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Abstract. We report the radiation grafting of bis[2-(methacryloyloxy)ethyl]
phosphate (B2MP) through electron-beam onto PVDF films and through swift
heavy ions (SHI) irradiations into the pores of track-etched PVDF membranes.
Radiolytically produced radicals were studied using EPR. To adapt the radi-
ation grafting protocol inside the nanopores of track-etched membranes, the
electron-beam irradiated films at varying monomer concentrations, doses and
solvent mixtures were first studied. It was found that track-etched membranes,
even after 1 hour of chemical treatment, do not require a post-etching irradia-
tion to initiate free-radical polymerization of B2MP from remaining radiation-
induced radicals. The presence of functional groups inside the nanopores of
the membrane were examined using FTIR and XPS. After exposure of B2MP-
g-PVDF membranes to a uranyl solution, XPS was also exploited to evidence
of O,UOZ" trapping inside the membrane nanoporosity by tracking the pres-
ence of U 4f peak. The B2MP-g-PVDF membranes were converted into elec-
trodes by depositing 35 nm of gold on each side through a mask. Detection
of ppb concentrations (from 20 to 100 ppb) of uranyl by B2MP-g-PVDF mem-
brane electrodes was demonstrated by means of square wave cathodic stripping
voltammetry (SW-CSV). The limit of detection (LOD) was estimated to be 17

ppb (3 07 slope).
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1. Introduction

The International Guidelines for Drinking Water Quality of the World Health Organi-
zation (4th edition, 2011) has recommended a value for uranium of 30 ppb (or pgL ~")
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for waters intended for human consumption [1]. However, this limit may not protect
specifically sensitive populations, such as children and people with predispositions for
hypertension or osteoporosis [2,3]. Common analytical techniques involve ICP-MS [4]
and radio-metric analyses [5]. However, these methods are neither accessible nor suitable
for daily field work and tests. Additionally, they are expensive and not portable. Thus,
removal and accurate analysis of low uranium concentrations in drinking water are
necessary.

Uranium is a natural element that exists in various oxidation states, namely +2, +3,
+4, +5, and +6. The most common and thermodynamically stable form of dissolved
uranium is uranyl ion, Y/O,UVIOJ*. The uranyl ion has a linear structure with two
nonreactive double uranium-oxygen bonds, and it tends to create a complex with
six ligands at the most, leaving the U = O bonds unaltered [6]. Being a hard Lewis
acid, uranyl has more affinity for hard bases. The compounds, containing oxygen or
nitrogen atoms, as well as phosphate or carbonate anions, are good candidates for
uranium trapping [7]. Recently developed oxalate-based adsorbents made by radiation
grafting of diallyl oxalate onto polyamide 6 fabrics maintain high uranium capacity
comparable with amidoximated resins [15]. Five years ago, a polymeric chelating resin
was prepared by growing third generation poly(amido)amine (PAMAM) dendron on
the surface of styrene divinylbenzene (SDB) [16]. The main advantage of a dendron
structure is that it contains a significant quantity of nitrogen and oxygen atoms from the
amino and amide groups, which produce a strong chelating effect. PAMAM modified
poly(SDB) adsorbent, carrying phosphorus functional groups, has exhibited superior
adsorption characteristics with high complexation rates, capacity and selectivity [17].
Indeed, the poly(ethylene glycol methacrylate phosphate) macroporous membranes
made by means of radiation grafting onto poly(propylene) fibrous sheets have shown a
high pre-concentration effect due to the presence of phosphate groups [18]. In nature,
phosphates have been found complexed with uranium in ore deposits [19,20]. It is also
well known that di-(2-ethylhexyl) phosphoric acid and trioctylphosphine oxide are used
for uranium extraction from liquid acidic solutions [21]. Thus, phosphate containing
materials have already proved their efficacy in extracting uranium from aqueous solutions.

Electrochemical analysis has a major advantage over aforementioned methods, as it
allows speciation of uranium in solution by direct measurement. Also, voltammetry
1S an easy-to-use, sensitive, fast, portable and relatively cheap technique, enabling the
performance of on-site analysis. There are not many reports about electrochemical
detection of uranium. Peled et al. report the determination of uranyl using gold
microelectrodes by anodic stripping voltammetry [22]. Another technique among the
few is to use a gold electrode chemically modified by POCI; capable quantifying
uM uranyl concentrations [23]. Recently, nanostructured materials are becoming a
trend in heavy metal extraction from water due to the improved trapping properties.
Nevertheless, there is no method for uranyl determination by means of functionalized
nanoporous membrane electrodes. Bis[2-(methacryloyloxy)ethyl] phosphate (B2MP),
[H,C=C(CH,)CO,CH,CH,0],P(O)OH, is one among a few commercially available
phosphate containing monomers which might be used for uranium extraction. Addition-
ally, the availability of two vinyl groups allows B2MP to be grafted onto an irradiated
polymer.



The current study presents radiation grafting of B2MP onto electron-beam irradi-
ated polyvinylidene fluoride (PVDF) films and inside the nanopores of track-etched
PVDF membrane. The goal is to show the capability of such a nanostructured material
to preconcentrate uranyl from aqueous solutions and its ability to be analized using
voltammetry. Our study is one of the few reports relating to on-site uranyl sensing. The
B2MP-g-PVDF membrane electrodes were fabricated according to the previous works
of our team [24,25]. Electron paramagnetic resonance spectroscopy (EPR) was used to
analyze radiolytically produced radicals. Field-emission scanning electron microscopy
(FESEM) was used to examine morphology of the PVDF track-etched membrane surface.
Fourier-transform infrared spectroscopy (FTIR) and X-ray photoelectron spectroscopy
(XPS) were utilized to verify the presence of functional groups inside the nanopores of
the membrane. Square-wave cathodic stripping voltammetry (SW-CSV) was used to plot
a calibration curve and to demonstrate sensitivity toward trapped O,UO;" in trace level
(LOD is 17 ppb).

2. EXPERIMENTAL SECTION

2.1. Materials and instruments. Semi-crystalline 3-polyvinylidene fluoride (PVDF)
films of 9 pum thickness (about 40% crystallinity) were provided by PiezoTech SA.
Potassium hydroxide, potassium permanganate, Mohr’s salt ((NH,),Fe(SO,),-6 H,0),
sodium metabisulphite (Na,S,0s), bis[2-(methacryloyloxy)ethyl] phosphate (B2MP),
ethanol were purchased from Sigma-Aldrich. Uranyl acetate (Polysciences, Inc.) was
used in the preparation O,UOJ " -spiked water. Acetate buffer was prepared using acetic
acid (glacial, 100% unhydrous, Merck) and anhydrous sodium acetate (Alfa Aesar).
Deionized water was used for preparing all the solutions. The orbital shaker (Heidolph)
was used to perform the B2MP-g-PVDF membrane electrodes adsorption. A PalmSens
potentiostat (The Netherlands) was used for all voltammetric tests.

2.2. Irradiation. Swift-heavy ion (SHI) irradiations were performed at GANIL, France.
PVDF films were irradiated at room temperature with |3,Xe*** (7.46 MeV-amu ~!) under
He atmosphere. The films (4 cmx30 cm) were anchored on movable sample holders.
Fluence was adjusted taking into account number of passages and the ion beam flux. For
all the results the fluence was 10 '° cm ~2. Conversion of the fluence to adsorbed dose in
the polymer was calculated by formula:

E
Dose(Gy) =1.6-107"- f - Cé—x, (1)

where f is ion fluence, cm ~2, % is the massic stopping power, MeV-mg ~!-cm?,

1-67 -1077,J-mg- MeV~'-kg™!, is a conversion constant. For instance, the ion
fluence of 10 °cm ~2 for SHI irradiated films corresponds to 7.6 kGy dose.

Electron-beam irradiations were performed at the SIRIUS facility (Laboratoire des
Solides Irradiés, Ecole Polytechnique, France). Films were irradiated at room temper-
ature under He atmosphere with accelerating voltage of 2.5 MeV and machine current
of 1.4 puA. Doses were 5, 7.5, 10, 50 and 100 kGy. All the irradiated samples were
immediately stored at -20°C under anaerobic conditions to prevent from oxidation.



2.3. Chemical etching. [-PVDF SHI irradiated films were chemically etched us-
ing 10 M KOH and 0.25 M KMnO, solutions at 65°C for 25 min. The etched membranes
were washed with aqueous solution of Na,S,05 (7 -5wt%) to reduce the remaining
active KMnO,, followed by rigorous rinsing by deionized water. The diameter of
obtained cylindrical nanopores depends on the etching duration. After 25 min etching of
films exposed to a 10 %cm ~2 fluence the resulting mean pore diameter was 60+5 nm.

2.4. Radiation grafting of B2MP. The electron-beam irradiated films or track-
etched PVDF membranes were placed in purgeable glass tubes containing B2MP
monomer solutions. To avoid undesired homopolymerization reaction, we followed
indirect grafting. However, Mohr’s salt (632 mg/100 mL) was used in each radiation
grafting procedure to suppress possible gel formation, and thereby to increase the grafting
yields onto the surface of PVDF. The purgeable glass tubes were then connected to a
Schlenk line for oxygen elimination. After 15 min of N, purging at room temperature,
they were then sealed and put into a thermostat water bath at 65°C for various times. The
grafted films were washed with ethanol and dried at room temperature. Gravimetrical
grafting yields (GY) were calculated by formula (2).

GY = M final — Minitial X 100%’ (2)

Minitial

where m, ;.., and mg ., are masses of film weighed before and after radiation grafting
respectively.

2.5. Characterization of B2MP-g-PVDF membranes.

Electron paramagnetic resonance spectroscopy (EPR) was used to examine radiation-
induced changes in PVDF films. The measurements were carried out at room temperature
using a Bruker EMX spectrometer with 9.85 GHz at 18.4 mW power and 100 kHz field
modulation frequency. The radical consumption was determined through the ratio of
signal intensity and the receiver gain multiplied by the mass of the sample. Membranes
topologies were checked after each fabrication step using Field-Emission Scanning
Electron Microscopy (FESEM). FESEM micrographs were acquired with Hitachi S-4800
microscope at 1kV accelerating voltage and 7 A current. B2ZMP grafting was followed
by Fourier-Transform InfraRed spectroscopy (FTIR) and X-ray Photoelectron Spec-
troscopy (XPS). FTIR spectra were obtained with the Nicolet iS50 FT-IR spectrometer
(Thermo scientific). Spectra were recorded in absorption mode by cumulating of 64
scans with resolution of 2 cm ~!. XPS spectra were conducted on a PHI 5000 VersaProbe
(Physical Electronics) instrument. An Al K-a (1486.6 eV) monochromatic X-ray source
was used. A 187.85 eV pass energy value was used for survey spectra and 23.5 eV for
high resolution (HR) peaks. Charge compensation was accomplished with a combined
electron and Ar neutralizer system. The binding energies were calibrated by fixing the C
Is binding peak to 284.5 eV. XPS spectra also allowed the detection of trapped U(VI) in
B2MP-g-PVDF membranes. The P2p signal has been acquired during 10-15 min (around
50 scans) for undoped samples and during 30-40 min (roughly 150 scans) for U(VI)
doped samples.

2.6. Voltammetry. Track-etched B2MP-g-PVDF membranes were converted into



electrochemical nanoporous sensors by depositing 35 nm of gold on each side of the
membrane through a mask. The gold on one side of the membrane serves as working
electrode while the other one serves as counter electrode. Both gold surfaces (0.8 cm
of diameter = 0.502 cm? ) were connected to a potentiostat. A chlorinated Ag wire acts
as pseudo-reference electrode. A cyclic voltammogram (CV) was first performed on a
B2MP-g-PVDF membrane electrode in a blank solution of acetate buffer (50 mV) and
0.1 M -KNO; (pH 3) (figure 1). Despite the thin Au layer, a typical profile of amorphous
Au electrode was registered. Integration of reduction peak at 0.62V corresponding to
one monolayer of Au oxide formed during the positive scan leads to a charge of around
300 uC. Taking in account the charge of gold monolayer of 482 uC.cm™2 [26], an
electroactive surface area of 0.622 cm? was found.
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Figure 1. CV of B2MP-g-PVDF membrane-electrode of 0.8 cm of diameter recorded in 50 mM acetate
buffer and 100 mM KNO; (pH 3) electrolyte at a scan rate of 100 mV.s ™.

The sensors were then immersed in the aqueous solutions of uranyl acetate to
adsorb uranyl. During stirring, the solvated U022+ ions are complexed with phosphate
groups of B2MP in the subporous region of the membrane, thus the trapped ions can
be analyzed by means of voltammetry. Applying a potential of +1.2 V during 300
sec permits oxidation of adsorbed species on the cathode. After this deposition time,
quantitative analysis was performed by registering the charge of UO}* reduction peak
when applying square-wave cathodic stripping voltammetry (SW-CSV). The potential
was negatively scanned from +1.2 V to -1.2 V with step potential of 3 mV, frequency
of 20 Hz and amplitude of 30 mV. A mixture of 50mM acetate buffer and 0.1 M KNO,
(pH3) was used as electrolyte. Each current peak height of U(VI) reduction peak
corresponds to an average value of 3 registered SW-CSV measurements referred to 3
distinct B2MP-g-PVDF membrane-electrodes from the same batch.



3. RESULTS AND DISCUSSION

3.1 Radiation-induced radical polymerization in PVDF films. Whatever the irradiation
process (electrons or ions), the irradiation of PVDF films, —[C' Hy — C'Fy),,—, yields
H, and HF gas release [27], crosslinking, double bond formation (for example, -CF,-,
CH=CF,, -CH=CF-) [28], in addition to the formation of alkyl radicals [29, 30]. These
free radicals are -CF,—C'H,, -CH,—C'F,, -CF,—C'H-CF,, -CH,—C'F—-CH, [31].
The radicals react with molecular oxygen to produce the corresponding peroxyl radicals
(ROQ"). There is thus the coexistence of two types of radicals, alkyl and peroxyl, present
in the irradiated PVDF films.

Due to the semi-crystalline structure of PVDF of about 40%, there is still a con-

siderable amount of radicals trapped in the crystallites, and at the interfaces between the
crystalline and amorphous regions [32]. The addition of the alkyl radicals to the double
bonds of B2ZMP monomer initiates the polymerization reaction. Simultaneously, the per-
oxyl radicals also initiate, to some extent, the polymerization reaction.
Trapped radicals, formed by breaking lateral bonds of polymer, initiate polymerization re-
action in presence of monomer (eq. 4). After the initiation, the propagation of monomer
chains takes place (eq. 5). The process continues until the growing macro-radicals meet
each other (recombination) and thus terminate the chain growth (eq. 6).

RH —>“m” R +H 3)
R +M — RM (4)
RM’ +nM — RM; | (5)
RM; +RM;, — RM, ., (6)

When the polymer substrate is irradiated under an oxygen (or air) atmosphere or
was exposed to air after irradiation, peroxides or hydroperoxides due to oxidation of alkyl
radicals are formed (eqgs. 7-9). At elevated temperature, the peroxide bonds decompose
on alkoxy and hydroxy radicals (eq. 10). The alkoxy radicals can then initiate the poly-
merization reaction when put in contact with monomer solution (eq. 11).

RH irroadi(;zon R + H . (7)

2/
R+ 0, — ROO" (8)
ROO" + RH — ROOH + R’ 9)
ROOH 2 RO" + ‘OH (10)
RO" + M — ROM" (11)
ROM;, + ROM;, — ROM, ., (12)

3.2. Electron-beam induced grafting of B2MP onto PVDE. In order to determine
the optimal radiation grafting parameters, the electron-beam irradiated films at various



doses were first grafted with B2MP. During electron beam irradiation, the energy is
randomly deposited in polymer bulk and subsequent radio-grafted copolymer chains are
also homogeneously distributed. Figure 2 shows the EPR spectra of radiation-induced
species in the electron-beam irradiated PVDF films at 5, 7.5 and 10 kGy doses [25,32,33].
It should be mentioned, precautions were made to ensure the absence of oxygen during
irradiation. After irradiation, the samples were exposed to oxygen during transferring
allowing the formation of the peroxyl radicals.
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Figure 2. EPR spectra of electron-beam irradiated 9 pm thickness PVDF films at different doses: 5 kGy
(dotted line), 7.5 kGy (dashed line), 10 kGy (solid line). Calculated g-value equals to 2.008 for central
field of 3502.7 Gauss.

As shown in figure 3a, the grafting yield (GY) increases up to 7 wt.% as a function of
B2MP concentration. However, the GY starts decreasing for the higher B2MP concen-
trations. This can be interpreted by the fact that after exceeding of 100 mM B2MP, the
electron transfer reactions between the growing grafting chains and the monomer become
predominant, leading to termination of the graft polymerization reaction. As mentioned
earlier, the homopolymerization reaction is not expected to occur in our experimental
conditions. The role of the solvent is to enhance the solid polymer swelling during rad-
ical polymerization through the growing grafted polymer chains. Consequently, a good
solvent should be both a good solvent for the monomer and its polymer facilitating the
monomer accessibility to radical sites. The use of good-swelling solvent results in bulk
and homogeneous grafting. A mixture of 50 vol.% water and 50 vol.% ethanol was used
as a solvent.

The grafted B2MP-g-PVDF films were washed with ethanol, weighed and
analyzed by FTIR. A FTIR peak at 1725 cm™! associated with a carbonyl group of
B2MP was measured each time to confirm the presence of functional polymer onto
PVDF surface. For a given dose, 100 kGy, 100 mM B2MP concentration and the solvent
composition of 50 vol.% water and 50 vol.% ethanol were found to give the highest GY
(figure 3b). The same procedure was carried out for the electron-beam irradiated PVDF
films at different doses. GYs should vary proportionally with the dose as the radical
content gradually increases as shown in figure 2. Gravimetrical yield was found linearly
increasing with dose (figure 3c).
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Figure 3. GY of electron-beam irradiated PVDF films depending on the (a) B2MP concentration at 100
kGy dose, 50 vol.% water and 50 vol.% ethanol solvent, (b) solvent at 100 kGy dose, 100 mM B2MP, and
(c) GY versus dose, 100 mM B2MP, 50 vol.% water and 50 vol.% ethanol solvent ; PVDF film thickness
is 9 pm.

3.3. B2MP radiation grafting into track-etched PVDF membranes. The fabrication
procedure is comprised of several steps. Firstly, PVDF films were bombarded by SHI
of ;Xe*® under He atmosphere. The ions, passing through the solid polymer film,
induce continuous trails of excitations and ionizations along their pathways leading to the
formation of latent tracks. Contrary to electrons, the deposited energy is highly localized
along the ion trails [28]. Secondly, latent tracks are revealed by selective ion track
etching in a highly oxidizing solution of KOH and KMnO, resulting in the formation of
cylindrical nanopores. The etching process does not remove all the radicals. Despite the
fact that the remaining radical amount is relatively low, a localized radiografting occurs
from the nanopore walls [32, 33]. Once the radiation grafting parameters have been
established for electron-beam irradiated PVDF films which are rich of radicals, the same
grafting protocol (i.e. 50 vol.% water and 50 vol.% ethanol as solvent, 100 mM B2MP
concentration, 65 °C grafting temperature, 18 h grafting time) was directly applied to the



fabrication of B2MP-g-PVDF nanoporous membranes.

Figure 4a shows the EPR spectra of the PVDF track-etched membranes exposed to
a 10 '%ncm ~2 fluence before and after grafting with B2MP. Figure 4b displays the
radical decay due to the addition of the B2MP. Since the addition of PVDF radicals
to the B2ZMP gives a rise to the formation of the growing free radicals, it is expected
that there is no change in a total radical concentration. However, as shown in figure
4b, there is tremendous decrease of the free radical concentration after addition of the
B2MP. This may be explained by the fact that the decay of the PVDF radicals undergoes
through various competing reactions. Since the GY is only about 3.5 wt.%, it seems that
the reaction of B2MP addition is not a predominant one. To explain a disappearance
of the free radicals in the absence of KMnO,, one would expect the PVDF radicals
undergo either crosslinking or disproportionating reactions favored by temperature of the
reaction. Nevertheless, in the presence of KMnO,, the disappearance of the free radicals
of PVDF may be additionally due to the oxidation reactions through an electron transfer
to potassium permanganate.
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Figure 4. EPR spectra of track-etched PVDF membrane (a) before and after the radiation grafting, fluence
10 %nem ~2: 25 min of etching (solid line), 25 min etching and 1 h grafting (dotted line), no etching
(dashed line); (b) the radical consumption by grafting: (o) Etched during various times, (e) etched during
various times and grafted within 1 h.

Table 1 shows GYs under various irradiation conditions. As clearly demonstrated in the
table, the optimal conditions were archived at 300 mM B2MP concentration, 50 vol.%
water and 50 vol.% ethanol as a solvent.

Figure 5 shows the chemical structure and of the B2MP and configuration of uranyl coor-
dination by phosphate groups of B2MP [14].

FESEM was used to analyze the surface morphology of functionalized track-etched mem-
branes. In microphotographs (figure 6) are shown a top view and cross section of B2MP-
g-PVDF membrane exposed to a 10 mncm =2 fluence. Increasing the ion fluence from
10 °mcm =2 to 10 %mcem ~2 leads to the statistical overlapping of some pores. However,
at higher pore density, more B2MP is exposed toward uranyl enabling the enhancement



Table 1. GYs of track-etched PVDF under various grafting conditions.
Fluence Grafting time B2MP concentration Solvent mixture  GY

cm 2 h mM wt. %
100 0.08
10° 18 300 EtOH/water 1.04
600 0.63
1 3.53
2 4.4
10
10 s 300 EtOH/water 6.0
18 10.6
d CH3 0 HaC
H,C o\/\o—lu—o/\/o\”/gc,_|2
0 C|)H 0
b. o oo
“"Wo\ /o|| N /0
P u P
SNGING N
el o” I' % Ouy,

Figure 5. (a) Chemical structure of B2MP and (b) proposed configuration of uranyl coordination by
phosphate groups of B2ZMP according to the ref. [14].

of loading capacity of the membranes. Therefore, the membranes exposed to a fluence of
10 "%ncm ~2 had been used for sensor’s fabrication in this work. Cryofracture was made
in order to study the cross section of the membranes and to verify their openness after
chemical etching. FESEM imaging of the cryofractured membrane showed that pores
extended completely through the membrane and not blocked inside.

Figure 6. FESEM photo of (a) top view and (b) cross section of PVDF membrane after chemical etching,
fluence 10 *mem ~2.

The presence of functional polymer inside cylindrical nanopores was verified by FTIR
(figure 7a). The FTIR spectrum primarily demonstrates the characteristic absorption
bands of PVDF [40] with a doublet corresponding to the CH, vibrations at 2985 and 3025
cm™ !, a multiplet with spectral absorption bands at 1453, 1424, 1403 and 1385 cm™ " at-
tributed to a mixture of CH, and C-C vibrations, two of the most intense absorption bands
of CF, at 1211 and 1183 cm™! and PVDF skeleton vibration region between 900 and 400
cm~!. The latter region is attributed to the crystalline structure. The well-defined peak
at 840 cm ™! represents 3-phase of PVDF. Additional absorbance peaks were caused by



B2MP presence. [41]
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Figure 7. Functionalized B2MP-g-PVDF track-etched membranes analyses at various grafting times: (a)
FTIR spectra of B2MP-g-PVDF : no grafting (dashed line), 1 h, 2 h, 5 h and 18 h of grafting (ascending in

grafting time); (b) radiation grafting kinetics - grafting conditions : 300 mM B2MP concentration in 50:50

vol% ethanol/water solutions, fluence 10 %em -

Notably, the absorbance peak at ca. 1725 cm ~! associated with the -C=0 vibration of
the esters was clearly observed (inset in figure 7a). The absorption bands corresponding
to the stretching vibrations of the -P=0, that typically appear at 1350-1250 cm ~! are
not observable due to the overlap between these and PVDF absorption bands. The 1725
cm ~! peak increase with the grafting time is in coherence with quantitative GY results
obtained by gravimetry (figure 7b). GYs rapidly increase within 4 hours and reach
a plateau after 16-18 hours due to the diminution of monomer diffusion through the

amorphous part of the PVDF.

XPS was used to confirm the presence of phosphate groups after radiation grafting
of B2MP and its capability to trap uranyl ions. Figure 8 shows XPS spectra of the
B2MP-g-PVDF membranes exposed to a fluence of 10!'%ncm =2 before and after
adsorption of uranyl. An intense peak in the survey spectrum of F 1s arises from PVDF
(figure 8a). The C 1s peak at ca. 285 eV can be curved-fitted with six peaks (figure
9). Two main peaks with binding energies (BE) of 285.6 eV and 290.1 eV for CH,
and CF, species, respectively, assigned to the PVDF main chains. Others, less intense,
arise from C-C/H, -C=0, -C-O and -O-C=0 groups of grafted B2MP. The revealed
peak at 133 eV (figure 8b) confirms the presence of the phosphate groups of B2MP
whose position is in agreement with previous studies [34, 35]. Evidently, no signal
of uranyl was observed before uranyl adsorption (figure 8c). For the adsorption, the
B2MP-g-PVDF membrane was immersed into a 2 mM uranyl acetate solution for 18
hours. After the adsorption, oxygen atoms from the uranyl ion shield the phosphate
group as they are more electronegative than phosphorus, causing a decrease of the P
2p peak intensity (figure 8d) and thus affirming UO;*-B2MP complexation. Figure Se
shows the U 4f XPS spectrum of uranyl after the B2MP-g-PVDF membrane adsorbed
uranyl ions. The two peaks of U assigned to the U 4f,, and U 41, possessing spin
orbit splitting of 10.9 eV were detected [36-38]. Deconvolution of U 41,, peak revealed



two satellites at higher binding energies of 389.7 eV and 386.1 eV. It agrees with previ-
ously published data and can be attributed to U>* and U®* in the uranyl cation [39,42-44].
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Figure 8. XPS spectra of B2MP-g-PVDF membrane of 10 '®mcm ~2 fluence (GY of 3.5 wt% ) (a) Survey
spectrum of B2MP-g-PVDF membrane after immersion into 2 mM uranyl acetate solution for 18 hours.
(b, d) P 2p peak of B2ZMP before and after uranyl adsorption respectively. (c, e) U 4f peak of uranyl before
and after adsorption respectively.
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3.3. Electrochemical detection. The first step in developing an electroanalytical method
was selecting the working electrode. In this work, a gold electrode was chosen as it
is frequently used for low concentrations measurements of uranyl in aqueous solu-
tions [35,45,46]. Another important choice was an electrolyte and pH as both parameters
affect on redox mechanism of uranyl. Peled et al. report that 50 mM acetate buffer (pH3)
with 100 mM KNO; is the best medium for the detection of low concentration of uranyl
in water [22].

To connect the membrane electrodes to a potentiostat, a home-made clip device
was used for all voltammetric measurements (figure 10). The clip was made of Plexiglas

(PMMA) with gold wires inserted in the clip to provide an electrical contact. A silver
wire was used as a pseudo-reference electrode.

plexiglas
membrane-electrode
\\’

Figure 10. (a) Scheme of the clip set-up used for voltammetric measurements. (b) Photo of the clip with
membrane electrode placed inside.

reference electrode

For the adsorption, membranes were placed in glass bottles containing polluted solutions



and stirred using an orbital shaker for various times (from 30 min to 7 days). 2 hours
of adsorption were found sufficient to get reproducible responses. During adsorption,
uranyl, being a hard Lewis acid, tends to form a complex with phosphate ligands of
B2MP. Proposed configuration of this U022+—B2MP complex according to the refer-
ence [14] is shown in figure 5b. Adsorbed uranyl ions were then analyzed by SW-CSV
using acetate buffer (50 mM) and 100 mM KNO, (pH3) electrolyte. Cyclic voltammetry
measurements were firstly performed in order to understand the reactions taking place
in the system. Figure 11 shows B2MP-g-PVDF membrane-electrode CV curves in
presence of electrolyte (black dotted) and electrolyte spiked with U(VI) at 3, 10 and 20
ppm. It can be seen that a reduction wave appears at -0.003 V and an oxidation one at
0.54 V versus Ag wire pseudo-reference. These signals are associated with one-electron
reduction and oxidation of uranyl (1. and 3. in figure 11) [47]. The second reduction
wave, corresponding to the reduction of UO; to insoluble species UO, (2. in figure 11),
is observed at ca. -0.5 V. A second oxidation wave at ca. 0.6 V is related to the direct
two-electron oxidation of UO, to UO;* species (4. in figure 11).
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Figure 11. CV curves of B2MP-g-PVDF membrane-electrode in 50 mM acetate buffer and 100 mM
KNO; electrolyte spiked with U(VI) reaching 3, 10 and 20 ppm (black, red, blue curves respectively).
Reactions marked 1., 2., 3. and 4. are discussed in the text.

Several parameters such as deposition time, frequency, kinetic of adsorption were
investigated. Registering the highest current of the reduction peak at -0.5 V (reaction
2.) for a given U(IV)-spiked electrolyte (10 ppm) and a deposition potential of +1.2 V,
the optimal deposition time on the cathode side of B2MP-g-PVDF membrane-electrode
was found equal to 300 sec and was further used for all the measurements. The chosen
frequency was set at 20 Hz (figure 12 (left)) as it is a good compromise between current
intensity optimization and reproducibility. Figure 12 (right) displays kinetics of adsorp-
tion registering the peak current intensity of U(VI) reduction peak.
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As displays on figure 13a, the peak currents obtained from the first reduction
peak at -0.5V were used to plot a calibration curve (figure 13b). The repeatability is 20%
in average showing a good reproducibility between membrane-electrode batches. No
problem of stability was observed after 2 h adsorption at neutral pH.
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Figure 13. (a) SW-CSV curves recorded at various concentrations of uranyl: 0, 25, 50, 75, 100, 500,
1000 ppb (uranyl reduction peak raises with concentration) in acetate buffer (50 mM) and 100 mM KNO;
(pH3) electrolyte at a deposition potential of +1.2 V and deposition time of 300 sec, (b) calibration curve
after 2 hours of adsorption at neutral pH.

B2MP-g-PVDF nanoporous electrodes with a GY of 3.5 wt.% were tested by SW-CSV
for calibration curve establishment. It was shown that these functionalized membranes
were sufficiently reactive toward U(VI) trapping and electrochemical detection (figure
13). Hence, it is recommended to limit the GY to facilitate ionic transport. The obtained
calibration curve demonstrates sensitivity at the ppb-level. The limit of detection
(3 o;slope) of the B2MP-g-PVDF membrane electrodes of 10 '%mcm ~2 equals to 17 ppb,
with a quantification limit (LOQ) of 51 ppb.



The interferences of trapped U(VI) in B2MP-g-PVDF membrane-electrode with
other metal ions during adsorption are shown in figure 14. The uranyl concentration
equals to 100 ppb, while the concentrations of other metals is in 10-fold excess. Apart
Mg(II), most of metal ions were found to interfere with U(VI). This result suggests a high
instability of UO; ions, which can disproportionate to more stable species in presence
of other salts leading to the -0.5 V reduction peak suppression. More investigations are
needed to pursue this study.
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Figure 14. Interferences with some metal ions after 7 h of adsorption in 10-fold excess ion concentration
(100 ppb U(VI) concentration.

4. CONCLUSIONS

We have successfully developed a novel U(VI) electrochemical sensor based on
radiation-induced grafting methodology of B2MP onto PVDEF. The radiolytically pro-
duced C-centered free radicals of the PVDF initiate graft polymerization of the B2MP
onto internal surface of cylindrical nanopores. Based on the relatively low grafting yield
and the decay of C-centered free radicals of PVDEF, our results suggest that there are
different competitive reactions occurring during grafting. These competing reactions are
radical-radical interactions, PVDF'+KMnO, electron transfer, and PVDF-B2MP" chain
growing reactions.

While the radical-radical interactions take place, crosslinking and disproportiona-
tion reactions occur, while at the same time the electron transfer from PVDF" to KMnO,
as a result of chemical etching cannot be underestimated. All these termination reactions
explain a 60% radical decay observed by EPR after radiation grafting. Our results thus
suggest that desired graft polymerization PVDF +B2MP may be not the predominant
one. Despite these considerations, limiting the GY to low values (around 3.5 wt.%) was
found to produce advantageous membrane detection performance as this GY allowed the
B2MP polymer to cover the inner surface of the cylindrical nanopores without blocking



them.

The efficient uranyl uptake of B2MP-g-PVDF membranes points out that the geometry
of the cylindrical nanopores provides a confinement that facilitates the coordination
reaction between phosphate groups of the grafted B2MP and uranyl ions. In addition,
the nanopores increase the surface area of the membrane which leads to higher loading
capacities by increasing the amount of B2ZMP exposed to uranyl. The higher loading
capacities validated the construction of a novel electrochemical sensor capable of
monitoring uranyl in water through the conversion of the membrane into an electrode.

To validate the proof of concept for U(VI) sensoring, a calibration plot obtained by
means of SW-CSV demonstrates a ppb-level sensitivity of the sensors toward dissolved
uranyl ions (LOD is 17 ppb). The LOD might be lowered using more efficient agitation
during adsorption.

As a prospective goal, the B2MP-g-PVDF membranes might also be used in nanofil-
tration for uranium removal. However, our results have demonstrated that the presence
of high salt concentration in water strongly affects the U(VI) electrochemical response.
Deeper electrochemical studies on U(VI) speciation in real waters are needed.
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