]" with a maximum potential concentration of 13.18 % of <5 x 10° g L"' Hg, and

24.23% CI (Gardner 1973 [53]).

However, none of these cluster ions interfere with 2*U because the concentration their heavy

element cluster ions is several order of magnitude below that of uranium in seawater.

4.4 Analysis of supernatants after sorption test

The replicate supernatant samples were subsequently analysed, and the results displayed in Table 4.
The variances here are the difference between the average data (2 values) and the difference with the
highest value. The variances ranges from 1 to 90% which is not unknown in biologically active
systems. The supernatants concentration in uranium is well below that of uranium in the seawater

which suggests a strong sorption.
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580 The attempt to partition the supernatant by removing the particles with a 0.4 pum filter was

581  unsuccessful as these samples proved vulnerable to microbial growth, as the acidification was

582  insufficient.

583

584  Table 4: Results of uranium concentration from analysis of supernatants after contact with biomass
585  for minimum of 1 month, RSD: Standard Deviation / Mean ratio x100.

586
Biomaterial Test1(ngL")  Test2 (ngL) Mean (ng L") RSD (%)
Orange skin i06?03082 100..001002 0.024 57.5
Lemon skin i06?03032 106?0%03 0.037 10.4
Nectarine skin i06.105037 106.200077 0.180 15.0
Grape skin iOO.F)O3021 10(;901081 0.025 27.5
Grape pulp i00..001092 106901091 0.019 1.2
Sultana whole ¢06?09043 106900061 0.050 87.7
Sultana diced i00..003022 106900041 0.018 75.5
Brussels sprouts i00.901061 10(;901061 0.016 1.3
Kale diced - 0.062 0.062 -
+0.002
Mange tout i06?09011 10(5907003 0.080 13.5
Garlic diced iod?olool 100..000010 0.005 87.2
Peanut shell i06?01072 100..002002 0.019 7.3
Potato skin i06?01072 10(3..001081 0.018 3.0
Potato whole i06900091 106?01050 0.012 22.3
Sweet potato whole i00..001091 106902031 0.021 10.0
587

588 4.5 ICP-MS analysis of solid material fraction after sorption test

589
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The uranium content in the digested solid samples were quantified using the established calibration
curve in Fig. 3, and in the majority of cases, with readings Relative Standard Deviation (RSD) below
2% except for certain no-contact controls, which had readings below 5% of the lowest standard, or
0.0050+0.0005 pg L. This is over 10 times the 3-c, so can be considered to be noisy, but usable
(Zhang & Davison, 1995 [57]). The digested solid sample data are reported in Table 5. Variance was

also noted, as per Table 4. The range is 2%-61%. There was no correlation displayed between pair

variances (R?=0.01).

Table 5: Uranium content from digested solid sample analysis without (control) and with (increase)

contact with seawater

(2021)

Assay No contact Test 1 Increase  Test 2 Increase Average
control from control from control test 1&2 RSD
Sample (ngkgh (ngkgh (ngkgh (ngkgh (%)
Orange skin 0.2 336.7 131.2 234.0 43.9
Lemon skin 6.5 134.6 169.5 152.1 11.5
Nectarine skin 1.0 317.6 132.8 225.2 41.0
Grape skin 5.5 127.6 137.9 132.8 3.9
Grape pulp 5.5 42.6 10.4 26.5 60.9
Sultana whole 1.6 12.2 16.8 14.5 16.0
Sultana diced 1.6 12.2 16.8 18.2 3.7
Brussels sprouts 0.0 15.6 13.4 14.5 7.4
Kale diced 6.5 - 205.6 205.6 -
Mange tout 23 43.8 40.8 423 3.7
Garlic diced 1.1 81.4 20.8 51.1 59.3
Peanut shell 57.8 68.2 153.9 111.0 38.6
Potato skin 54.3 199.4 419.5 309.4 35.6
Potato whole 0.3 10.3 11.2 10.8 4.0
Sweet potato whole 1.5 18.6 18.0 18.3 1.6

The sweet potato skin samples, and the Brussels sprout controls suffered a fungal attack, and could

not be analysed by ICP-MS. Kale diced 1 was lost during an accident during digestion, so could not

be completed.
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The loading of U on the biomass samples was then analysed. Data recorded either after 2 months
(week beginning 23 Jan 19 - week beginning 11 March 19) contact time or 1 month (week 17 June
19 — week beginning 22 July 19) re-plotted in Fig.4 as average fractions of U absorbed per mass unit

of biomass.

Fig. 3: Average amount of U absorbed per dry mass unit of biomass

The highest sorption by weight was by the potato skin (255 pg kg™'), then by orange peel (233 ugkg
1y and by nectarine peel (224 pg kg!). In addition kale diced performed significantly better in this

metric than the others (209 pg kg™).

Peanut shells get a special mention as they had the third highest actual U content measured of any of
the samples, but the material efficiency was low, due to high background U concentration in the
control, and high density of the material. In contrast, potato skin actual U was not significantly
different from other materials in measured concentration, but its low density made it appears the
greatest. Further testing is required to establish if the high capture concentration represents an efficient

surface, or an artefact of the high surface to mass ratio of the material.

Considering the U fraction between the solid phase and its total amount (consisting of the U sorbed
onto suspended solids and the U in the aqueous phase) it is clear that the fractionation by the grapes
(97%, except pulped sultanas, which would, if one replicate was discounted) are most effective in
retaining the U, followed by garlic (96%), Brussels sprouts (94%), then the orange peel (93%).

Kale diced and Peanut shells also had good capture rates (90%). Full data are presented in Fig. 5.
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Fig. 5: Average mass fractions (Eq. 1) of U absorbed on the bio-solids

However, the general level of capture seems to indicate that the surfaces were strongly depleting the

U from the liquid phase, and that the net capture is unlikely to represent saturation of the surfaces.

The fraction ratio does indicate that the mange tout was not effective. This is a likely indicator that
the antioxidants, such as retinoic acid was not providing an effective agent in reduction, despite it

being known to function as such in other contexts, likely due to conditions in the sample vials.

Despite the high concentration on the surface of the potato skin and nectarine peel by weight, the net
captures for these materials are weaker against the majority. Further testing is needed to establish if

the capture % was impacted due to saturation, or if this is indicative of low retention due to decay.

The sorption coefficients Ks were calculated using Eq. 2. Details are given in Table 6. Data reported
in Table 6 show that the K, values are ranging from 52 to 1866 mL g!. As displayed in Fig. 5, it is
unlikely that these are a true equilibrium value, so should be considered indicative rather than a formal
measurement. The highest indicative K4 was by the garlic (1886 L kg™'), then by orange peel (1669.5

L kg!) and by nectarine peel (1401 L kg™).

Stronger sorption’s are presumed to be due to uranyl reduction in tetravalent uranium by the
antioxidants associated to these biomaterials. It was also suggested that the chemical sorption
reactions may be coupled with colloidal aggregation, suggesting irreversible sorption hence

increasing Ky values.
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S.1: U S1. U S 1. S2. U S2. U S 2. Average
Sample concentration concentration K, concentration concentration in K, Ky SD RSD
P on biomass in fluid phase on biomass fluid phase
(ngkeg™ (ngLh (mL g") (ngke™ (ngLh (mLg") (mLg) (mLgh) (%)
Osrl‘:lf‘nge 336.75 0.246 1370.8 131.17 0.067 1968.2 1669.5 298.7 17.9
LSQEE“ 134.58 0214 630.0 169.53 0.261 649.9 640.0 9.9 1.6
Negz;i“e 317.61 1.019 311.7 132.76 1.333 99.6 205.6 106.1 51.6
Gsrlfige 127.64 0.210 607.0 137.88 0.121 1142.7 874.8 267.9 30.6
(i,r:l‘l’)e 4261 0.122 348.7 10.36 0.121 85.3 217.0 131.7 60.7
Sultanas 12.19 0.610 20.0 16.83 0.040 418.4 219.2 199.2 90.9
Diced
Sultanas 17.50 0.208 84.1 18.85 0.029 644.6 364.4 280.2 76.9
Pulped
Brussels
Sprouts 15.56 0.105 148.6 13.42 0.102 131.8 140.2 8.4 6.0
Diced
Kale - - - 212.10 0.405 524.0 524.0 - -
Diced
Mange 43.84 0.950 46.1 40.75 0.694 58.7 524 6.3 12.0
Tout
(l;)?::‘dc 81.41 0.105 772.8 20.79 0.007 29606 18667 10939 586
Pgil:lllts 68.18 0.195 349.9 153.91 0.236 653.0 501.5 1515 30.2
Ps"l‘:i‘:’ 199.40 0.195 1023.4 419.47 0.236 1779.6 1401.5 378.1 27.0
Potato 1033 0.077 133.8 11.20 0.131 85.5 109.6 242 22.0
Diced
Sweet
Potato 18.63 0.172 108.2 18.04 0213 84.8 96.5 11.7 12.1
Diced

Table 6: Sorption coefficients (Ky) of samples.
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Fig. 6: K, values as estimated for the sorption of uranium on biomaterials.

5 Discussion

Based on the sorption results presented in Section 4 an initial picture emerges.

This initial picture may be seen as faded by the dispersion of the experimental sorption data gained in
the former section. This is due to the bio-variability of the samples which yield composition changes
of the biomass samples. This is the fruit of plant growing state due to soil plant interaction, watering
conditions, plant/fruit orientation, maturity grade (leave, fruit, tuber ...), sample preparation including
sample cutting, size of biomass phases and biofouling. These factors may affect element uptake or
Kd by a factor 2.

It is noticeable that the samples with the highest retention all are associated with materials known to
release free aromatic chemicals into solution. Grape fermentation is known, driven by their high sugar
content, but garlic, Brussels sprouts and kale all be composed of and release free aromatic chemicals
such as polyphenols into solution. This would be an example of a suitable material for a contained

source/collector system.

However the greatest proportion of polyphenols and antioxidants are currently bound with insoluble
polymers and some of them (dry weighted, dw) sorb strongly uranyl ion, their polyphenols (PP)

content is high.

Grapes are found with 40 to 400 mg PP per 100 g dw (Nile, et al, 2013 [58]; Pastrana-Bonilla, ef al,
2003 [59]). Garlic is found with 40 to 50 mg PP per 100 g dw (Chekki, et al, 2014 [60]). Brussels

sprouts may contain about 100 mg PP per 100 g dw (Cieslik, et al., 2006 [61]). Kale diced samples
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have 500 to 600 mg PP per 100 g dw (Sikora & Bodziarczyk, 2012 [62]). Peanut shells are found with
300 to 450 mg PP per 100 g dw (Rosales-Martinez, et al., 2014 [63]; Qiu, et al., 2012 [64]). Orange
skins have 300 to 450 mg PP per 100 g dw (Abd El-aal & Halaweish, 2010 [65]). Lime skins are
found with about 60 mg PP per 100 g dw (Safdar, ef al., 2017 [66]). Potato skins have 10 to 35 mg
PP per 100 g dw (Akyol, et al., 2016 [67]). Nectarine skins are found with 20 to 60 mg PP per 100 g
dw (Gil, et al., 2002 [68]), and mange tout samples are found with about 10 mg PP per 100 g dw
(Lanzmann-Petithory, 2002 [69]). These polyphenols are expected to increase sorption. A plot of Ky
versus the PP concentration displays a correlation (see Fig. 7)]. There are several reasons why a
dispersion of data is observed. Some of the compounds which are included in the PP fraction, are
soluble while others remains in the biomaterial. This may also be due to the size or the fractal aspect
of the biomass phases. Alternatively, their reported PP concentrations are not fully reflective of the
natural variability between specimens. Most critically, we must also consider if part of the sorption is
irreversible, which will disproportionately impact the ratio. And this may be the case since samples
post contact show presence of aggregates (see Section 4.1) that eventually makes the sorption

irreversible even more makes the leaching more difficult as observed or the long contact time samples.

Fig. 7: Plot of K; with polyphenol (PP) concentration (biomass dry weight: dw).

In addition to the PP themselves, there are other released compounds, which may impact the sorption
rates. Grape fermentation is well known for its alcohol production driven by their high sugar content,

but garlic, Brussels sprouts and kale all release various organo-sulphur compounds such as allicin
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from garlic, glucosinolate from Brussels sprouts and kale, while peanut shells release compounds
such as luteolin quickly under mildly anaerobic conditions e.g. Eksi, et al, (2019) [70]. While
samples were not sealed air tight, it suggests these localised low oxygen conditions within the samples
are promoting depositions, which was detectable while working with the samples. These processes
are commonly supposed to be microbe-associated; it will consequently be important to test their

effects, and ensure controls are adequate to prevent leakage to environment.

The data also suggests two potential scenarios: materials with sacrificial antioxidants are more
effective in retention, compared with more locational-specific antioxidants, or these materials are
emitting chemicals which are stimulating the microcosm, which encourages deposition. These are not
mutually exclusive hypotheses, but it is likely that one will have greater influence. In addition, it will
dictate some of the practicalities of interaction. If the process requires release to solution, a contact

space over the materials is required, while a surface micro-organism paradigm can be more enclosed.

The failure of the supernatant partitioning, and the loss of several of the samples through post work
growth shows how biologically active these samples can be, even downstream from the sample itself,
and that the controls in place were insufficient. These lessons were incorporated in the updated
experimental design, through post extraction controls, and with the inclusion of containing structures,

specifically filter bags.

In terms of feasibility, the work discussed above has demonstrated that while using biomass, capture
of U from seawater is possible, further work is needed to increase the usability of the methodology.

The small sample batches are limited in capacity, and which has acted as a threshold on the quantities
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sorbed over time, as the low total system capacity is only of the order of 0.1-0.2 pg, and with most of
the samples were in the 80-95% capture range suggesting this actually might represent a systemic
limit rather than a true equilibrium. Therefore, reducing the solid to seawater ratios are important,
which can be achieved with smaller solid sample and larger seawater volumes, and larger vessels, to

increase the water fraction.

In saline surface water, uranium is conventionally considered to be hexavalent, which, under neutral
conditions, undergoes strong but reversible sorption. When reduced, for example by the antioxidant-
functional groups on the biomass materials, to tetravalent uranium which exhibits stronger sorption.
This is commonly supposed to be due to a Coulomb effect making the binding of U*" complexes
stronger than for the UO,*" complexes. Therefore, a reducing agent such as antioxidants from the
biomass material, introduced into solution, increase the proportion of U*" present, and higher Ky
values for uranium. Finally, presence of fine biomass material facilitates condensation of the colloids
via aggregation, masking metal ions and complexes in the biomaterial. This behaviour makes the

sorption irreversible with the embedding of the metal in the colloidal structure.

Additionally, these materials had undergone no modification, beyond the sizing process: for example,
to establish the synthetic materials, they are pre-treated with acid to prepare sorption sites for
exchange. This process could also benefit the materials. There is also the question of whether
materials currently being evaluated could be used in conjunction. For example, would combining the
kale’s retention chemicals with the potato skin’s surface area be a potential path to improved
performance? These questions indicate that while there are significant improvements necessary to

increase the method to practicality, there are pathways to explore for improved efficiency.
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The bio material studied is cheaper than the low cost material itself (fruit, green vegetable and tuber
samples) because it consists of peals, fragments or rests (bio-waste). The only costs associated to
their use are: their size reduction, drying, transport, package/bag setting and dipping in seawater.
The high costs associated to product synthesis are avoided. Actually, full cost analysis e.g. in $ orJ

(for EROEI approach) is foreseen in a separate study.

Based on the sorption results, garlic, grape skin, orange skin, potato skin and kale are all prioritized
for further study. The fact that all of these exhibit high surface to mass materials should be noted, and
future work will aim to produce samples that are more consistent in particle size, and other materials
with similar properties are targeted for future work. Reducing the particle size will also improve

general efficiency.

6 Conclusion

This work has established that the concept of utilizing the selected low cost materials to concentrate
the low U content of seawater is feasible, but there are many challenges ahead in developing this
technology to practicality. Furthermore, the design for comprehensive experimental methodology will

look like, has been sorted out for further investigations.

Sorption tests carried out for a minimum of 1 month in natural saline water from the Irish Sea revealed

sorption of uranium from seawater onto the following material.
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Data reported in sorption capacity (ug kg™!) show the average increase in uranium content for

potato whole (10.44 pg L), Sultanas whole (12.93 pg L), Brussels sprouts (14.49 pg L), to
nectarine skin (224.16 ug L), orange skin (233.76 ug L™!) and potato skin (255.16 pg L™!). Sorption
data expressed in fraction (%) of sorbed U increased according to nectarine skin (53.2%), mange tout
(53.9%), potato skin (83.6%), up to grape pulp (96.9%), grape skin (97.0%) and Sultanas diced

(97.0%).

Sorption coefficient (K,) values were found ranging from ~50 mL g (mange tout, sweet potato dices)
to ~2000 mL ¢! (Orange skin, Garlic dices). Polyphenol (PP) rich biomass samples are expected to
increase sorption. A plot of K; with the PP concentration displays a correlation. Stronger sorptions
are presumed to be due to uranyl reduction in tetravalent uranium by the antioxidants found onto these
biomaterials. Since K4 values are of the order of 50-2000 mL g!, it was also suggested that the
chemical sorption reactions may be associated with colloidal aggregation, suggesting irreversible
sorption. This screening study was aimed to allow selection of specific bio-waste material absorbents

to be tested in detail.

Based on the sorption results, garlic, grape skin, orange skin, potato skin and kale are prioritized for

further study.
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	The only single isotope interference would be due to 238Pu+. However, plutonium is nearly absent in seawater today (<<fg L-1).
	( [222Rn16O]+, with a maximum potential concentration of 6x10-19 g L−1 Rn (Gregoriè, et al., 2008 [50F ])
	(  [226Ra12C]+, with a maximum potential concentration of (9.8 x 10-14 g L-1 Ra (Walker & Rose, 1990 [51F ])  ( [198Hg 40Ar]+ with a maximum potential concentration of 9.97% of 5 x 10-9  g L-1  Hg (Gardner, 1973 [52F ]) ( [202Hg36Ar]+ with a maximum p...
	( [237Np1H]+ with a maximum potential concentration of <10-12 g L-1 Np (Assinder, 1999 [53F ])
	( [201Hg37Cl]+ with a maximum potential concentration of 13.18 % of  <5 x 10-9 g L-1 Hg, and  24.23% Cl (Gardner 1973 [53]).

