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Here we firstly report a nanoadsorbent design,
integrating the high affinity of amidoxime (AO) groups
and size effect of nanomaterials in nanofibrous
composite mats prepared by two-nozzle electrospinning
process, for the adsorption test of uranium in simulated
seawater with an uptake capacity of 1.6 mg U g1
adsorbent in the presence of massive interference ions.

The ocean is a vast repository of uranium, containing, at an
estimated 4.5 billion tons, thousands of times to the identified
terrestrial reserves.! The extraction of uranium from seawater
has been explored since the first half of last century,? but it is
still far from an economical method of uranium production.
Because the uranium concentration in real seawater is
minuscule at 3.3 parts per billion, extraction processes are
inefficient, resulting in high costs.3.4 Over the past few decades,
AO-based adsorbents have been proved as the most promising
candidates for uranium extraction, because of its high uptake of
uranyl ions, rapid adsorption rate, high selectivity, easy
handling, and safety of the environment.5 Adsorption by AO-
based adsorbents has been considered as the most promising
method to recover uranium from seawater.to 7. 8 Japanese
scientists designed a fabric/fiber absorbent to accomplish this
uranium extraction, in which acrylonitrile (AN) was graft-
polymerized onto polyethylene fabric or fiber using electron
beam or gamma ray irradiation and then converted into AO
groups by chemical processes.8 9 10 These fabric or fiber
absorbents possess both the absorption properties of AO groups
and mechanical strength of polyethylene, which imparted
durability in actual conditions. Marine tests showed that the
uranium uptake by these fiber adsorbents assembled as a
braided system was 1.5 g U kg-! adsorbent after 30 days soaking
at 30°C in the Okinawa area.# Likewise, American and Chinese
scientists also have engaged in the development of AO-based
adsorbents by a similar method.11.12 In contrast to the uranium
enrichment in terrestrial ores, more work is necessary to
improve the adsorption performance of AO-based adsorbents in
actual seawater in order to make uranium recovery more
economical.13
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Uranium adsorption from seawater is controlled by dynamics;
therefore, the design of adsorbents with large surface areas
appears to be a plausible route to improve adsorption efficiency.
To date, many nanomaterials have been used and proven to be
very effective for uranium recovery, including multi-walled
carbon nanotubes,'* 15 graphene oxide,'1® metal organic
frameworks, 17 and other in-/organic nanospheres.18.19 S, Dai et
al. designed a novel mesoporous adsorbent beginning with a
porous polymer framework as initiator to graft-polymerize AN
by atom-transfer radical polymerization (ATRP), followed by
conversion to an AO-based mesoporous adsorbent. The obtained
adsorbent possessed a higher surface area and pore volume in
comparison with nonporous material. Tests with simulated
seawater evidenced its distinctly higher and significantly faster
uranium adsorption compared to conventional, polyethylene-
based adsorbents.20 Similarly, they prepared another
mesoporous AO-based adsorbent by immobilizing acrylonitrile
and acrylic acid copolymers, which divinylbenzene was used as
cross-linker, onto a mesoporous carbon framework. Uranium
adsorption results shown that the adsorption capacities are
strongly influenced by the density of the AO groups and the
specific surface area.2! The good adsorption capacities of these
nanomaterials have been shown in laboratory studies, and
indicate the potential of these novel AO-based adsorbents.14 16,19,
20,21 Therefore, the design of adsorbents with not only the high
adsorption properties of nanomaterials but also the packing and
durability advantages of the bulk materials would be a key
strategy for preparing practical and efficient uranium extraction
materials.

Electrospinning is a process in which viscous polymer fluid
overcomes surface tension through electrostatic traction to
produce a continuous jet that is drawn out into ultrafine fibers.22
These ultrafine fibers can be assembled randomly or
directionally into a large-scale mat (from several centimeters to
meters in size).23 24 The nanofibrous mat is generally considered
to be a highly porous material (~80% porosity),?> 26 and the
pores are essentially interfibers spaces with dimensions that
commonly range from several hundred nanometers to a few
micrometers. Thus, electrospinning is a powerful approach for
preparing nanomaterials on large-scale, while still retaining the
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effects of an extremely large surface ratio in macroscopic
assembly.23.27 Remarkably, some functional materials prepared
though electrospinning have been used as adsorbent and
catalyst support.28

Using commercial polyacrylonitrile (PAN) as a starting
material perfectly dovetails with the electrospinning technology
for the preparation of AO-based adsorbents. After the

Journal Name

amidoximation of PAN, we found the resultant product,
polyamidoxime (PAO), to be very stiff and breakable. This
material cannot be used directly as an adsorbent unless a
skeletal component is introduced to reinforce its mechanical
strength. Unfortunately, the conventional blending solution is
impracticable here, because we further determined that PAO
was quite immiscible with many other polymers in solution.
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Fig.1 (a) Schematic diagram of two-nozzle electrospinning process for PAO/PVDF composite mats preparation; (b) FT-IR spectra
and (c) porosity of electrospun nanofibrous mats with different content of PAO. SEM images of electrospun nanofibrous mats

containing (d) 56.6% and (e) 100% of PAO.

Herein, we introduce a two-nozzle electrospinning process to
avoid the poor miscibility of PA0.29 As Figure 1a shows, PAO
and polyvinylidene fluoride (PVDF) solutions are separately
perfused in two syringes and connected to the high-voltage
power source. PAO and PVDF nanofibers are simultaneously
drawn out from their respective nozzles, and then interwoven
into a uniform fibrous composite assembly, which is called a mat.
Fibrous composite mats with different PAO contents can be
achieved by controlling the injection rate of the PVDF solution
(Table S1). The actual content of PAO in the mats was

2| J. Name., 2012, 00, 1-3

determined by microwave digestion, based on the different
stabilities of the PVDF and PAO fibres (Figure S1). Figure 1b
presents the FT-IR spectra of the electrospun fibrous mats with
different PAO contents. The peaks at 1647 and 945 cm-l,
attributed to the characteristic peaks of the -C=N- and -N-0-
bonds of the AO groups,” grow stronger as the PAO content in
the composite mat increases.

As mentioned above, the electrospun fibrous mats are porous
materials. Their porosity is an important parameter which
influences the efficiency of adsorbent-seawater contact and
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metal ion-uptake performance. BET nitrogen adsorption and
Mercury porosimetry are the most popular methods adopted for
the characterization of porosity of porous materials. Herein, we
used BET nitrogen adsorption to estimate the surface area of
PAO mats up to 41.6 m2 g1, while the pore size range determined
is just nanopores, which appears large deviation from SEM
observation as shown in Figure 1e and Figure S2a. That may be
reasoned as the irregular structure and outsize of pores formed
by nanofibers interweaving. Therefore, just the nanopores in
nanofibers have been determined. We further used Mercury
porosimetry to determine pore size distribution of PAO mat, and
found the pore size range detected is from 100 to 1000 nm,
which is larger than that by BET nitrogen adsorption (Figure
S$2b). However, the higher pressures bore on mats would cause
crushing and deformation of the pore network, which results in
incorrect reporting of the pore volume and pore size distribution
of very compliant materials, like electrospun nanofibrous mats.30
Similar problems were also recorded in the study of xerogels
and aerogels materials.3!
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Fig.2 (a) Elongation, (b) Tensile strength and (c) Contact angle
tests of electrospun nanofibrous mats with different content of
PAO.

In this context, we conceived a simple method to determine
porosity based on the inherent densities of PAO and PVDF, and
the apparent density of the PAO/PVDF composite mats (details
are provided in the ESI, Experimental Section S3 and Table
§2).25 As shown in Figure 1c, a PAO mat obtained by
electrospinning exhibits about 56% porosity. When blended
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with PVDF during electrospinning, its porosity can be increased
as the PVDF content increases. Notably, the porosity of the
composite mat with 81.6% PVDF content is ~85% similar to that
of the pure PVDF electrospun mat. The SEM images in Figure 1d
and Figure 1e of the electrospun mats with 56.6% and 100%
PAO content show that the diameters of the ultrafine fibres in
the electrospun mats are all in the range from 150 to 400 nm.
These nanofibers are overlapped crosswise and numerous pores
pervade the whole mat (Figure $3).25 Furthermore, in the PAO
electrospun mat, many fibres were bundled together, perhaps by
electrostatic ~ attraction between them. However, this
phenomenon was not observed in the nanofibrous PAO/PVDF
composite mats (Figure 1d), which indicates that PVDF
nanofibers are able to inhibit the adherence of PAO nanofibers
during the two-nozzle electrospinning process. It may be
reasoned that the strong polarity of the PVDF material disrupts
the electrostatic force between the PAO nanofibers, makes them
dispersing more uniformly.32 For this reason, the porosity of
nanofibrous PAO/PVDF composite mats is increased.

PVDF is a highly non-reactive, specialty plastic material that
exhibits flexibility, high chemical corrosion resistance, heat
resistance, and good weatherability. Its properties make it
desirable as a skeletal polymer by which to enhance the PAO-
based material by improving its poor mechanical properties. As
Figure 2a and Figure 2b show, the tensile strength and
elongation of pure PVDF nanofibrous mat are 13.1 MPa and
164.1%, respectively, matching with that reported previously.33
It is observed that the mechanical properties of the PAO mats are
very weak. When it was co-electrospun with PVDF into a single
mat with different content, the tensile strength and elongation of
resultant composite mats are obviously enhanced. The tensile
strength and elongation are increased by at least two- and thirty-
fold, respectively, which demonstrates the greater strength and
flexibility of the nanofibrous PAO/PVDF composite mats. PVDF is
a rather hydrophobic material, and the hydrophilicity of the
nanofibrous PAO/PVDF composite mats should decrease with
the PVDF content increasing; this is confirmed in Figure 2c.
Fortunately, the hydrophilicity of the nanofibrous composite
mats remains satisfactory when the PVDF content is less than
50%, so that water droplets can thoroughly infiltrate the
membrane in only a few seconds. Considering that hydrophilicity
is another important factor that influences the adsorption
performance of the absorbents, and directly relates to the
quantity of ions in the water that contact the functional groups,
we must control the PVDF content below 50% to obtain
hydrophilic, flexible, and reinforced nanofibrous PAO/PVDF
mats.

To quickly evaluate the adsorption performance of the
adsorbents in seawater, we designed a novel adsorption test
method as described in the Experimental Section. We prepared
a simulated seawater solution at pH 8.0 with 3.5 wt.% sea salt
and ten commonly found marine elements, including U, V, Fe, Co,
Ni, Cu, Zn, Pb, Mg, and Ca, added at ~100 times their actual
concentrations in real seawater.34 All the ion concentrations are
listed in Table S3 and the preparation procedure of simulated
seawater is provided in ESI as Experimental Section S4. The
electrospun mats with different PAO contents were immersed in
5 L of the simulated seawater for 24 hours with shaking at room
temperature. There are two advantages of this design. First, this
solution closely approximates actual seawater, which contains
many ionic interferents. The assessment of adsorbents for
uranium extraction would be more authentic than that from a
pure uranyl solution. Second, increasing the concentration of the
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uranium and other co-existing ions would be helpful in
evaluating the long-term adsorption capacity of adsorbents in
actual seawater (3.3 ppb). Based on the results of our other
unpublished works, the adsorption capacity of adsorbents
evaluated by this method represents that of about 25 days’
simulated adsorption in actual seawater (3.3 ppb).
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Fig.3 (a) Metal ions uptake capacity and (b) mass density
amidoxime groups of electrospun nanofibrous mats with
different PAO content; and (c) utilization of amidoxime groups to
uranium uptake of electrospun nanofibrous mats with different
PAO content.

18.4%

After adsorption in the simulated seawater, the colour of
electrospun nanofibrous mats here changes from white to yellow
as Figure S4 shows. This is an indication that some metal ions
have been adsorbed. Figure 3a also shows that other
interferents have been adsorbed on the nanofibrous mats; the Zn
capacity is even higher than that of the uranyl ion. The existence
of interferents will undoubtedly reduce the adsorption capacity
of the uranyl ions. That is why some adsorbents have good
adsorption capacity in pure uranyl solution, but unsatisfactory in
real seawater. Meanwhile, the adsorption capacities for Mg and
Ca are lower than that of uranium. Given their hundred-fold
higher concentrations relative to the uranyl ion in seawater, we
can conclude that that the AO-based adsorbents possess good
selectivity for the uranyl ion compared to the massive amounts
of Mg and Ca ions. It also shows that the adsorption capacity of
the nanofibrous mats is slightly decreased from 1.86 to 1.35 mg
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U gt adsorbents as the PAO content decreases, until the PAO is
decreased to 18.4%. Figure 3b shows that the mass density of
the AO groups in these nanofibrous mats decreases as the PAO
content decreases. Figure 3c illustrates an interesting trend in
which the utilization of the AO functional groups in the
electrospun mats increases as the PAO content decreases until
18.4%. In Figure 1c, we demonstrated that the porosity of the
electrospun mats increases as the PAO content decreases. This
indicates that the higher porosity improves the utilization
efficiency of the AO groups in the nanofibrous mats, and makes a
compensation for the decrease of PAO content, which reduces
the capacity decrease of different nanofibrous mats, although
there is substantial difference of PAO content. Admittedly, the
uranium adsorption capacity of these mats is not better than that
of conventional adsorbents from graft polymerization.12 20
However, relative to the 300%, even 600% degree of grafting
PAO, the capacity of mats with such lower PAO content is
acceptable in contrast. At this level, we can conclude that pursuit
of high AO group content may not always be a prior option to
improve the adsorption capacity of AO-based adsorbents.
Therefore, efforts to enlarge the distribution of AO groups in
such materials would be a feasible and novel strategy to prepare
highly efficient adsorbents for uranium extraction. As for the
decreased adsorption capacity and utilization of the nanofibrous
composite mat at an 18.4% content of PAO, the lower
hydrophilicity may be accountable (Figure 2c).
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desorption rate of various metal ions of electrospun nanofibrous
mat with 70.8% of PAO.

To rapidly investigate the desorption performance of the
nanofibrous PAO/PVDF composite mats, an HCl solution (0.5
mol L-1) was used as an eluent to desorb metal ions. After
elution, the contents of the metal ions in the eluent solution
(desorbed) and eluted mats (residual) were determined. The
metal ion contents in the adsorbed nanofibrous composite mats
(adsorbed) were also determined for comparison. In Figure 4a,
it is clear that the uranyl and most of the other ions were
desorbed after HCl solution treatment, except V and Fe. We
calculated the desorption rate of all the absorbed metal ions in
the nanofibrous composite mats; this data is presented in Figure
4b. It shows that about 92.2% uranium is eluted, whereas most
of the vanadium (ca. 93.4%) remains on the desorbed
nanofibrous composite mats. Thus, uranium and vanadium have
different desorption behaviours during HCl elution, which is of
consistency to previous work.35 Furthermore, we investigated
the recyclability of the nanofibrous PAO/PVDF composite mats
by repeatedly adsorption and HCI elution (Figure S4a and S4b).
It was found that HCl elution trends to damage the structure of
mats. After third desorption, the mat was destroyed into little
chips, which has been also confirmed by N. Seko et al1l® The
adsorption capacity of the third adsorption didn’t decrease
obviously (Figure S4a), although the desorption level of the
second cycle decreased distinctly (Figure S4b). While the
average adsorption capacity of these three adsorption cycles
shows a 1.31 mg U g1 adsorbent, which indicates the adsorption
capacity of mat is reduced by HCI elution. Interestingly, the
vanadium content is higher than first adsorption, which shows
an accumulation effect in every cycle (Figure S4a). It is known
that vanadium desorption requires very stronger acid solution
(~5 mol L-1) owing to its strong interaction with A0.35 It can’t be
recovered in every adsorption/elution cycle, because strong acid
treatment will destroy the adsorbent. However, the
accumulation effect in every cycle would help us to obtained
appreciable vanadium at the last cycle. Considering the good
economic benefits of vanadium, it could bring the total running
cost down of uranium extraction from seawater.

Conclusions

In summary, a novel design of nanofibrous AO-based adsorbents
for uranium extraction was executed through a two-nozzle
electrospinning process, using amidoxized PAN as a starting
material. The electrospun PAO mat was confirmed to be highly
porous, and after blending with PVDF nanofibers, the porosity
and mechanical properties of the resultant nanofibrous
PAO/PVDF composite mats were obviously enhanced, but still
retained their high hydrophilicity. The adsorption tests in
simulated seawater showed that the adsorption selectivity of the
nanofibrous PAO/PVDF composite mats for the uranyl ion was
still satisfactory, even in the presence of large amounts of
interferents. Moreover, the availability of AO groups to adsorb
uranyl ions was improved by the blending with the PVDF
nanofibers in comparison to the pure PAO nanofibrous mat.
Desorption tests suggested the good desorption selectivity of
nanofibrous PAO/PVDF composite mats between uranyl and
vanadium ions. Therefore, the two elements can be separated in
desorption process. Overall, this novel approach through a two-
nozzle electrospinning process effectively increases the
adsorbent porosity and improves the utilization of the functional

This journal is © The Royal Society of Chemistry 2012
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groups, which is significant in the development of highly
effective adsorbents for uranium extraction from seawater.
Inspired by this work, other materials with different functional
organic compounds or nanoparticles can be prepared by this
route to enhance their relative performance.

Experimental Section

Preparation of nanofibrous PAO/PVDF composite mats: The
preparation of PAO was described in Experimental Section S2
and Figure S6of ESI, and the chemical structure of PAO has been
characterized by elemental analysis, FT-IR and XPS, which
shown in Table S3 and Figure S7. Herein, the electrospinning
setup involved is a commercial equipment purchased from
Shenzhen TONGLI micro & nano LTD. China (Figure S8). PVDF
solution (0.1 g mL! in DMF) and the foregoing PAO solution
were loaded into two syringes and assembled in respective
microinjection pumps. Then, the two nozzles were connected to
a high-voltage direct current power source, and fixed on a holder
that moved from left to right repeatedly while aimed at a rotary
drum. The PAO and PVDF nanofibers were electrospun
simultaneously and interwoven uniformly into the nanofibrous
composite mat. The obtained mat was immersed in deionized
water for 48 hour to remove inorganic salts which were
introduced during amidoximation. Then, the mat was dried at 60
°C for 24 hour in a vacuum oven. The parameters of the
electrospinning process were set as follows: voltage, 15 kV;
rotary drum speed, 500 rpm; holder speed, 10 cm min-!; and
PAO solution injection rate, 0.4 mL h-l. PVDF exhibits high
chemical corrosion resistance, so it can withstand microwave
digestion. Given that PAO is easily decomposed in a microwave
digestion system, the PAO content of the nanofibrous composite
mats was determined by measuring the weight loss from the
mats after microwave digestion and calculating the content
using Equation 1.

="

" )

Where x is the weight content of the PAO in the nanofibrous
composite mat; And Wi, and W, are the weights of the
nanofibrous PAO/PVDF composite mat before and after
microwave digestion. Therefore, nanofibrous composite mats
with different content of PAO can be prepared by adjusting the
injection rate of PVDF solution (as shown in Table S1).

Adsorption tests in simulated seawater: Nanofibrous mat
samples (ca. 100 mg) were immerged in 5 L sea salt solution (3.5
wt.%, pH = 8.0) containing U, V, Fe, Co, Ni, Cu, Zn, Pb, Mg, and Ca
ions; the concentration of each ion was 100 times that in real sea
water (details in Experimental Section $4 and Table S3 of ESI).
After shaking (100 rpm) for 24 hours at room temperature, the
nanofibrous mats were retrieved, washed with copious water,
and dried thoroughly in a vacuum oven. Then, the dried samples
were digested with concentrated nitric acid in a MARS 6™
Microwave Digestion System from CEM Corporation, USA. The
ion concentrations in the digestion solution were determined
using a Perkin-Elmer Optima 8000 inductively coupled plasma-
atomic emission spectrometer (ICP-AES). The U adsorption
capacity of the nanofibrous mats was evaluated according to the
concentration in the digestion solution. The formula for the
calculation was as follows:
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Where Q is the adsorption capacity of nanofibrous mat; My is the
weight of U in the digested solution from the adsorbed
nanofibrous mats; and Mm is the weight of pristine nanofibrous
mats used for the adsorption experiment.

Desorption Tests: The adsorbed mats were immersed in 0.5 mol
L-1 HCI solution for a 30 minutes desorption period, retrieved,
washed with water, dried in a vacuum oven, and decomposed by
microwave digestion. The ion concentrations in desorption and
digestion solutions were determined by ICP-AES. The desorption
rate from the nanofibrous mats was calculated using Equation 3.

M
—  x100%
ds + dg (3)

d(%) =

Where d is the desorption rate from the nanofibrous mat; and
Mas and Mgy are the weights of uranium in desorption and

digestion solutions of the desorbed nanofibrous mats,
respectively.
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Graphic Abstract

A novel amidoxime (AO)-based adsorbent, integrating the high affinity of AO groups and size
effect of nanomaterials in nanofibrous composite mats has been prepared by two-nozzle

electrospinning process, for the uranium extraction from seawater.
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