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ABSTRACT: To move nuclear as a primary energy source, uranium resources must
be secured beyond what terrestrial reserves can provide. Given the vast quantity of
uranium naturally found in the ocean, adsorbent materials have been investigated to
recover this vital fuel source. Amidoxime (AO) has been found to be the state-of-the-
art functional group for this purpose, however, improvements must still be made to
overcome the issues with selectively capturing uranium at such a low concentration
found in the ocean. Herein, we report PAF-1 as a platform to study the effects of two
amidoxime ligands. The synthesized adsorbents, PAF-1-CH2NHAO and PAF-1-
NH(CH2)2AO, with varying chain lengths and grafting degrees, were investigated for
their uranium uptakes and kinetic efficiency. PAF-1-NH(CH2)2AO was found to
outperform PAF-1-CH2NHAO, with a maximum uptake capacity of 385 mg/g and
able to reduce a uranium-spiked solution to ppb level within 10 min. Further studies
with PAF-1-NH(CH2)2AO demonstrated effective elution for multiple adsorption
cycles and showed promising results for uranium recovery in the diverse composition of a spiked seawater solution. The work
presented here moves forward design principles for amidoxime-functionalized ligands and provides scope for strategies to
enhance the capture of uranium as a sustainable nuclear fuel source.
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■ INTRODUCTION

The use of uranium as a fuel source has always carried with it a
certain stigma, owing to its radioactivity and popular
association with nuclear warfare. This has not prevented the
steady progress made in assuring nuclear energy as an
alternative to carbon-based fuel.1−3 Although changing
society’s perception of the element will be based on its safe
and prolonged use and economic validity, overcoming the
barriers associated with obtaining uranium in the necessary
large quantities is currently becoming more and more
attainable. It is well known that the natural ground ores of
uranium provide limited resources if we want to utilize nuclear
fuel as a sustainable energy source.4 This has led to the
investigation of a nontraditional source of uranium: the
ocean.5−11 Although present in minute quantities, ∼3.3 ppb,
the vast supply of oceanic water along with uranium’s natural
equilibrium makes this a viable source for a potentially
renewable energy resource.12 However, this is all contingent on
the ability to recover uranium at a price point that can compete
with traditional energy supplies.13,14

Previous approaches to isolate uranium are heavily reliant on
chemical separations to sequester from complex mixtures.
However, chemical processes, such as coagulation and co-
precipitation, are difficult to manage for extremely large
volumes and result in energy-intensive and costly methods.12

Adsorbents have been recognized as ideal due to their
heterogeneity, able to remove target analytes in the liquid

phase with simple filtration required for separation and
recovery.15 Many adsorbent materials have been investigated
for this purpose, including carbonaceous materials,16,17

graphene oxides,18,19 grafted fibers,20,21 metal−organic frame-
works (MOFs),22,23 and layered metal sulfides.24,25 However,
their performance is noticeably hindered due to low stability,
low degree of functionality, and/or low surface area. These
issues must be addressed to achieve high selectivity and uptake
for recovery from the ocean’s diverse composition. Porous
organic polymers (POPs) have emerged as a cutting-edge
material formed from strong covalent bonds.26−31 This class of
material combines the advantages of tunable, advanced
structures, such as MOFs,32,33 with the stability of traditional
materials, such as activated carbon.34 This type of material
demonstrates all of the features required for such a challenging
adsorption process.
Our research group has investigated a variety of POP

platforms for the capture of analytes at the interface of the
solid and aqueous phases. One such POP that has
demonstrated success in water treatment and resource
recovery has been PAF-1 (porous aromatic framework).35−38

The strong covalent bonds provide high stability in a range of
conditions, and the aromatic rings can be easily functionalized
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with a high degree of grafting. Promising results with ion
exchange for the precious metal capture39 and strong
coordination for mercury removal40 led to the exploration of
this platform for uranium recovery. To target the uranyl ions
found in the solution, an amidoxime group (−C(NOH)NH2)
was grafted onto PAF-1 through post-synthetic modification
with very encouraging results. The subsequent material, PAF-
1-CH2AO (where AO represents the amidoxime group), had
an uptake capacity over 300 mg/g and was able to lower a
uranyl solution of 4.1 ppm to less than 1.0 ppb after 90 min of
treatment, establishing the success of PAF-1 as a platform for
recovery of uranium.41

Amidoxime has proven itself as the state-of-the-art functional
group for uranium recovery;12,42−45 however, improvements
can still be made to optimize the performance of this
functionality. Open-chain amidoxime typically binds to uranyl
ions in an η2 coordination manner in the equatorial plane;46−48

therefore, it is beneficial to have a high content of functional
groups to enhance potential cooperation for strong binding
and high uptakes.12 Such a scope for the design of the ligand
will result in an adsorbent that can be applied for efficient
recovery of uranium from seawater. Herein, we utilize PAF-1 as
a stable and easily functionalizable platform to study the effects
of two adsorbents with varying amidoxime ligands, denoted as
PAF-1-CH2NHAO and PAF-1-NH(CH2)2AO. The analysis
focused on their grafting degree, flexibility, and cooperation for
uranium recovery. This work highlights the variability of a
functional group and the strategies that can be taken to
enhance adsorbents for real-world applications.

■ EXPERIMENTAL SECTION
Reagents and Materials. All reagents were commercially

available and purchased in high purity with no further purification
required. Ultrapure water was obtained through a Millipore water
purification system.
Synthesis. Amidoximation Procedure. The cyano-functionalized

PAF adsorbents were treated with a solution of hydroxylamine and
potassium carbonate in ethanol. When stirring in a Schlenk tube, the
reaction was heated to 75 °C for 72 h. The tube was cooled naturally
to room temperature, and the solids were collected by filtration and
subsequently washed with excess water before drying under vacuum
to produce the final amidoxime-functionalized PAF materials, PAF-1-
CH2NHAO and PAF-1-NH(CH2)2AO (Scheme 1).
Base Treatment. All adsorbent materials were base-treated to

deprotonate the amidoxime group, which leads to enhanced uranium
uptake (Figure S1). The adsorbents were treated with a 3 wt %
potassium hydroxide solution for 24 h. Following this, the adsorbents

were filtered, washed with water, and dried under vacuum prior to
uranium adsorption experiments.

Instrumentation. Fourier-transform infrared (FT-IR) spectra
were recorded on a Nicolet Impact 410 FT-IR spectrometer. 13C
(100.5 MHz) cross-polarization magic angle spinning data was
recorded on a Varian infinity plus 400 spectrometer equipped with a
magic angle spin probe in a 4 mm ZrO2 rotor. Nitrogen sorption
isotherms were collected on an ASAP 2020 surface area analyzer.
Measurements were taken at 77 K with a liquid nitrogen bath, and the
surface areas were calculated using the Brunauer−Emmett−Teller
(BET) method. Scanning electron microscopy (SEM) images and
energy-dispersive X-ray spectroscopy (EDX) mapping were collected
using a Hitachi SU 8000. CHN elemental analysis was performed on a
PerkinElmer series II CHN analyzer 2400. Inductively coupled
plasma-optical emission spectroscopy (ICP-OES) was performed on a
PerkinElmer Elan DRC II Quadrupole. Inductively coupled plasma
mass spectrometry (ICP-MS) was performed on an Agilent 7500cx.
X-ray photoelectron spectroscopy (XPS) was performed on a Thermo
ESCALAB 250 with Al Kα irradiation at θ = 90° for X-ray sources,
and the binding energies were calibrated using the C 1s peak at 285.4
eV. Details of X-ray absorption fine structure (XAFS) spectroscopy
studies are listed in the Supporting Information.

Experimental Conditions. A 400 ppm uranium stock solution
was made by dissolving 0.5218 g of UO2(NO3)2·6H2O in 500 mL of
deionized water. Dilutions of the stock solution with deionized water
were performed to obtain lower concentration solutions. Unless
otherwise noted, the pH levels of all solutions were adjusted to 6.0 by
aqueous solutions of HNO3 or NaOH. All of the adsorption
experiments were performed at ambient conditions.

Uranium Sorption Isotherm. To obtain the adsorption isotherm, 5
mg of the adsorbent was placed in 10 mL of aqueous solutions of
increasing uranium concentrations (1−400 ppm). After the solutions
were stirred for 24 h, they were filtered through a 0.45 μm membrane
filter, and the filtrate was analyzed via ICP to determine the residual
uranium concentrations. The amount adsorbed or uptake capacity, qe
(mg/g), at equilibrium was calculated using eq 1

=
− ×

q
C C V

m
( )

e
0 e

(1)

where C0 and Ce are the initial and equilibrium concentrations,
respectively, V is the volume of the solution used (mL), and m is the
mass of the adsorbent (g).

Uranium Sorption Kinetics. The adsorbent (5 mg) was added to
an Erlenmeyer flask containing 100 mL of a ∼5 ppm uranium
solution. The mixture was sonicated for full dispersion and then
stirred for 24 h. At increasing time intervals, 3 mL aliquots were
removed from the mixture, filtered through a 0.45 μm membrane
filter, and the filtrate was analyzed by ICP for the remaining uranium
concentration. The kinetic data was fit with the pseudo-second-order
kinetic model using eq 2

Scheme 1. PAF-1 as a Platform to Design Adsorbents with Varying Amidoxime Functionalities for the Capture of Uranium
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where k2 is the adsorption rate constant (g/(mg min)), t is the time
(min), and qt and qe are the uptake capacities (mg/g) at the time (t)
and equilibrium, respectively.
Binding Affinity. The adsorbent (2.5 mg) was added to an

Erlenmeyer flask containing 100 mL of a 1 ppm uranium solution.
The mixture was sonicated for full dispersion and then stirred for 24
h. At increasing time intervals, 3 mL aliquots were removed from the
mixture, filtered through a 0.45 μm membrane filter, and the filtrate
was analyzed by ICP for the remaining uranium concentration. The
distribution coefficient, Kd (mL/g), was calculated using eq 3 based
on the residual uranium concentration after 24 h

=
−
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where C0 and Ce are the initial and equilibrium concentrations,
respectively, V is the volume of the solution used (mL), and m is the
mass of the adsorbent (g).
Elution and Recycling Test. The uranium-contacted adsorbent (20

mg) was stirred in a 1 M Na2CO3 solution (100 mL) overnight to
elute the uranium from the adsorbent material. The solid was
collected by filtration, washed with deionized water, and dried under
vacuum for further use. Subsequent adsorption experiments were
performed after base treatment and contacted with a 10 ppm uranium
solution at a phase ratio of 40 mL/mg.
Spiked Seawater Adsorption. Filtered seawater was collected off

the coast of Broad Key, FL. Adsorption experiments were performed
at ambient temperature (23 ± 2 °C) and a pH of 8.1. The adsorbent
(15 mg) was added to a flask containing 750 mL of the seawater
sample spiked with ∼8 ppm uranium. The mixture was allowed to stir
for 7 days and then filtered through a 0.45 μm membrane filter, and
the filtrate was analyzed by ICP for the remaining concentration of
metals in solution.

■ RESULTS AND DISCUSSION

Characterization. After synthesis of the polymeric
materials (Schemes S1 and S2), full characterization was
performed to understand the physical and chemical properties
of the adsorbents. The characterization of PAF-1-NH-
(CH2)2AO will be given as the model adsorbent, with all
data for PAF-1-CH2NHAO provided in the Supplementary
Information (Figures S2−S5). Throughout the post-synthetic
modification process, the functional groups were tracked by
Fourier-transform infrared (FT-IR) spectroscopy (Figure S6).
Specifically, the conversion of the cyano group to the
amidoxime group was confirmed, with the −CN group having
a distinct peak at 2251 cm−1 as seen in Figure 1A, after
treatment with hydroxylamine, this peak has completely
disappeared with the characteristic peaks for amidoxime at
1660 (CN) and 937 (N−O) cm−1 now visible in the
spectrum, verifying the complete transformation. Solid-state
13C NMR monitored the carbon chemical shifts of the
amidoxime functional group. The alkyl carbons of the extended
chain appear at 29 ppm (Figure 1B), as well as a shoulder at
154 ppm representing the carbon of amidoxime, which
altogether confirms the grafting and final conversion to
amidoxime.49 To ensure permanent porosity throughout the
post-synthetic modification process, nitrogen sorption iso-
therms were collected at 77 K, and the Brunauer−Emmett−
Teller (BET) surface area was calculated for each intermediate.
The surface areas changed accordingly with the bulkiness of
the functionality, as is the natural trend for porous materials
with an increase in weight and a decrease in the available pore
volume.50 Compared to the pristine PAF-1 sample with a BET
surface area of 3942 m2/g, the final material, PAF-1-
NH(CH2)2AO, had a calculated surface area of 465 m2/g
(Figure 1C). Scanning electron microscopy (SEM) was
performed to collect nanoscale images of the functionalized
adsorbents. From this, the morphology indicated that the

Figure 1. (A) FT-IR spectra; (B) solid-state 13C NMR spectra; (C) nitrogen sorption isotherms; (D) SEM image of PAF-1-NH(CH2)2AO (scale
bar is 5 μm).
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particles formed irregular aggregates, typical of amorphous
solids (Figure 1D). To quantify the addition of the amidoxime
functionality, the elemental analysis was utilized, with a N wt %
of 14.15% corresponding to an amidoxime content of 3.37
mmol/g. Comparing this to PAF-1-CH2NHAO with a N wt %
of 6.9% corresponding to an amidoxime content of 1.64
mmol/g, it is expected that a higher degree of grafting will
enhance the gravimetric performance of the solid adsorbents.
Uranium Adsorption Studies. To test the ligand effects

on uranium capture, preliminary experiments were performed
to determine the uranium uptake capacity and the kinetic
efficiency of both adsorbents. For the maximum uptake
capacity, solutions of increasing uranium concentration were
treated with the adsorbents. To analyze the equilibrium
parameters, the solutions were treated overnight, and the
residual uranium concentrations were quantified with
inductively coupled plasma-optical emission spectroscopy or
mass spectrometry (ICP-OES/MS) (Figure 2A). The

adsorption data were fit with the Langmuir model (Figures
S7 and S8) with qmax values of 102 and 385 mg/g for PAF-1-
CH2NHAO and PAF-1-NH(CH2)2AO, respectively. This
indicates that both adsorbents capture uranium via a
monolayer adsorption process,51 with PAF-1-NH(CH2)2AO
having an almost 4-fold increase over PAF-1- CH2NHAO.
With regard to kinetics, the adsorbents were stirred in a 5 ppm
solution of uranium, and aliquots were quantified over time.
When analyzing the kinetic profile, both adsorbents demon-
strate fast kinetics to reach their maximum adsorption (Figure
2B) and follow the pseudo-second-order kinetic model

(Figures S9 and S10). However, PAF-1-NH(CH2)2AO is
able to reduce the uranium to a much lower concentration
(0.08 ppm) when compared to PAF-1-CH2NHAO (1.63
ppm). Given that both adsorbents have amidoxime as their
binding site, as well as the fact that PAF-1-CH2NHAO actually
has a higher surface area than PAF-1-NH(CH2)2AO, it is
presumed that the difference in performance is due to the
increased flexibility of the PAF-1-NH(CH2)2AO ligand along
with the higher grafting degree. These combined factors allow
for an increase in cooperation between ligands for enhanced
uranium uptake.
With such encouraging results for PAF-1-NH(CH2)2AO on

both fronts, this adsorbent was chosen for in-depth studies.
The previous kinetics demonstrated that the adsorbent could
rapidly reduce the uranium concentration to below ppm level,
indicating strong binding with the uranyl ions in the solution.
This assumption was confirmed by analyzing the binding
affinity of the adsorbent with uranium. A 1000 ppb solution of
uranium was, thus, treated with the adsorbent, and aliquots
were removed over increasing time intervals. Exact concen-
trations were then quantified with ICP-MS down to ppb level.
The uranium concentration rapidly drops, removing nearly
99% of the uranium in the solution within 10 min, and after 16
h, the residual concentration was 1.74 ppb (Figure 3A), which

fit well with the pseudo-second-order kinetic model (Figure
3B). This equilibrium data was used to calculate the
distribution coefficient (Kd), an important metric for
determining the affinity of an adsorbent for selected
contaminants.52 Under these conditions, PAF-1-NH-
(CH2)2AO had a Kd value of 1.15 × 107 mL/g, indicating an
exceptional affinity for uranium. It is worthy to mention that
this is an order of magnitude higher than our previous work
using a PAF-1-based adsorbent,41 signifying the importance of

Figure 2. Uranium adsorption performance of PAF-1-NH(CH2)2AO
(purple) and PAF-1-CH2NHAO (green). (A) Adsorption isotherms
(initial uranium concentrations of 1−400 ppm, V/m ratio of 2000
mL/g, pH 6.0); (B) kinetic profile (initial uranium concentration of
4.15 ppm, V/m ratio of 20 000 mL/g, pH 6.0). Figure 3. (A) Uranium adsorption kinetics of PAF-1-NH(CH2)2AO

with an initial uranium concentration of 1000 ppb, a phase ratio of 40
000 mL/g, and pH 6.0; (B) kinetic data fit with the pseudo-second
order model with a R2 = 1.
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the design of the ligand for improving a material’s ability to
capture uranium.
The process of capturing uranium is only the first step in

using it as a nuclear fuel source. The uranium must also be
eluted from the adsorbent effectively for it to be fully utilized
while also regenerating the adsorbent for multiple capture
cycles. Rather than using harsh acid treatments to strip the
uranium,21,23,53−55 in this work, we are able to recover the
uranium from the adsorbent using a simple treatment with a
sodium carbonate solution. This easy process could be
expanded on a large scale with minimal environmental impact.
Further, the regenerated PAF-1-NH(CH2)2AO was able to
maintain its capacity with near complete recovery and an
uptake of 356.6 mg/g after three regeneration cycles (Figure
S11). This regenerative ability is comparable or better than
other amidoxime materials,41,56−58 while remaining environ-
mentally benign. This indicates the potential of this adsorbent
to be used for repetitive cycles of uranium capture and elution.
With such promising results for the capture of uranium,

PAF-1-NH(CH2)2AO was tested under seawater conditions.
One challenge in the adsorption of uranium from seawater is
the diverse composition of the water with many ions in
extreme excess of the uranium naturally found. To determine
the selectivity, a solution of filtered seawater was spiked with
∼8 ppm of uranium. PAF-1-NH(CH2)2AO was introduced
into the spiked seawater and allowed to adsorb for 1 week,
after which was quantified for its uranium content, along with
competing ions, vanadium and iron. PAF-1-NH(CH2)2AO was
found to adsorb 36.5 mg/g of uranium wherein the amount of
vanadium adsorbed was only 0.15 μg/g, and the iron
concentration was immeasurably low. This uptake capacity is
comparable to previously reported materials while also
overcoming a major hurdle in seawater adsorption.24,59

Progresses in material design are vital to address the challenges
associated with adsorbing uranium in real seawater conditions,
which will involve increasing the binding affinity and selectivity
for uranium over the vast number of ions present in much
higher concentrations. Modifying ligands is a promising
strategy to understand the factors associated with enhanced
performance.

Binding Interaction. To understand the binding inter-
action between the uranyl ions and the adsorbents, we
collected EDX mapping images, FT-IR spectra, XPS spectra,
and extended XAFS (EXAFS) spectroscopy. As evidenced by
EDX images, the uranium is homogeneously distributed
throughout PAF-1-CH2NHAO and PAF-1-NH(CH2)2AO
(Figures S12 and 4A), confirming the adsorption of uranium
indicated by the experimental data. The binding between
uranyl and the adsorbents was then investigated by FT-IR.
When comparing to the spectrum of uranyl nitrate, which has a
distinct peak at 935 cm−1 corresponding to the asymmetric
stretch of O  UO (Figure S13),60 the spectra for the
uranium-contacted adsorbents have an obvious shift to ∼904
cm−1 (Figures S14 and 4B). This red shift for the peak
associated with uranyl is indicative of strong binding between it
and the adsorbents. This interaction was further probed
through XPS with the appearance of U 4f peaks at 393.7 (4f5/2)
and 382.7 eV (4f7/2) for PAF-1-NH(CH2)2AO (Figure 4C),
with PAF-1-CH2NHAO having nearly identical peaks (Figure
S15). These binding energies are considerably lower than
those for pristine uranyl nitrate with peaks at 394.3 and 383.4
eV (Figure S16).61 The binding between uranyl and the
amidoxime functionalities is responsible for the decrease in
energy, typical of a metal species after interaction with an
electron donor.62 From these results, we can infer that both
adsorbents have moderate to strong binding with uranium.
The uranium−amidoxime coordination environment for

both adsorbents was further elucidated using EXAFS. Data
were collected at the uranium LIII-edge (17.166 keV). Through
a qualitative comparison with a complex of uranyl with
benzamidoxime, the PAF-based adsorbents exhibited similar
behavior (Figure S17). This is consistent with previous reports
of open-chain amidoxime ligands binding to uranyl in a 2:1
fashion.63 This preferential binding manner provides further
evidence for the importance of the flexibility of PAF-1-
NH(CH2)2AO. Comparing the maximum uptake capacities of
PAF-1-CH2NHAO (102 mg/g) and PAF-1-NH(CH2)2AO
(385 mg/g), this is equivalent to uptakes of 0.43 and 1.62
mmol/g, respectively. Given the determined 2:1 binding with
uranium, the corresponding ligand utilization are 0.86 and 3.24

Figure 4. Uranium-contacted PAF-1-NH(CH2)2AO: (A) SEM image and EDX mapping (scale bar is 5 μm); (B) FT-IR spectra before (purple)
and after (red) uranium adsorption; (c) U 4f XPS spectrum.
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mmol/g, respectively. Taking into account the amidoxime
content of the adsorbents, this results in PAF-1-CH2NHAO
only using 52% of the available ligands, wherein PAF-1-
NH(CH2)2AO has near full utilization with a value of 96%.
With an amorphous material, flexible ligands are beneficial to
bind to a common uranyl ion, thus PAF-1-NH(CH2)2AO
provides greater cooperation between neighboring functional
groups resulting in an enhanced adsorption ability compared to
PAF-1-CH2NHAO.

■ CONCLUSIONS

Through the utilization of a stable and functional platform,
PAF-1, changes in the amidoxime ligand were probed for the
capture of uranium. Compared to PAF-1-CH2NHAO, PAF-1-
NH(CH2)2AO has enhanced cooperation between the
neighboring amidoxime groups, resulting in a vastly improved
uptake capacity and kinetic efficiency. PAF-1-NH(CH2)2AO
demonstrates a high binding affinity for uranium, has the
ability to be eluted and effectively recycled, and is able to
recover uranium from the diverse composition of a spiked
seawater solution. Given these promising results, it is evident
that further exploration of the amidoxime group can produce
an adsorbent material to economically recover uranium from
seawater as a nuclear fuel source.
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