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Abstract

This study aims to evaluate the impact of shell enclosures on the uranium uptake

of amidoxime-based polymeric adsorbents they contain. Researchers have observed

that the tensile strength of the adsorbent’s polyethylene backbone is degraded after

�-irradiation to induce grafting of the amidoxime ligand. A two-part system was de-

veloped to decouple the mechanical and chemical requirements of the adsorbent by

encapsulating them in a hard, permeable shell. The water flow in six shell designs and

an unenclosed adsorbent for control in a recirculating flume was analyzed via a novel

method developed using the measurement of radium extracted onto MnO2 impregnated

acrylic fibers. Although the water flow was found to vary with enclosure design, orien-

tation to the flow, and placement within the flume, little to no difference was observed

in the uranium adsorption rate between all enclosures. The results of this study will be

used to design a large-scale ocean deployment of a uranium harvesting system.
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Introduction

Given that one gram of 235U can theoretically produce as much energy as burning 1.5 mil-

lion grams of coal,1 nuclear power has the potential to significantly reduce carbon dioxide

emissions associated with power generation. However, the approximately 7.6 million tonnes

of global conventional reserves of terrestrial uranium are expected to be depleted in a little

over a century at the current global consumption rate.2 Extraction of uranium is expected to

shift to lower quality sites as these reserves decrease, leading to higher extraction costs and

greater environmental impacts. Fortunately, the ocean contains approximately 4.5 billion

tonnes of uranium,3 nearly 500 times more than land.

A 2013 review of uranium recovery technologies found that passive adsorption of uranium

by chelating polymers was the most promising in terms of adsorbent capacity, environmental

footprint, and cost.4–7 Although recent developments in nanostructures materials such as

metal-organic frameworks, porous-organic polymers, and mesoporous carbons, as well as

inorganic materials have shown promise in recent years, amidoxime-functionalized polymers

are the most technologically mature adsorbent for this application8 and will be the focus

of the study detailed in this paper. In this technology, chelating polymers are deployed

in seawater and remain submerged until the amount of captured uranium approaches the

adsorption capacity. Then, the metal ions, such as uranium, are stripped off the adsorbent

polymer through an elution process. 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

redeployment and reuse of the polymer. The output from the elution process is transformed

into yellowcake through a purification and precipitation process typical for terrestrially mined

uranium.

In general, the amidoxime-based polymer adsorbents presented in the literature have in-

herently low tensile strength. For this reason, the ligands are often grafted onto a polyethy-

lene trunk fiber that can provide high tensile strength. Research has shown that while the

tensile strength of the trunk ultra-high molecular weight polyethylene (UHMWPE) fiber

2

Page 2 of 32

ACS Paragon Plus Environment

Industrial & Engineering Chemistry Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



may be more than 3.0 GPa, after �-irradiation to induce grafting of the amidoxime ligands,

this strength is decreased drastically to 1.3 GPa.9 This decreased strength after irradiation

is due to two factors. First, �-irradiation causes the degradation of the UHMWPE molecular

chain, thereby leading to a decrease in the molecular weight of polyethylene. Second, the

radiation cross-linking of the UHMWPE fiber restricts the mobility of molecular chains of

polyethylene, and causes nonuniformity of stress in the fiber.10,11

Additionally, the decrease in strength after �-irradiation was found to be dependent on the

absorbed dose. The higher the radiation dose, the greater the impairment to the mechanical

properties of the fibers, which influences the lifetime and recyclability of the adsorbent.12

Thus, a method was developed to decouple the chemical and mechanical properties of the

adsorbent polymer, thereby allowing for the independent optimization of both and likely

leading to adsorbents with much higher adsorbent capacity.13 In the system (shown in figure

1), a hard permeable outer shell, with sufficient mechanical strength and durability for use

in an offshore environment and chemical resilience against elution treatments, serves as

the protective element for uranium adsorbent material with high adsorbent capacity. The

chemistry of the inner material can thus be optimized for higher adsorption capacity, while

the mechanical properties required of the system are achieved by the hard permeable outer

structural shell, resulting in a system that is more cost effective for implementation.

Previous studies have examined the effects of differing temperature,14,15 current speed,16

and biofouling17 on the amidoxime-based adsorbent’s ability to uptake uranium. The focus

(a) (b)

Figure 1: Initial adsorbent concept with decoupling of mechanical 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.13
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of this study is to investigate and quantify the effects, if any, of a protective shell enclosure

on the uptake of uranium of the adsorbent it encapsulates. Results obtained from this study

will provide critical information in determining the types of protective shell enclosures to

be used in a large-scale ocean test of a uranium harvesting system, such as that detailed by

Haji et al. 18,19 .

Methodology

Recirculating Flume Experimental Setup

To investigate the effects of encasing an adsorbent in a shell enclosure on the uranium it

adsorbs, six shell enclosure designs were developed for testing. The shell designs were tested

in a recirculating flume tank located at the Woods Hole Oceanographic Institution’s (WHOI)

Shore Lab. The tank allowed ambient 0.45µm filtered seawater to pass through the shells

continuously. The flume measured 1.83 m x 0.15 m x 0.3 m and was constructed using

1.27 cm (0.5 in) dark colored acrylic. The dark colored opaque acrylic prevented light from

passing through, thereby mitigating the effects of biofouling.17 Fresh filtered seawater, with

temperature held at 20 ±1.5�C, was fed into the system from the head tank at flow-rates up

to 3 L/min, resulting in a water residence time of ⇠21 min. As fresh seawater was pumped

into the flume, a 23 cm stand pipe near the recirculation outlet ensured the water level in

the flume remained at a constant level. An inlet and outlet allowed the seawater within the

flume to be recirculated at a constant flow rate. A diagram of the flume experiment is shown

in figure 2.

A Finnish Thompson DB8 centrifugal, nonmetalic, pump recirculated seawater in the

flume at a rate of 100 L/min, corresponding to a linear flow rate in the flume of 4.8 cm/s.

At this rate, the water in the flume was recirculated once every 38 s. The flow rate was

regulated using a globe valve positioned after the pump’s discharge port. The volumetric

flow rate was continuously monitored using an Omega FP2010-RT flow meter in line between
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Figure 2: Diagram of the recirculating flume setup used to test the shell enclosures. Fresh
seawater is pumped in from a head tank using three tubes near the recirculation inlet.
Overflow pipe ensures a constant water level of 23 cm. A Finish Thompson DB8 Centrifugal
Pump constantly recirculates the filtered seawater.

the recirculation outlet and the pump.

To ensure that no shell enclosure was in the wake of another, the six shell enclosures were

staggered in their vertical placement in the flume. A seventh threaded rod and block served as

an attachment point for an unenclosed piece of adsorbent that served as the control. A baffle,

made of stacked 1.27 cm (0.5 in) PVC pipe segments and installed near the recirculation

inlet of the flume, minimized turbulence as the flow approached the shell enclosures.

A digital pressure meter was used to measure the pressure before the recirculation inlet

and after the recirculation outlet to determine the pressure loss across the flume. The

pressures were found to be 28.27 kPa and 27.58 kPa respectively, indicating a negligible

pressure loss of 0.69 kPa (⇠2.4%) across the flume and confirming that the flow meter’s

measurement would not be affected by the pressure drop. The pump, flow meter, and

all piping components were chosen such that all wetted components were made of plastic,

thereby minimizing the possibility of contaminating the adsorbents with other metal ions.

Design Analysis

The shell diameter and locations within the flume were chosen to ensure the shells would not

lie in the boundary layer created by the walls of the flume or in the wake created by shells

5
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upstream. The free stream velocity, u, is given by the volumetric flow rate, Q, divided by

the cross sectional area of the flume:

u =
Q

wfdf
, (1)

where wf is the width of the flume and df is the depth of the water filling the flume. The

flow regime at any point in the flume can be determined from the local Reynolds number,

given by

Re(x) =
ux

⌫
, (2)

where Re(x) is the local Reynolds number, u is the free stream velocity, x is the distance

downstream from the boundary layer, and ⌫ is the kinematic viscosity of seawater.

Since the fluid’s velocity asymptotically approaches the free stream velocity, the thickness

of the boundary layer is commonly taken as the point where the fluid velocity equals 99% of

the free stream velocity. From (2), it was found that any free stream velocity greater than

0.92 cm/s resulted in a non-laminar flow regime within the flume, for which the boundary

layer thickness is then given by

� =
0.382x

Re(x)1/5
, (3)

where � is the boundary layer thickness, x is the distance downstream from the start of the

inlet, and Re(x) is the local Reynolds number.20

For a flow rate of 4.8 cm/s, as was used in this experiment and a shell spacing of 12.7 cm,

the boundary layer at the last shell would be approximately 45 mm thick (on either side of

the tank walls). This indicates that the flow in and around a shell with a diameter greater

than 62 mm would be affected by the boundary layers from the flume tank walls. Hence, a

shell with a diameter of 50 mm was selected for use in this experiment.
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Shell Enclosure Design and Fabrication

Of the six shell enclosure designs developed for testing, one was based on a classic wiffle

ball with holes, which contained 24 holes positioned in four different tiers around the shell.

Another design was based on a classic wiffle ball with slotted holes, containing eight slotted

holes arranged in a circular pattern on each side of the shell. Figure 3 shows the six shell

designs tested in this study in the order they were placed in a recirculating flume (with

A being the closest to the inlet) as well as the naming convention used in the discussion.

Enclosures A and E are the same design (the holed wiffle), with the exception that they have

different orientations to the flow. The same is true for enclosures C and D.

The shells were fabricated in two halves and included a series of tabs and corresponding

slots that allowed the two halves to be aligned each time they are connected. Each half

shell was 50 mm in diameter and 3D printed from white acrylic. Acrylic, unlike some other

plastics, will not absorb water or deform after being submerged in seawater for extended

periods of time. Unlike colored acrylics, white acrylic does not contain any added dyes that

could potentially leach into the seawater and affect the fibers’ uptake of uranium.

The fabricated shell enclosures included holes for a 0.63 cm (0.25 in) diameter threaded

acetal rod. Each half shell was secured to the threaded rod with two nylon nuts. The

threaded rod was then inserted into an acetal block which was then glued to the base of the

recirculating flume tank.

A B C D E F

Figure 3: Solid models of six shell designs selected for testing in order of placement in the
recirculating flume (with design A being closest to the inlet).
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Water Flow Measurement

To determine if the shell designs impeded the water flow to the adsorbent interior (and

therefor possibly hindering the uptake of the uranium adsorbing fibers enclosed), a novel

method using the collection and measurement of radium extracted onto MnO2 impregnated

acrylic fibers was used to quantify the volume of water passing through the fibers in each of

the different types of enclosures, including the control.

Radium is an alkaline earth metal and each of its four isotopes is produced by the

decay of their radiogenic parents. Although each of the four have different half-lives (226Ra,

t1/2 = 1, 600 years; 228Ra, t1/2 = 5.75 years; 223Ra, t1/2 = 11.4 days; and 224Ra, t1/2 = 3.66

days), they exhibit similar physicochemical properties.21 In seawater, radium isotopes exist

in dissolved form,22–24 move with the water body, and are transported in the ocean by

advective and diffusive mixing processes. Given its suitability as a tracer for water masses

in oceanographic studies,25–30 radium is used in this study in a novel way to evaluate the

water mass encountered by fibers within the various shell enclosures and the control. To the

authors’ knowledge, this use of radium to quantify water flow has not been documented in

literature and represents an additional contribution of this work.

The MnO2 impregnated acrylic fiber was prepared by immersing an acrylic fiber into a

0.5 mol KMnO4 solution heated to 75� where they remained until the fiber turned black.

The fiber was then removed and rinsed throughly using radium free deionized water until

the water ran clear.31 Fibers are then air dried and weighed prior to use.

The MnO2 impregnated acrylic fibers, which adsorb radium, were placed in a control

cartridge, and in each of the different types of enclosures including on a threaded acetal rod

with no enclosure to act as a control. The fibers were tested in the flume for approximately

6.25 hours. At the same time, seawater that recirculated into the flume was also used to fill

a 120 L container that was then slowly pumped through the control cartridge at about 1-2

L/min (a rate below 2 L/min has been shown to achieve quantitative radium adsorption31,32).

After the seawater exposure, following the method of Moore 33 , the fibers were ashed in
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(a) (b) (c)

Figure 4: (a) MnO2 impregnated acrylic fibers used in this study, (b) The ashing process
showing one clump of MnO2 impregnated acrylic fiber in a container ready for ashing and
(c) samples in a muffle furnace prior to ashing.

a muffle furnace at 820�C for 24 hours, resulting in a mass reduction of up to 60%. The ash

was then concealed in epoxy resin to contain Ra gasses. After a three-week waiting period,

which allows all daughters of 226Ra to grow into equilibrium, the samples were counted

for 226Ra using �-spectrometry by its photopeak at 352 keV. The known volume of water

filtered through the cartridge and the amount of radium adsorbed by the fiber in the control

cartridge was used to determine a relationship between the radium adsorbed and total volume

of seawater to come in contact with the adsorbent fiber.

Adsorbent Preparation and Sampling

The designs described in this paper utilized the AI8 adsorbent developed at Oak Ridge Na-

tional Laboratory (ORNL) (originally named the AI11 adsorbent, detailed further in Das

et al. 34). Adsorbents were prepared using hollow-gear-shaped, high-surface-area polyethy-

lene fibers and a radiation-induced graft polymerization method.35 The AI8 adsorbent uses

vinylphosphonic acid as the grafting comonomer and amidoxime as the uranium binding

ligand. The uranium uptake of this adsorbent can be calculated using the one-site ligand-

saturation model. In this model, the uranium uptake, y, after a certain exposure time in

days, t, is given by

y =
�maxt

KD + t
, (4)
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Figure 5: Shell enclosures in the recirculating flume, each containing a small, pre-weighed,
mass of adsorbent fiber. Samples were taken by snipping small pieces (⇠ 35 mg) using Teflon
coated scissors from sections of the adsorbent fiber in each enclosure and from the control.

where �max is the saturation capacity in g U/kg adsorbent, and KD is the half-saturation

time in days.34

Each shell contained a pre-weighed, small mass (⇠ 3 g) of adsorbent fiber (Figure 5) cut

from a common AI8 adsorbent braid prepared by ORNL.36 Additionally, some adsorbent was

tied to a threaded acetal rod with no enclosure to act as a control. Samples were collected

after the first 24 hours and then again once per week for eight weeks, for a total of nine

samples over 56 days. Samples were taken by snipping small pieces (⇠ 35 mg) using Teflon

coated scissors from sections of the adsorbent fiber in each enclosure and from the control.

Uranium and Trace Element Analysis

After exposure to seawater in the recirculating flume, the adsorbent samples were analyzed at

the Marine Sciences Lab at Pacific Northwest National Laboratory (PNNL) for uranium and

other trace elements. The samples were first rinsed in deionized water to remove accumulated
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salts. Then each sample was placed in a plastic vial and dried overnight using a heating

block at 80�C after which the dried adsorbent sample was weighed. Total digestion of the

adsorbent was achieved by placing the sample in a 50% aqua regia solution and incubated

for 2 hours in a heating block at 80�C. The sample was then analyzed for uranium and trace

elements via inductively coupled plasma optical emission spectrometry. Adsorption (uptake)

was determined based on the mass of the recovered elements per mass of adsorbent (g of

element adsorbed per kg of dry adsorbent).

In addition to adsorbent samples, water samples were also collected on each of the nine

sample dates for trace metal analysis. Furthermore, salinity measurements were taken using a

YSI Pro30 Conductivity Probe as salinity has been shown to indicate the 238U concentration

in seawater. The concentration of 238U in (ng g�1) is described as

238U(±0.061) = 0.100⇥ S � 0.326 (5)

where S is the salinity.37

Results

Water Flow Through Shells

Figure 6 shows the results of the water flow in the different shells after correcting for the

differences in the amount of radium fibers initially placed in each of the enclosures and ad-

justing for weight due to ash loss. The results indicate that there was a significant difference

in the water passing within the enclosures. In particular, the shell enclosure closest to the

baffle, A, saw the most water, about the same as the unenclosed control fiber. Additionally,

the total volume of seawater the adsorbent came in contact with seemed to taper off farther

down the flume, with enclosures D, E, and F seeing less flow than enclosures B and C. Specif-

ically, the fiber in enclosure D saw over 60% less water than the control fiber without an
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Figure 6: Total volume of seawater to come in contact with MnO2 impregnated acrylic fibers
in different enclosure types as determined by 226Ra count using �-spectrometry.

enclosure. The water flow to the fiber in enclosures A and E (the same shell design oriented

differently to the flow) differed by over 60%. Similarly, there was over 42% difference in the

water flow to the fiber in enclosures C and D.

Although the shells were placed in the flume in such a way as to ensure no shell was in

the wake of those preceding it, the results from the radium analysis indicated that the total

water seen by the adsorbent in shells farther down the flume was reduced as compared to

enclosure A and the control (no enclosure). This may have been due to the fact that the

shells were observed to vibrate in the flow. Eddies formed on either side of the shells may

have started alternating, producing an oscillation and resulting in vortex induced vibrations.

The vibration may have varied from shell to shell as each shell may have been influenced by

vortices from preceding shells, thereby changing the water flow based on a shell’s placement

within the flume. Given that the control adsorbent fiber was not encapsulated, it did not

experience such vibrations.

These results suggest that the actual design of the shell enclosure, the orientation of the

shell enclosures with respect to the incoming flow, and the placement of the shell within the

flume had a significant effect on amount of water flow to the interior and could indicate an
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effect on the amount of uranium adsorbed by the fibers enclosed by each shell.

Uranium Uptake

The salinity during the experiment averaged 32.6 ± 0.2 psu, indicating an average 238U

concentration by (5) of 2.934 ± 0.081 ppb. Due to the conservative behavior of uranium in

seawater,38 all uranium adsorption capacity data was normalized to a salinity of 35 psu in

order to correct for the varying salinity of natural seawater observed in different adsorption

experiments. Adsorption kinetics and saturation capacity were determined by fitting time-

dependent measurements of adsorption capacity using a one-site ligand saturation model as

described by (4). Figure 7 shows the time-dependent measurements of adsorption capacities

for all trace metals retained by the AI8 adsorbent for each enclosure. As can be seen, uranium

is not the dominant metal adsorbed by the fiber.

The uranium adsorption capacity (g-U/kg-adsorbent) for all adsorbents in all the en-

closures is shown in figure 8, with the lines indicating the one-site ligand saturation model

fits for each enclosure. Furthermore, there is very little difference in the uranium adsorbed

between the different enclosure types. This is further confirmed by the kinetic parameters

of the one-site ligand model, detailed in Table 1. Detailed are the uptake predicted for an

immersion time of 56 days as predicted from the one-site ligand modeling, the saturation

capacity, �max, and half saturation time, KD, with the ± 95% confidence intervals. As seen

in the table, little variability between the coefficients of the fits for each shell enclosure,

suggesting no significant difference in the uranium uptake by the adsorbent in different shell

enclosures.

The results suggest that even though the flow field inside the shell enclosures may have

differed considerably,39 the enclosure is likely not inhibiting the uranium adsorption of the

fibers it encases, no matter the shell design. The lack of difference in uranium uptake

between shell enclosures suggests that the linear velocity of the water is high enough that

the reaction is no longer mass limited. Such a result also observed by Ladshaw et al. 16 for
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Figure 7: Time-dependent measurements of adsorption capacities (g element/kg adsorbent)
for several trace elements retained by the ORNL AI8 adsorbent exposed to filtered natural
seawater in a flume in various shell enclosures, (a)-(f) (as shown in figure 3), and without
any enclosure, (g). The black line drawn through the uranium adsorption data represents
fitting to a one-site ligand model (equation (4))

similar linear velocities. Variations in the mass-transfer rates depend on the linear velocity

as well as the form-factor of the adsorbent.16 The enclosures and the high linear velocity flow

used in this experiment result in less freely fluidized adsorbent fibers than if the adsorbent

was submerged unenclosed in slowly agitated seawater, as in Kim et al. 40 . Because of this,

the speed of interparticle diffusion (the transport of adsorbate from bulk liquid phase to

the exterior film of the adsorbent) is likely reduced as compared to experiments performed

by Kim et al. 2013. While the external mass-transfer resistance has not been successfully

removed, as suggested by Ladshaw et al. 16 , it may not be enough to make the interparticle

diffusion transport mechanism the rate limiting step of the uranium uptake process.
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Figure 8: Time-dependent measurements of uranium adsorption capacity (g-U/kg-
adsorbent) for the flume experiment for the seven AI8 adsorbent braids enclosed by various
shell designs (Enclosures A-F), as well as the results from the control adsorbent in no en-
closure. The uranium adsorption capacity was normalized to a salinity of 35 psu. Curves
drawn through the data represent fitting to (4), the one-site ligand model. Table 1 details the
saturation capacity and half-saturation times as predicted from the one-site ligand modeling

Most of the other elements shown in Figure 7 indicate similar trends between all enclo-

sures. The consistent concentrations of calcium (Ca) and magnesium (Mg) may be a result of

Table 1: Uranium 56-day adsorption loadings (56-d, g U/kg adsorbent), saturation capacities
(�max, g U/kg adsorbent) and half-saturation time (KD, days) for the AI8 adsorbents en-
closed different shell designs on the two different, and enclosed only by a mesh bag (control).
Adsorption loadings were normalized to a salinity of 35 psu.

Enclosure 56-d† �max
† KD

†

A 3.58 ± 0.93 5.91 ± 0.69 36.55 ± 8.51
B 3.58 ± 1.65 5.57 ± 1.16 33.99 ± 14.13
C 3.70 ± 2.91 6.78 ± 2.59 46.67 ± 32.15
D 3.50 ± 3.06 5.67 ± 2.14 34.69 ± 27.36
E 3.16 ± 1.93 5.55 ± 1.60 42.40 ± 22.87
F 3.86 ± 2.13 7.84 ± 2.23 57.83 ± 27.38
No enclosure (control) 3.60 ± 1.26 5.80 ± 0.89 34.17 ± 10.76

† Estimated using the one-site ligand saturation model (4).
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salts on the fibers rather than adsorption, though Ca and Mg have been show to bind weakly

to amidoxime.41 Vanadium (V), iron (Fe), copper (Cu), and zinc (Zn), on the other hand,

may adsorb to the amidoxime and may displace or prevent uranium adsorption.42 As with

uranium adsorption in this study, the adsorption of Fe, Cu, and Zn does not seem to vary

between enclosures, supporting the results that the enclosures do not affect the adsorption

kinetics of the fibers they encapsulate. V, on the other hand, shows increased adsorption on

fibers in enclosures A, B, C, (Figure 7 (a)-(c)) and the fiber control, (Figure 7 (g)). It has

been shown that vanadium out-competes other ions, including uranium, from adsorption,

though binding method remains unclear.36,43 This suggests that the increased vanadium ad-

sorption could have limited the fiber’s adsorption of uranium, supporting the idea that in the

absence of vanadium, the uranium adsorption may have been increased in enclosures A, B,

C and the control. Given that enclosure F had the largest holes and most open area of any

enclosure, this suggestion is quite surprising. To investigate this idea further, future studies

should use a single shell enclosure placed at various locations in the flume with samples

being taken at each location to eliminate the possibility that placement within the flume

could have caused these variations in trace metal uptake.

Conclusion

This paper presented the results of an experiment to determine the effect of shell enclosures

on the uptake of uranium by adsorbent fibers they encapsulate. Six designs of shell enclosures

were tested in a recirculating seawater flume at WHOI. The design and fabrication of these

shells was described in detail. Analysis was presented to ensure negligible boundary layer

effects on the shells in the flume.

An novel method for water flow measurement was developed using MnO2 impregnated

acrylic fibers, which adsorb radium to determine the water flow inside each shell. Through

comparison of the radium adsorption of these fibers to that of fibers in a control cartridge,
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the total volume of seawater the adsorbent came in contact with in each enclosure was

determined.

Next, the experimental procedure was described. The AI8 adsorbent fiber developed

by ORNL was enclosed in each shell, Some fiber was included in the flume without any

enclosure to act as a control. Nine samples of the fiber and water samples from the flume

were collected over a period of 56-days. Post-exposure, the fibers were analyzed by PNNL

for uranium and other trace elements.

The results from this experiment will help inform the types of protective shell enclosures

to be used in a large-scale ocean test of a uranium harvesting system, such as that detailed

by Haji et al. 18,19 . It has been suggested that uranium harvesting systems be deployed in

the ocean within eastern boundary currents, which can range from 10-30 cm/s, in order to

maximize water flow by the adsorbent. However, Ladshaw et al. 16 recommend to minimize

mass-transfer resistances and maximize adsorbent capacities, adsorbent fibers should be

deployed in ocean currents greater than 8 cm/s, which could be produced by a wind speed of

400 cm/s,44 a mild speed that occurs many regions of the ocean. At a flow rate of 4.8 cm/s

used in this experiment, much lower than that recommended by Ladshaw et al. 16 , the shell

enclosures were found to have no negative impact on the uranium adsorption of fibers they

encapsulate, suggesting that the shell design chosen for an ocean test will also have minimal

effect on the fiber’s uptake. The study presented in this paper followed identical methods to

those used at PNNL45 and described in Ladshaw et al. 16 . In brief, adsorption capacity was

obtained by cutting a small mass (⇠ 35 mg) from sections of the braided material. Replicate

measurements taken from the adsorbents agree very well, but the dense core material has

been shown to have a much lower and much more variable uranium concentration,36 and

thus this sampling bias may have introduced differences in this study in comparison to the

study of Ladshaw et al. 16 .

Additional experiments should investigate how the adsorbent fiber may survive in harsh

ocean conditions. Biofouling of adsorbent fibers can have an adverse effect on uranium
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uptake,17 and future work should examine the effects of adsorbent shell enclosures on the

biofouling of adsorbent fibers. Additionally, this experiment used filtered seawater whereas

in the open ocean biofouling on the shell enclosures themselves may interfere with the ability

of water to flow in, and hence reduce uranium uptake. This is the topic of a further ocean

experiment, the results of which are detailed in Haji et al. 46 .

To eliminate the possibility that placement within the flume could have caused the re-

sulting variations in trace metal adsorption, future studies should use a single shell enclosure

placed at various locations in the flume with samples being taken at each location. Lastly,

further structural analysis of protective shell enclosures used in this experiment should be

conducted to determine the effects of distributed and point loads on different shell geometries.
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