Design of a Symbiotic Device to Harvest Uranium from Seawater through the use of Shell Enclosures
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INTRODUCTION

At the current consumption rate, the global conventional
reserves of uranium, 7.6 million tonnes, could be depleted in
a little over a century [1]. As reserves decrease, future ura-
nium is expected to come from lower quality sites, resulting
in higher extraction costs and even greater environmental im-
pact. Fortunately, uranium is present in the ocean as uranyl
ions at low concentrations of 3 ppb [2], which, over the total
volume of the oceans, amounts to approximately 4.5 billion
tonnes of uranium, nearly a thousand times that of conven-
tional reserves [3].

Methods to extract uranium from seawater have been
studied since the early 1960s, when, at a time when uranium
production was uncertain, post-World War II Britain desired
a secure uranium supply [4]. A recent review of uranium
recovery technologies by [5] found that uranium adsorbent
by chelating polymers was the most promising in terms of
adsorbent capacity, environmental footprint, and cost [6, 7, 8].

In this technology, chelating polymers are deployed in
seawater and remain submerged until the amount of captured
uranium approaches the adsorption capacity. Then, an elu-
tion bath is used to strip metal ions, such as uranium, off
the adsorbent polymer. A polymer may be immersed in a
number of elution baths before it is regenerated by an alkali
wash to free its functional groups, allowing for the reuse of
the polymer. The output from the elution process undergoes
purification and precipitation typical for mined uranium to
produce yellowcake.

Offshore systems for the extraction of uranium from sea-
water have been developed since the early 2000s. In these
systems, the adsorbent is deployed and moored for extended
periods of time, brought back to shore for the elution process,
and redeployed afterward. The first system, developed by [7],
used non-woven adsorbents that were immersed for 30 days in
seawater. Due to the low mechanical strength of these fibers,
they had to be incorporated into stacks composed of spacer
nets and holders placed on large, heavy, floating frames, which
resulted in a design that was too costly for implementation.

More recently, buoyant braided adsorbents have been stud-
ied as a way to decrease the weight and cost of the system.
In these systems, continuous polyethylene fibers are braided
around a porous polypropylene float that can be made into
long lengths [9]. However, because this deployment scheme
requires the adsorbent be brought back to shore for the elution
process and redeployed afterward, this stand-alone, intermit-
tent operation system has significant practical and economic
deployment challenges [7] and to date none of these systems
have become economically viable.

Detailed economic analysis by [10] found that a major
cost driver of seawater uranium extraction is the mooring and
recovery of the adsorbent. Based on these results, [11] first

developed the development of a system that is attached to an
offshore wind turbine and continuously takes the adsorbent
from the ocean through an elution process and then returns it
to the ocean. More recent designs by [12] further build upon
this idea. The integration of the design of a uranium harvesting
system into an offshore wind turbine tower is pursued because
the development of offshore wind or uranium harvesting by
themselves bears a high capital cost for the structures, but
if the mooring function can be shared, the overall cost for
each will be lower. Furthermore, initial design analysis and
prototyping of these symbiotic systems has proven they are
technical feasible [11] and [12].

FUNCTIONAL REQUIREMENTS

The functional requirements of a symbiotic device to
harvest uranium from seawater are:

1. Use the amidoxime polyethylene braid adsorbent de-
veloped by Oak Ridge National Laboratory known as
AF1 [13].

2. Recover 1.2 tonnes of uranium from seawater annually,
enough to power a 5-MW nuclear power plant for one
year.

3. Bring the cost of uranium extraction from seawater as
close as possible to terrestrial uranium mining.

The uranium uptake for this system was predicted using
the one-site ligand-saturation model. In this model, the ura-
nium uptake, y, after a certain exposure time in days, ¢, is
given by
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where ., is the saturation capacity in kg-Uj/t-ads, and Kp
is the half-saturation time in days, both properties of the ad-
sorbent used from [14]. Further analysis on the adsorbent
behavior, recovery rate, and degradation as described by [12],
reveals that to achieve functional requirement (2), the sorption
process can be optimized on the device using approximately
45 tonnes of adsorbent that is submerged in seawater for 23
days and cycled 15 times.

ELUTION AND REGENERATION

Unlike previous designs developed by [11] and [12],
which utilize on-site continuous acidic elution and bicarbonate
regeneration processes, this design employs a single, 24-hour
bicarbonate elution as described by [15]. Recent work has
shown that the acidic elution process leads to degradation of
the adsorbent with subsequent reuse, which may be mitigated



or removed altogether by the replacement of a potassium bi-
carbonate solution [15]. Additionally, the adsorbent no longer
needs to be regenerated with alkaline solution since a basic
solution has replaced the previously used acids. The elimina-
tion of this step provides a significant cost savings through the
reduction of chemical consumptions [16].

MOORING AND RECOVERY

Uranium-adsorbing materials with the optimal chemical
properties for high adsorbent capacity, in general, have in-
herently low tensile strength and durability [17]. Hence, the
designs previously studied by [11], which require the adsor-
bent into a belt held in tension, are likely not feasible with the
AF1 adsorbent as it will probably not possess the durability
and tensile strength required. The design presented here fol-
lows those described by [12] which utilize a two-part system to
decouple the mechanical and chemical needs of an adsorbent
for seawater harvesting of uranium. In these designs and the
system presented here, the uranium adsorbent material with
high adsorbent capacity is enclosed in a hard permeable outer
shell with sufficient mechanical strength and durability for use
in an offshore environment and chemical resilience against
elution treatments [18]. Fig. 1 depicts one shell design in
which a spherical hard permeable outer shell encloses uranium
adsorbing material inside.

SYMBIOTIC MACHINE FOR OCEAN URANIUM EX-
TRACTION

The design presented in this paper utilizes adsorbent shells
that are incrementally spaced along high strength mooring
rope, resembling conventional ball-chain belts, similar to those
in the designs by [12].

Design analysis and prototype testing by [12] found that
devices which used multiple subsystems for uranium harvester,
allowed for a higher device uptime because should any com-
plications arise at sea, it is highly unlikely that all subsystems
would be affected. However, because the cost of such a device
is closely related to the material required, the considerable
number of large gears to move the ball-chain enclosures sug-
gested that the designs investigated by [12] were likely to be
extremely costly to fabricate, deploy, and maintain.

(b)

Fig. 1. Initial adsorbent concept with decoupling of mechani-
cal and chemical requirements. Soft, inner adsorbent sphere
is encased in tough, outer protective sphere. Outer sphere
features holes to allow adequate seawater to adsorbent interior.

Fig. 2. Three-dimensional 1/10th physical scale model of
SMORE. The full model on a 1/10th scale turbine spar is
shown in (a), whereas (b) shows a close-up of the upper plat-
form, and (c) is a close up of one of the roller (shown in purple)
subsystems. In the 1/10th physical scale model, the roller only
engages four shells along its width, while in the full scale
model it was sized to engage ten.

This design presented in this paper builds upon the work
by [12] which is modularized yet uses few components. In this
design, known as the Symbiotic Machine for Ocean uRanium
Extraction (SMORE), large rollers are used to move multiple
ball-chain lengths at once. Each roller is sized to fit 12 shell
enclosures around its circumference and the number of rollers
per device is determined by the overall adsorbent required.
By functional requirement (2), the device must be sized for
approximately 45 tonnes of adsorbent. It is found that this can
feasibly be done with a shell diameter, d; of 0.25m, and a total
number of shells, N;; = 15,715 using the analysis detailed in
[18]. Furthermore, the spacing between shells, L, is taken to
be 0.05m. Fig. 2 shows a three-dimensional sketch of a 1/10th
physical scale model of this design.

The full-scale system design was formulated for use with
the 5-MW OC3-Hywind offshore wind turbine which has
a total draft of Dyyyem = 120m, an upper spar diameter of
dupper = 6.4m and a lower spar diameter of djgyer = 9.4m [19].
Designing the device so that there are four roller subsystems
requires that each roller be designed to hold ten ball-chain
lengths. With a spacing between each ball-chain of 0.05m,
this requires a roller length of at least L, .., = 3m. The roller



diameter is determined by

Va2 + 2 — 2d,L; cos(a)
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where d; is the shell diameter, L is the spacing between shells
on the same ball-chain length, « is the angle of the equivalent
regular polygon inscribed by the irregular polygon created
by forming the midpoints of the shells and spaces that make
up the circumference of the roller, and N, ., is the number
of shells engaged by half of the roller, taken to be six in this
design (so that the roller has places for 12 shells total around
its circumference). By geometry, the angle « is given by

1
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Equations (2) and (3) result in a roller outer diameter of ap-
proximately d,,y.r = 1.2m and length of at least L, .., = 8.2m.
These rollers can be manufactured out of steel pipe, sized to
be at least 0.05m thick.

To determine the platform length, a spacing of
Ly rolier = 2m between rollers is assumed. With this in mind,
the total platform length required in order to fit all the rollers
around the turbine (such that when viewed from above the
turbine is circumscribed by a polygon made up of the rollers
and spaces between them) is given by

droller =
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where N, 1S the number of rollers (four for this design),
Lyouer is the length of the roller, Ly ou.r is the spacing be-
tween rollers, and 7., is the radius of the turbine at the top

dupper

(rupper = =5). Equation (4) yields a platform that must be
at least Ly form = 0.2m long, from the edge of the turbine.
Furthermore, to ensure that the rollers are out of water and
not impacted by slamming loads due to waves, the platform
would be raised approximately Hform = 10m above the
sea surface. Further analysis for a real ocean implementation
would require that this height be adjusted according to the
wave climate of the region of deployment.

Given that the bicarbonate elution process requires 24
hours of polymer immersion time, the rollers on SMORE
would act mostly as anchors for the ball-chain lengths hanging
off the system. The rollers would be motorized so that after
a campaign length (taken to be 23 days for this design), the
ball-chain lengths could be pulled up and deposited into a
chemical tank beneath the rollers. This tank would then be
filled with the solution required for elution of the adsorbent
polymer. After 24 hours, the rollers would be powered in the
opposite direction to redeploy the uranium adsorbent. Because
there are multiple subsystems, there could be one chemical
tank per subsystem or there could be one chemical tank that
travels on a track around the circumference of the turbine to
each of the subsystems. Further design analysis is required to
determine the details of each of these tank systems.

As described previously, each roller would be motorized
in order to wind and unwind the ball-chain lengths. This is
accomplished using grooved wheels on a circular track welded

Lpt = — Yupper (4)

to the interior of the roller on either end. The number of
grooved wheels required is determined by using the maximum
pressure of the contact for an ellipsoid Hertz contact between
the wheels and the groove, given by
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where F. is the contact force between each wheel and the rail
(taken to be half the force on the roller divided by the number
of wheels) and ¢ and d are the major and minor contact area
elliptical semi-axes, respectively. The semi-axes are a function
of the geometry and material of the wheel and rail, and the
angle between the planes of principal curvature of the two
bodies. Their definitions can be found in [20].

In order for the design to be feasible, two criteria must be
met with respect to the wheels:

Prax =

Dmax < 1.50 (6)

and
v > 20° (7

where o, is the ultimate tensile strength of the grooved wheel
and vy is the contact angle in degrees between the groove and
the rail, found by

®)

where 7g,00ve 15 the radius of the groove on the wheel. Anal-
ysis using equations (5)-(8) suggests that three polyurethane
wheels of approximately 0.25m diameter with a groove diam-
eter of approximately 0.2m on a 0.15m diameter steel track
would bent into a circle of 1.15m in diameter would suffice.
Furthermore, a 0.15m diameter pipe may be bent into a min-
imum of a four times its diameter, or a 0.6m diameter circle
[21], therefore bending it to fit inside the 1.15m inner diameter
of the roller is feasible. To support the weight of the roller and
the ball-chain lengths, each subsystem would be supported
by circular steel tubing of appropriate diameter and thickness
with a 45° angle cross-brace.

In order to move the rollers, one of the polyurethane
wheels would be oriented completely vertically, such as to
take the total load of half of the roller, and actuated using a
motor. The torque provided by the friction between the wheel
and the rail is found by

y = tan (rgrouve )_1

Tfr = ﬂFN (% - drail) (9)
where p is the coefficient of friction between the polyurethane
groove and the steel rail (taken to be u = 0.2) and Fly is half
the total force on the roller due to the shells and its mass.
Analysis of this friction force indicates that the friction is
sufficient enough to provide the total torque needed to move
the rollers.

CONCLUSIONS

This paper detailed the design and analysis of a symbi-
otic system to harvest uranium from seawater. Building upon
lessons learned regarding the adsorbent strength [18] as well



as the results of previous designs and testing of 1/50th scale
systems [12], the Symbiotic Machine for Ocean uRanium Ex-
traction (SMORE) utilizes a modularized design with minimal
material. It is hypothesized that the limited material used will
translate into low manufacturing, deployment, and operational
costs. Detailed cost-analysis of SMORE is underway and will
be the topic of a future publication.

At present, this design is being developed into a 1/10th
scale prototype for testing in an ocean environment. The
results of this fabrication will inform the feasibility of man-
ufacturing such a system on a large scale, while the ocean
testing will provide valuable experience which will inform
further improvements to the design to make it less susceptible
to failure in a marine environment. In tandem, failure mode
effect analysis and wave loading analysis are being conducted
on the structure. Finally, the stationary and motorized chem-
ical tank systems are currently being designed and built for
bench testing, the results of which will be the topic of a future
publication.
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