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of uranium ions from seawater
using novel porous polymeric adsorbents†

Y. H. Sihn,‡a J. Byun,‡b H. A. Patel,b W. Lee*c and C. T. Yavuz*bd

Seawater contains uranium in surprisingly high quantities that can supply vast energy, if recovered

economically. Attempts to design effective sorbents led to the identification of organic functional groups

such as amidoximes. Here we report a porous polymer, a polymer of intrinsic microporosity (PIM) with

permanent pores that feature amidoxime pendant groups, which is capable of removing more than 90%

uranyl [U(VI)] from seawater collected from the Ulleung basin of the East Sea of the Republic of Korea.

From this uptake, over 75% was collected in less than six hours, leading to highly feasible field

applications. When the seawater was acidified by bubbling CO2 (pH ¼ 5.4), the uptake increased

dramatically. Regeneration studies showed full recovery of sorbents and no loss in capture capacity. Our

results indicate that successful uranium recovery can be realized by scalable applications of porous

polymeric networks and when low cost CO2 is co-administered, uptake can be significantly enhanced.
1. Introduction

Fossil fuel production has recently seen considerable increase,
thanks to the new technologies in oil discovery and extraction.
Considering the impact on the environment, in particular
atmospheric heat transfers, burning carbon for energy
continues to be a top environmental concern. Among the
alternatives to fossil fuels, energy production from nuclear
ssion of radioactive elements remains the most mature and
scalable. Uranium, the most popular nuclear ssion fuel source,
is commonly found in a wide variety of ores that are mined via
conventional practices. The oceans, as an almost limitless
resource, contain soluble species of many elements, including
uranium. The runoff by the surface water continuously feeds the
oceans with more, unless there is feedback by harvesting
organisms. Over millions of years, uranium has accumulated,
as its carbonate species, UO2(CO3)x, are highly water-soluble.
The concentration of uranyl species is around 3 ppb and
highly uniform throughout the oceans,1 resulting in estimates
of four billion tonnes of uranium equivalent (�800 times the
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proven land reserves).2 These estimates are not including the
sedimentation of insoluble uranium minerals beneath the
oceans.

Amidoximes,3,4 the oximes of amides, are known to be
effective in reversible uranium uptake because of their selective
coordination to uranyl ions.1,5 A range of amidoxime bearing
linear polymer chains were prepared for this purpose,6,7 as well
as a few cross-linked mesoporous examples.8 One of the rst
eld demonstrations was by Tamada and co-workers in which
the team installed amidoxime functionalities over inexpensive
non-woven bers by radiation induced gra polymerization of
acrylonitriles.9 Rogers et al. later conrmed the coordination
modes of uranium to amidoxime functionalities on ionic liquid
model compounds.10 Bis-amidoximes (or imide oximes) are also
found to improve uranyl binding.11,12 More recently,
amidoxime-bearing polyethylene bers are developed by an Oak
Ridge National Laboratory (ORNL) team that showed up to
179 mg g�1 uptake at 6 ppm of uranium test samples, despite
the slow adsorption kinetics.13 In a recent eld application,
ORNL sorbents led to an improved recovery of 3.3 mg U per g
sorbent in 8 weeks of contact time and a $610 kg�1 U total cost.14

Remaining challenges using amidoxime-based sorbent for
uranium capture would be to make the recovery of uranium
from seawater more economically competitive. There are two
characteristics, a desired uranium capture sorbent should bear:
(1) high chemical specicity towards uranium from an oceanic
soup of cations, (2) high porosity for effective diffusion and
fast kinetic of treated water. In this regard, conventional
porous materials such as activated carbons,15,16 graphene
oxide,17 silica,18 and highly cross-linked polymers8 each provide
a useful platform and continuously being exploited for the
sorbent design. Proteins are also considered for uranyl specic
This journal is © The Royal Society of Chemistry 2016
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peptide based capture19 as well as the dendrimers based on
polyamidoamines (PAMAM) and polypropyleneimines (PPI).20

Among emerging new materials, porous network polymers offer
both chemical functionality and enhanced diffusion because of
their permanent intrinsic porosities.21 The main difference of
porous polymers from other polymers is the structural certainty,
in which porous networks are built in, not introduced by post
modication procedures like cross-linking.22 Despite their
favorable characteristics, no porous network polymer was
investigated for uranium capture from seawater.

We have previously developed4 an amidoxime derivative of
a polymer of intrinsic microporosity (PIM) structure, PIM-1
(ref. 23 and 24) and showed that amidoxime functionality was
effective in carbon dioxide capture applications. The permanent
porosity of a bent 1D chain played signicant role in the mass
transport of the ue gas systems.25 A third benet of a PIM
structure is their processability as they can be cast as
membranes, while preserving their permanent porosities.24 The
PIMs, despite their promise, were never utilized for uranium
extraction from seawater. Herein, we present a rapid, recyclable
uranium capture procedure from seawater by a nanoporous and
processable polymer, amidoxime PIM-1. We show that having
effective diffusivity through permanent pores provide rapid
adsorption and desorption of uranium species in seawater. By
carefully tuning the pH by bubbling CO2 in brine systems, we
also conclude that the uptake capacities can be maximized.
2. Experimental details
Materials

Tetrauoroterephthalonitrile (>98%) and 5,50,6,60-tetrahydroxy-
3,3,30,30-tetramethyl-1,10-spirobisindane (>96%), for PIM-1
synthesis, were purchased from TCI, Japan. Anhydrous potas-
sium carbonate (99.5%) was obtained from SAMCHUN, South
Korea. Hydroxyl amine (50 wt% solution in water, 99%), CDCl3
(99.8%) and DMSO-d6 (99.96%) were from Sigma-Aldrich, USA.
Uranyl nitrate hexahydrate (98–102%, Fluka) was used to
prepare U stock solution containing 1 � 10�3 M U(VI) in 0.1 M
HNO3. Tris buffer solution was prepared by mixing of 0.1 M
citric acid (>99.0%, Sigma-Aldrich) with 0.1 M trisodium citrate
(ACS grade, Sigma-Aldrich) and of 0.05 M tris(hydroxymethyl)
aminomethane (99.8%, Sigma-Aldrich) with 0.05 M trizma
hydrochloride (99%, Sigma-Aldrich), respectively. All the
samples for adsorption test were prepared using de-ionized
water (DIW, 18.2 MU cm). Synthetic seawater was obtained by
dissolving 40 g of sea salt (Sigma-Aldrich) in 1 L of DIW.
Synthesis of amidoxime PIM-1

Amidoxime PIM-1 was produced in large scale according to
procedure reported in our previous study.4 3.9 g of PIM-1
(ref. 26) was dissolved in 280 mL anhydrous tetrahydrofuran
via slight sonication (�1 min), and heated up to 65 �C under Ar
atmosphere. About 40 mL of NH2OH aqueous solution was
equipped in syringe pump, and then added dropwise into the
above solution with injection speed of 1 mLmin�1. The mixture
was reuxed at 69 �C for 20 hours with vigorous stirring. Aer
This journal is © The Royal Society of Chemistry 2016
the reaction, the solution was cooled down to room tempera-
ture, and precipitated in 800 mL of ethanol. The obtained
precipitates were ltered and thoroughly washed with 300mL of
ethanol four times. The white powder was nally dried at 110 �C
at least 3 hours to generate amidoxime PIM-1. Yield (based on
PIM-1): 93%.
Characterization of amidoxime PIM-1
1H NMR spectrum of amidoxime PIM-1 was obtained using
DMSO-d6 as solvent on a Bruker DMX400 NMR spectrometer.
FT-IR spectra were recorded on KBr disks using a Perkin-Elmer
FT-IR spectrometer. Field-Emission Scanning Electron Micro-
scope (FE-SEM) images of amidoxime PIM-1 before and aer
uranium capture were obtained by FEI Nova 230. Elemental
analysis (CHNO) was acquired by a sFlash 2000 series of Thermo
Scientic. Thermogravimetric analysis (TGA) was conducted
with DTG-60A of Shimadzu by heating samples up to 800 �C at
a rate of 10 �C min�1 under N2 atmosphere. Porosity of ami-
doxime PIM-1 was analyzed with Micromeritics Triex acceler-
ated surface area and porosimetry analyzer at 77 K aer all the
samples were pre-degassed at 110 �C for 5 h in vacuo. The
specic surface area of the samples was calculated by Brunauer–
Emmett–Teller (BET) method, and the pore size distribution
was determined by NLDFT (Non-Local Density Functional
Theory) approach.
Uranium sorption studies

Solutions containing 1 mM (j238 ppb) of U were prepared by
adding appropriate amounts of 1 � 10�3 M U stock into Tris
buffer (DIW, pH 8) and synthetic sea water, respectively. The pH
values of synthetic seawater were adjusted to the desired pH
using negligible amounts of 1 M hydrochloric acid and 1 M
sodium hydroxide solution. A desired amount of amidoxime
PIM-1 was transferred to 24 mL PTFE vials and the reaction was
initiated by adding 20 mL of the solutions containing 1 mM
uranium. All samples were prepared in duplicate and the vials
were tightly capped and mechanically shaken at 180 rpm. The
sample solutions were periodically (10, 30, 360, 720, 1440 min)
ltered by 0.2 mm nylon syringe lter (Whatman). Each ltrate
was diluted with 2% nitric acid and total U concentration in the
diluted samples was measured by Inductively Coupled Plasma-
Mass Spectrometry (Agilent 7700S, ICP-MS). The sorption
efficiency (%) was calculated as follows:

Sorption efficiency ¼ ðC0 � CeÞ
C0

� 100

where C0 and Ce are the initial and equilibrium concentration of
U in aqueous phase, respectively. To investigate the effect of
competing metal ions, amidoxime PIM-1, treated with synthetic
seawater for 1 day, was fully dissolved using 35% nitric acids for
2 h at 70 �C. The metal ions leached out from the amidoxime
PIM-1 sorbents were quantied using ICP-MS following
analytical procedure described above. The reactivity of ami-
doxime PIM-1 was also examined in actual seawater condition.
Seawater samples were collected from the Ulleung basin,
East Sea of Korea. Particulate impurities of seawater were
RSC Adv., 2016, 6, 45968–45976 | 45969
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ltered using 0.8 mm lter (Whatman). The initial uranium
concentration in actual seawater was found to be about 1.5 ppb,
and the U concentration was controlled to 3.3 ppb in sorption
test. The U-laden seawater was purged with CO2 gases for 1 h to
adjust pH condition (5–6) for optimum U sorption. Batch
sorption experiment using actual seawater was conducted
under identical procedure described above.
Regeneration studies

The amidoxime PIM-1 aer treatment was ltered using 0.2 mm
nylon lter (Whatman), and the ltered sorbents were treated
with 20 mL of 2 M sodium carbonate for 12 h to extract sorbed
U.27 The sample was thoroughly washed with DIW 3 times and
cycled to analyze regeneration/extraction efficiency of U ions.
3. Results and discussion
Characterization of amidoxime PIM-1

In order to obtain porous polymer that can sorb uranium via
a binding of its amidoxime pendant groups, we rst synthesized
the polymer of intrinsic microporosity, PIM-1, a structurally
entangled polymer with permanent pores from inefficient
packing.24 Amidoxime PIM-1 was produced via post-
modication of the nitrile groups in PIM-1 with hydroxyl-
amine (Scheme 1), and the conversion of nitrile into amidoxime
was conrmed by FTIR and 1H NMR spectroscopy (Fig. 1). The
FTIR vibrations at 3480 and 3340 cm�1 are anti-symmetric and
symmetric stretching mode of free NH2 group, respectively. A
peak at 3175 cm�1 is due to O–H stretching vibration, and
bands at 1656 and 915 cm�1 are assigned as C]N and N–O
stretching vibrations of oxime functionality, respectively. The
1H NMR spectrum of amidoxime PIM-1 shows strong peaks at
5.81 and 9.44 ppm, indicating the presence of NH2 and OH
groups in amidoxime moiety, respectively.

The porosity of amidoxime PIM-1 was conrmed by N2

physisorption measurement at 77 K. As shown in Fig. 1c, ami-
doxime PIM-1 is highly microporous and exhibits a type I
sorption isotherm. The Brunauer–Emmett–Teller (BET) surface
area of amidoxime PIM-1 was 531 m2 g�1 and total pore volume
was 0.28 cm3 g�1. The NLDFT pore size distribution of ami-
doxime PIM-1 is narrow with average pore size of 2.5 nm
(Fig. 1c inset). SEM image of amidoxime PIM-1 shows lumpy
and porous morphology with micron sized grains. Elemental
analysis of amidoxime PIM-1 (Table S1†) exhibits 4%
increase in nitrogen content compared to the original PIM-1
Scheme 1 Polymer of intrinsic microporosity, PIM-1 and its conversion

45970 | RSC Adv., 2016, 6, 45968–45976
structure, which well corresponds to its theoretical values.
Thermogravimetric analysis of amidoxime PIM-1 (Fig. S1†)
revealed high thermal stability up to 280 �C. However, around
300 �C, about 12% of mass loss was observed, which mainly
results from the decomposition of amidoxime functional
groups. FTIR spectra of amidoxime PIM-1 exhibit no change in
functionality under wide pH windows (Fig. S2†), showing high
chemical stability.

Amidoxime PIM-1 with high porosity and structural rigidity
was subjected to uranium capture and recovery studies. We
have investigated the effects of sorbent amount, contact time,
pH, and counter ion for a rapid recovery of U from aqueous
solutions. The results show that the U removal efficiency is
exemplary even in a small dose amount of amidoxime PIM-1,
and the rapid uptake (>75% in six hour) with full regeneration
has great promise for eld applications.
Uranyl uptake from deionized water

We monitored U sorption kinetics by different contents of
amidoxime PIM-1 (0.01 g, 0.02 g, and 0.04 g) in 20 mL of
aqueous U solution (pH 8), corresponding to solution volume to
sorbent mass ratios (v : m) of 2000, 1000, and 500, respectively.
As shown in Fig. 2a, U sorption rapidly occurred, even in the
smallest dose of sorbent (i.e., highest ratio: 2000). Amidoxime
PIM-1 removed 50% of aqueous U in 6 h. As the dose of sorbent
increased by twice and four times, the sorption kinetics was
accelerated. Greater than half of U was removed in aqueous
solution in 30 min (rst step) and then U was equilibrated at
�83% in 6 h (second step). This shows that amidoxime PIM-1
could effectively uptake aqueous U at pH 8, average pH of
seawater. The two kinetic steps with U uptake behavior by
amidoxime PIM-1 can be explained using a pseudo-second
order kinetic model as follows.

t

qt
¼ 1

kqe2
þ t

qe

where qt [mg g�1] and qe [mg g�1] are the amounts of sorbed
U(VI) at contact and equilibrium times, respectively; t is contact
time [min]; k is rate constant [g mg�1 min�1]. As shown in
Fig. 2b, the behavior of U sorption was nicely tted by the
kinetic model. The calculated rate constants were 3.5 � 10�2

(R2 ¼ 0.991), 1.6 � 10�1 (R2 ¼ 0.999), and 5.3 � 10�1 (R2 ¼
0.999) at the ratios of 2000, 1000, and 500, respectively. The rate
constant increased by 15 times as the dose of amidoxime PIM-1
increased by 4 times. Pseudo-rst order kinetic model was also
to the amidoxime PIM-1, the uranium sorbent used in this study.

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 (a) FTIR and (b) 1H NMR spectrum of amidoxime PIM-1. (c) N2 adsorption–desorption isotherm measured at 77 K. Inset displays the
corresponding NLDFT pore size distribution. (d) SEM image of amidoxime PIM-1.

Fig. 2 (a) Removal of aqueous U at different ratio between volume of
solution (v) to mass of amidoxime PIM-1 sorbent (m), (b) and its
sorption kinetics fitted with pseudo-second order kinetic model.

This journal is © The Royal Society of Chemistry 2016
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applied to the data, showing signicantly lower correlation
coefficients (0.99735, 0.8588, and 0.4629 at the ratios of 2000,
1000, and 500, respectively). Consequently, the U sorption
behavior in our study agrees well with the pseudo-second order
kinetic model, which is suitable to describe the chemisorption
process being the rate-controlling step. This good agreement
implies that aqueous U uptake by amidoxime PIM-1 might be
involved with the chemisorption by sharing or exchange of
electrons of U with adsorbent.5,6,18,28 In addition, recent
quantum calculation study have reported that h2 coordination
with N–O bond between uranyl cation and amidoxime is the
energetically most stable among the possible binding motifs.
Uranyl cations are known as the dominant species in deionized
water, therefore, it is more likely to suggest that U might be
chemisorbed on the surface of amidoxime PIM-1 via h2 coor-
dination with N–O bond.29
Uranyl uptake from synthetic seawater and pH effect

As the amidoxime PIM-1 showed high U uptake behavior in
aqueous solution, we have investigated the sorption capacity of
U by amidoxime PIM-1 in synthetic seawater at different pH
conditions. Fig. 3a illustrates sorption kinetics of U (5 ppm) by
amidoxime PIM-1 in synthetic seawater. At weak basic condi-
tions (>pH 7), amidoxime PIM-1 was not able to remove
aqueous UI, while a rapid sorption of U was observed at acidic
conditions (pH 4 and 6). More enhanced sorption kinetics of
aqueous U by the adsorbent was shown in the order of pH 6 > 4 >
7 ¼ 8. Particularly, at pH 6, about 60% of U was removed in 1 h
and reached equilibrium at 80% U removal in 6 h. At pH 4, on
RSC Adv., 2016, 6, 45968–45976 | 45971
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Fig. 3 (a) Effect of pH on U removal in synthetic seawater with dose of
v : m (500). (b) Effect of competing metal ions attached on the ami-
doxime PIM-1 after being treated for 24 h at pH 6 and 8.
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the other hand, sorption kinetic was much slower, i.e. aqueous
U concentration was gradually decreased to 2 ppm in a week of
interaction. The results show that pH 6 is an optimum condi-
tion for aqueous U uptake by amidoxime PIM-1 in synthetic
seawater, which corresponds to the previous investigations.7,8,30

Zhang et al. have shown that weak acidic condition (pH 4–6) is
the most favorable for U capture using amidoxime, and sug-
gested that the change in amidoxime functional groups is
responsible for different sorption kinetics of U at diverse pH
conditions. Interestingly, however, as shown in Fig. S2,† FTIR
spectra of amidoxime PIM-1 did not exhibit any change in
functional groups under different pH conditions, thus, change
in amidoxime functionality would not be the best explanation
in this case. We, thus, assume that competing ions existing in
synthetic seawater would affect U sorption behavior under the
different pH conditions.

Fig. 3b exhibits metal ions adsorbed on the amidoxime
PIM-1 during the U capture, where the metals were extracted
from the sorbent, aer being treated for synthetic seawater for
24 h, using 35% nitric acid solution as washing agent. Vana-
dium is known to be a major competing metal for U uptake
from seawater resulting in decrease of U sorption capacity.31,32

In this study, dissolved V amounts from the adsorbent were
45972 | RSC Adv., 2016, 6, 45968–45976
similar as 1.827 and 1.865 ppb at pH 6 and 8, respectively.
However, the amount of major metals, except V, leached out
from the amidoxime PIM-1 surface was far different according
to the pH conditions, indicating that U would be highly
competing with metal species to bind on the surface of ami-
doxime PIM-1. The concentration of Ca2+, Zn2+, and Sr2+ on
amidoxime PIM-1 was found to be 0.800, 0.840, and 0.076 ppm,
respectively, at pH 8, while 0.127, 0.095, and 0.007 ppm,
respectively, at pH 6. The content of metals at pH 8 was 6 to 10
times higher than that of at pH 6. This may be attributed to the
change in surface charge of amidoxime PIM-1 depending on the
pH of synthetic seawater. The cations such as Ca2+, Zn2+, and
Sr2+ are known to be readily sorbed on the negatively charged
surface.17,33 At higher pH, the fraction of negatively charged sites
on amidoxime PIM-1 would be much more densely distributed
than that of positively charged sites, therefore, electrostatic
attractive force between the cations and the negatively charged
sites could accelerate the competitive sorption process, nally
resulting in less U uptake. Moreover, since protons can accel-
erate the dissociation of carbonate group from [UO2(CO3)3]

4�,
which is the rate-determining step for U uptake from seawater,34

low content of protons at neutral/basic condition may result in
weak affinity of [UO2(CO3)3]

4� toward surface functional groups
of amidoxime PIM-1.

Fig. 4a shows sorption kinetics of U(VI) by amidoxime PIM-
1 in synthetic seawater at pH 6. Rapid sorption of U was
observed at the early stage, and 90% of U uptake was achieved
in 12 h. With the dose of v : m (2000), 50% of U was removed
in 30 min, and the concentration was equilibrated at >95%
aer 12 h. With the higher dose of amidoxime PIM-1 (v : m ¼
1000–250), more than 95% of U was adsorbed in 30 min, and
the plateau was maintained for 24 h. The results revealed that
amidoxime PIM-1 is a highly effective sorbent in terms of fast
kinetic and high capacity for U uptake. The fast sorption
kinetic was also analyzed by pseudo-second order kinetic
model (Fig. 4b). The sorption data were well tted by the
kinetic model even under synthetic seawater conditions
indicating chemisorption process of U on the amidoxime
PIM-1 surface. The rate constants were calculated as 5.5 �
10�2, 5.6 � 10�1, 7.9 � 10�1, and 32 � 10�1 g mg�1 min�1 for
2000, 1000, 500, and 250 of v : m conditions, respectively. The
corresponding correlation coefficients (R2) were 0.998, 0.999,
0.999, and 0.999. With the dose more than 1000 of v : m, U
was almost completely removed in 30 min. The results
showed that even the small quantity of amidoxime PIM-1
dose can rapidly uptake U in synthetic seawater.

Table 1 summarizes the U uptake kinetic constant (k) and
distribution coefficient (Kd [g L�1] ¼ Uadsorbent [mg g�1]/
Uequilibrium [mg L�1]) of amidoxime PIM-1 and its comparison
with recent studies. Obtained k and Kd were 7.9 � 10�1 and 8.2
in this study. The sorption kinetics (k) was 15 to 1500 times
faster compared to the reported data and the Kd was 1.4 to 27
times higher than the other adsorbents, except nonwoven
fabric. Moreover, among these materials only amidoxime PIM-1
have been tested in synthetic seawater environment, proving
that the developed adsorbent in this study can rapidly and
effectively uptake U from actual seawater.
This journal is © The Royal Society of Chemistry 2016
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Fig. 4 (a) Aqueous U removal by amidoxime PIM-1 with different
volume to mass ratio sorbent at pH 5 in synthetic seawater. (b) Sorp-
tion kinetics of amidoxime PIM-1 interpreted by pseudo-second order
kinetic model.
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Uranyl uptake from actual seawater and regeneration of
sorbents

The high uranyl capture of amidoxime groups at pH of 6
prompted us to offer ways to achieve the best recovery. Among
acidication options, carbon dioxide bubbling serves the
Table 1 Comparison of the reported amidoxime based adsorbents for u

Functional group Adsorbent type Cinitial Uranium sol

Amidoxime Porous polymer 238 ppb Synthetic sea
Amidoxime Nonwoven fabric 50 ppb Deionized w
Amidoxime Polyvinyl alcohol ber 976 ppm Deionized w
Amidoxime Na-montmorillonite 47.6 ppm NaNO3

Amidoxime Nonwoven fabric 7.1 ppm NaCl, NaHC
Amidoxime Wool bers 100 ppm Deionized w
Amidoxime Fe3O4$SiO2 23.8 ppm NaClO4

Amidoxime CNT 100 ppm Deionized w
Amidoxime Fe3O4$graphene 47.6 ppm NaClO4

Carboxylate TiO2–cellulose 25 ppm Deionized w
Vinylphosphonic acid Polyvinyl alcohol ber 98.6 ppm Deionized w

a v : m ¼ 500 (40 mg adsorbent/20 mL solution).

This journal is © The Royal Society of Chemistry 2016
optimal sustainability for two reasons: (1) CO2 dissolves in
water to make pH 5–6 at equilibrium with 300 ppm atmospheric
concentration or more,35 and (2) power generation produces
vast amounts of CO2 that has no immediate use, making it
essentially a very low cost chemical feedstock.36 In a typical
operation, a constant stream of CO2 feed would be passed
through a uidized bed system of oceanic water (or brines from
desalination plants) to maintain a pH of around 5–6. Excess CO2

bubbles away and spent sorbents are collected for regeneration
to be prepared for the next cycle.

The U sorption under actual seawater condition and
concomitant sorbent regeneration were conducted with the dose
of v : m (500) to minimize experimental error caused from
unavoidable mass loss of the sorbents during regeneration test.
The pH of actual seawater was titrated by passing CO2 gas feed
for 1 h, and pH of the seawater was successfullymaintained to be
5.4 throughout the reaction (Fig. 5a). Fig. 5b represents U uptake
by amidoxime PIM-1 at pH 6 in Ulleung basin seawater
controlled to have 3.3 ppb of U. Aqueous U in the seawater
titrated by CO2 purging was rapidly and completely removed in
12 h by amidoxime PIM-1 with removal capacity of 96.4%. The
obtained kinetic constant and Kd were 11� 10�1 (g mg�1 min�1)
and 16.7 (L g�1), respectively (Fig. 5c). The uptake kinetics were
better in chemical acidication with 1 M HCl (Fig. 5b), indi-
cating the CO2 purging method for pH control also makes
slightly more stable uranyl carbonate species during the uptake
from seawater. But the total removal capacities become identical
aer 24 hours, indicating that the equilibrium for speciation
shied for the capture once more uranyls are captured. The
uptake efficiency of amidoxime PIM-1 is comparable with other
U adsorbents in terms of a rapid kinetic and sorption efficiency
with respect to dose amount. Manos et al. reported that layered
metal sulde (v : m of 100) captured 76.3–84.2% U in actual
seawater condition (3.8 ppb of initial U concentration).27 The
amidoxime PIM-1, in this study, showed more than 95% uptake
in 6 h with one-h amount of sorbent needed for the uptake of
U by the layer metal sulde.

Regeneration of amidoxime PIM-1 would enhance its
economic feasibility for eld application.37 Fig. 5d displays
three cycles of U adsorption and extraction percentage under
ranium uptake

ution pH k [g mg�1 min�1] Kd [L g�1] Ref.

water 6 7.9 � 10�1 8.2 This studya

ater 7.5 1.2 � 10�3 39.8 Liu et al. (2012)41

ater 4 9.2 � 10�4 8.2 Chi et al. (2013)42

4 2.1 � 10�2 6.0 Li et al. (2015)43

O3 8 5.7 � 10�4 11.4 Zeng et al. (2015)44

ater 5 2.4 � 10�3 0.3 Yin et al. (2016)45

5 1.7 � 10�3 0.6 Zhao et al. (2014)46

ater 4.5 1.5 � 10�2 0.9 Wang et al. (2014)47

5 5.0 � 10�4 2.4 Zhao et al. (2013)30

ater 6 4.7 � 10�2 0.3 Anirudhan et al. (2010)48

ater 4 1.1 � 10�2 3.3 Chi et al. (2013)49
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Fig. 5 (a) pH monitoring of actual seawater titrated by purging CO2 gases (b) U sorption behavior of amidoxime PIM-1 in actual seawater
(Ulleung basin, Republic of Korea). The pH of seawater was adjusted to be about 5.5 using either by chemical treatment of 1 M HCl or gaseous
CO2 bubbling. (c) Sorption kinetics of amidoxime PIM-1 interpreted by pseudo-second order kinetic model, and (d) corresponding sorbent
regeneration and U extraction test.
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actual seawater condition. Aer the adsorption of uranium, the
amidoxime PIM-1 sorbent was treated with 2 M Na2CO3 for the
sorbent regeneration and U recovery. The U removal was found
to be intact with high removal from the rst to third cycles (95.4,
93.1, and 91.9%). The U extraction also shows that more than
92% of U can be recovered throughout three cycles. The results
demonstrate that amidoxime PIM-1 can be simply regenerated
and reused for U uptake from actual seawater.
Fig. 6 (a) A photograph of flexible film of amidoxime PIM-1. Ami-
doxime PIM-1 was dissolved in DMF and cast on Petri dish, then kept
under Ar atmosphere for 1 day. The dish was further heated in the oven
at 150 �C for 3 h to give amidoxime PIM-1 thin film. (b) SEM image of
the corresponding amidoxime PIM-1 film.
Towards a membrane application

Most of U uptake studies reported so far are based on batch
system, which may not be feasible for industrial application
since large stream of U-laden aqueous medium (such as those
found in desalination brines) would prefer continuous system.
Unlike common porous polymers, amidoxime PIM-1 is soluble
in DMF, DMSO, DMAc,4,38 and it can be easily fabricated on
membrane by the solution casting method, proving its good
processibility for large-scale applications. Moreover, sequential
U sorption tests showed that amidoxime PIM-1 can efficiently
uptake U from actual seawater with mild acidic condition (pH
6), thus, amidoxime PIM-1 membrane would be suitable for ex
situ U capture process. The membrane of amidoxime PIM-1
(Fig. 6a) shows high exibility, and SEM image of the lm
exhibits that amidoxime PIM-1 is uniformly packed throughout
the surface with the small lumpy polymer granules (Fig. 6b).
Future study would go along with a practical optimization of
amidoxime PIM-1 membrane for actual eld application, i.e.
45974 | RSC Adv., 2016, 6, 45968–45976
membrane operation parametric study (feed concentration,
trans-membrane pressure etc.), mechanical strength test, and
alkaline treatment.39,40
4. Conclusion

Uranium capture from seawater can unlock the unlimited
energy resource that is not dependent of fossil fuels. Though it
has its own environmental impact, nuclear energy can be far
more controllable, if monitored correctly. Sorbents that can
effectively capture uranium from seawater have to have chem-
ical affinity and suitable porosity for fast turnovers. Porous
This journal is © The Royal Society of Chemistry 2016
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polymers that have permanent intrinsic pores are capable of
providing both, an opportunity that is le unexploited. We have
shown that a nanoporous polymer, PIM-1 with amidoxime
pendant groups can recover uranium from actual seawater in
high capacities (>90%) and fast (>50% within the hour).
Regenerated sorbent can be used multiple times without dete-
rioration. This study marks one of the rst attempts to bring
designed porous network polymers for the effective capture of
uranium in seawater, and certainly will pave the way for
breakthrough discoveries of tapping into a vast energy source.
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