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Highly efficient and selective extraction of uranium from aqueous
solution by a magnetic device: succinyl-B-cyclodextrin-
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APTES@maghemite nanoparticles

A.S. Helal,*™" E. Mazario,® A. Mayoral,® P. Decorse,” R. Losno,® C. Lion,® S. Ammar® and M.

The removal of radio-elements, notably uranium, from waste-waters is crucial for public health and environmental

remediation. To this end, succinyl-B-cyclodextrin (SBCD) is grafted onto maghemite nanoparticles (NPs) synthesized by the

polyol method. The nanocomposite was well characterized. The adsorption of U(VI) by SBCD-APTES@Fe,0; is pH-

dependent with a maximum at pH 6. Adsorption occurs mainly by complex formation and displays a very good selectivity

for U(VI) compared to other cations such as Cs', K*, Na', Mg®* and AP*. The data were plotted according to the Langmuir,

Freundlich, Elovich, Temkin and Halsey isotherms. The Langmuir isotherm maximum adsorption capacity (qmax) is 286 mg U

g'1 and higher than for other reported sorbents. Moreover, C.-corrected STEM visualizes the uranium on the NP surface,

which is consistent with the Halsey isotherm model for multilayer adsorption. The U(VI) adsorbed on SBCD-APTES@Fe,0;

is easily recovered by magnetic sedimentation and desorption performed in a small volume in order to concentrate the

extract. The nanocomposite can be regenerated and re-used at least tenfold.

1. Introduction

Apart from being radioactive, uranium is highly toxic in all its
oxidation states and causes severe damage to bones, kidney,
neurological system, etc.”? Nevertheless, it is used as a fuel in
nuclear power plants and, to a lesser extent, in reactors for the
propulsion of naval vessels, for basic and applied research, and
for the production of radioisotopes for medical applications,
such as cancer therapy and imaging.4’ ®> The contamination of
soil and water by highly radio-toxic elements, not only by
uranium, but also by cesium and plutonium, released
accidentally during nuclear disasters or routine maintenance of
power plants, can be the cause of severe health and ecological
problems.e' ’ For this reason radioactive pollution is of high
social and environmental concern, and it is increasingly
important to devise procedures for depollution.l’ 2

To date, many physical and chemical methods have been
investigated and/or used for the remediation of heavy-metal
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contamination.” These include solvent extraction, chemical
.. . 13, 14 . . 15-18

precipitation, ion-exchange resins,

. 19, 20 . .
extraction and electrochemical extraction.

membrane-based
2123 However,
these processes are time-consuming and present several
drawbacks, such as excessive use of organic solvents, complex
equipment, large secondary waste and prefiltration problems,
which limit their efficiency. The aim is to overcome these
disadvantages by the development of compact modular
processes that provide an easy-to-handle separation
technique.24 Recently sorption has aroused interest as an
alternative to conventional ion-exchange resins for the
recovery of metal ions from low-concentration effluents.”? It
is now widely adopted in the field of environmental protection
because it is a highly efficient, environment-friendly and
inexpensive technique. A great number of new adsorbent
materials have been synthesized for the solid/liquid separation
of metal ions, such as membranes, modified fibers, carbon
nanotubes, hydrogels, mesoporous silica and magnetic
materials.?® ** Despite this considerable progress, prior
functionalization of the surface of the sorbent by a specific
chelating agent, such as polyamidoxime, metal ion-imprinted
polymer materials, carboxylate or hydroxyl, is still required.32

Magnetic materials and especially iron oxide nanoparticles are
being investigated for a wide range of applications, including
targeted drug delivery,33 hyperthermia,34’ s photothermia,36’ 3
bio-imaging,38 catalysis,39 and environmental remediation.*
They have several advantages, the six most important of which
are in our opinion: (1) easy collection and removal from a
complex multiphase system by an external magnetic field,
which makes solid-liquid phase separation fast and simple, as
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well as highly effective;41 (2) low-cost and low reagent
consumption; (3) high selectivity and easy automation; (4) high
pre-concentration factors and eco-friendliness; (5) reusable
adsorbent; (6) combination with modern detection techniques
in on-line or off-line mode.”*

However, their main disadvantage lies in the strong dipole-
dipole attraction between particles and their tendency to
aggregate, which reduces their adsorption capabilities.42 To
overcome this problem, specifically designed heavy-metal
chelating groups are interesting candidates for functionalizing
the surfaces of the magnetic nanoparticles (MNPs). B-
Cyclodextrin (B-CD) is a cyclic oligosaccharide consisting of
seven a-D-glucose units connected through a-(1,4) bonds.
These molecules are toroidal, truncated cones containing a
cavity with primary and secondary hydroxyl groups at the
smaller and larger openings, respectively.43 43 Cyclodextrins
form inclusion complexes with a wide variety of organic and
inorganic compounds in the relatively hydrophobic cavity.44
Some chemical properties, such as aqueous solubility and
metal complexation potentials, can be altered by introducing
functional groups on the outside of the cyclodextrin.46 This
work aims at preparing a highly efficient functionalized
magnetic nanocomposite adsorbent with high adsorption
capacity (Scheme 1).

of various experimental parameters on adsorption, such as pH,
contact time and the initial U(VI) concentration are studied.
Selectivity, adsorption isotherms and kinetic models of the
sorption process are also investigated.

2. Results and discussion

2.1 Characterization
2.1.1 Nanocomposite. The XRD spectra of Fe,0; and SBCD-

APTES@Fe,03 nanoparticles are shown in Figure S1. No extra
peaks related to foreign crystalline contamination, such as
hematite (a-Fe,0s3), iron hydroxides (Fe(OH)s;, FeOH) or iron
oxyhydroxides (FeOOH) are observed. The nanocrystallite size,
calculated by Rietveld analyses is 8.4 + 0.5 nm. The agreement
factors are Rynge = 1.727 and Refaqor = 1.398. Surface
functionalization causes some reduction in the peak intensity
and a small increment in the background at low angle
compared to the original pattern of uncoated MNPs.
Transmission electron microscopy (TEM) images of
APTES@Fe,0; and SBCD-APTES@Fe,0; (Figure S2 a-d) are
given for a few particles in order to show clearly the successive
increases in thickness due to the coating of the MNPs by
different organic materials. These images indicate that the
MNP surface is functionalized. This is confirmed by

NH;
'@7 on o CHSOH CHOM W 1y HeN M thermogravimetric analysis (TGA) of SBCD-APTES@Fe,03 NPs.
o H HoN NH2 : . o .
28 HH —|— s\/\/ — Wc - o The total weight loss is about 14 % (Figure S3), and appears as
&9 o et HN Gy, NF2 a small heat absorption at 261 °C due to the decomposition of
Fe,0, APTES APTES@F&ZOJ

the organic coating (SBCD-APTES).

- ‘é‘f; ,

2 #g 2.2 Uranyl-Nanocomposite. Before the adsorption of uranyl, the

3 Y mssumr sc %;ﬁ% ~ FTIR spectrum of the SBCD-APTES@Fe,0O; nanocomposite shows
%4 e s \,Hs,mc three characteristic peaks at 691, 1634 and 3407 cm™, which are

HaN IHy
§?,5 . ; attributed to Si—O stretching, the C=0 in the amide bond (H-N-
)Fe,0, SBC

6 APTES@RR0 pev o C=0), and O-H bending V|brat|ons respectively (Figure S4). 798 The

7 o s peaks at 1077 and 1158 cm™ are attributed to the glycosidic C-O-C
%8 NHQNH * SBCD-APTES@Fe,0,  or C-C/C-O stretching vibrations.”” *° The peak at 1727 cm™ is

9 ) E%; :?%éﬁ > assigned to the C=0 stretching vibration,43 which confirms the
40 ‘ {f \//o% %f \ 5 presence of SBCD in the adsorbent. After U(VI) adsorption a new
41 E\%VO”U\W\O/)\*@U\// ﬁq) characteristic sharp peak of UOZ2+ is observed at 923 cm™. ¥ *>°
42 =R NS Furthermore, the absorption frequency shifts from 1727 em™ to

O\M ReN
43 ' 1733 cm™ due to coordination of carbonyl groups with UOZZ+. Other
. . . 2+ .
44 Scheme 1: Synthesis, functionalization of nanoparticles (APTES@Fe,0;) and shifts confirm complex formation between UOZ and the succmyl
45 uranium(V1) extraction strategy using SBCD-APTES@Fe;0s. moiety: shifts of 23 em™ for the asymmetric carboxylic stretching
46 from 1407 and 1563 cm™ to 1384 and 1540 cm™, respectively.49 The
47 To this end, an original nanodevice, an SBCD-APTES@Fe,0;3 peaks at 1030, 1158, and 3407 cmfl, corresponding to the
48 nanocomp.05|te, is synthesized by grafting succmyIjB- antisymmetric glycosidic C-O-C vibrations, coupled (C-C/C-O) and
49 cyclo.dextr.m _(SBCD) onto APTES@Fe;0;. Ihdeed, a pr!or OH stretching vibrations, respectively, shift to 1028, 1157, and 3392
50 fun.ct|onal|zat.|on of F.e203 by APTES covers its surface with em?, respectively, indicating that the oxygen atom is directly
51 amino functions which are used to attach SBCD to the . - . . 2+ 43 . .
. . - . . involved in interaction with UO,”".™ Therefore, uranium interacts
52 nanoparticles via the formation of covalent amide bonds with . .
. . . . and forms complexes with SBCD-APTES@Fe,0; by coordination.
53 the carboxylic groups. The resulting nanocomposite is
characterized by a variety of techniques: Spherical-aberration-

54
55 corrected (C,-corrected) STEM, FTIR, XRD, XPS, TGA, and VSM The XP$ su'rvey spect.ra of SBC.D'AF.)TES@FEZ% before and after
56 analysis. Nano-Isothermal Titration Calorimetry (nano-ITC) is U(Vl) sorption are displayed in Figures 1lal and 1a2. Before
57 used to investigate the coordination of uranium. The influence ~ SOrPtion, the characteristic peaks of SBCD-APTES@Fe,0; are Fe2p
58
59

2| J. Name., 2012, 00, 1-3
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(doublet), O1s, C1s and N1s centered at 711.1-723.5 eV (which is in
agreement with the presence of Fe,03), 532 eV, 286 eV and 399.3
eV, respectively. The high-resolution spectra display a three-
component Cls peak (Figure 1el): the first includes C-C and C-H
components at 285 eV related to atmospheric contamination of the
sample, a large component at 286.4 eV for C-OH and a weak one at
289 eV for O=C-0. The N1s peak consists of two components (Figure
1d1): the first at 399.3 eV (H-N-C=0) is due to the amide bond
between SBCD and the APTES grafted onto Fe,03, and the second at
402.1 eV is that of the residual amino function of APTES, NH'. The
O1s peak (Figure 1f1) also consists of two components: the first is
that of the oxygens of Fe,05 (530 eV) while the second is that of the
organic oxygens of SBCD-APTES (=532.5-533 eV). Uranium is not
detected in this sample.

2 Fe2p b)

£

1000 800 600 400 200 0 740 735 730 725 720 715 710 705
Binding energy (eV) Binding energy (eV)

v4f c) d)

2 Nls

1

309 396 303 390 387 384 381 378 408 405 402 399 396 393 390
Binding energy (eV) Binding energy (eV)
Cls e) Ols f)

2
1

297 204 201 288 285 282 279 540 537 534 531 528 525
Binding energy (eV) Binding energy (eV)

Figure 1. XPS spectra of SBCD-APTES@Fe,0; NPs; lines (1) before U(VI) adsorption,
lines (2) after U(VI) adsorption: (a) Survey spectra, (b) High-resolution Fe2p (2p;/, and
2p3)y) spectra, (c) High-resolution U4f (4fs;, and U4f,/;) spectra from U-loaded SBCD-
APTES@Fe,0s3. (d), (e) and (f) High-resolution spectra for N1s, Cls and Ols,
respectively.

After sorption, an additional peak (doublet) appears at 382.2 and
393.1 eV (Figure 1a2, 1c2), corresponding to the 4f photoelectron
peaks of U(VI), U4f;;, and U4fs),, respectively, complexed with the
succinyl carboxylate groups. The binding energies are in good
agreement with the literature.”® The high-resolution spectra show a
small variation in the N1s peak whereas the component at 399.3 eV
disappears and the intensity at 402.5 eV decreases because the
nitrogen is partially hidden by the uranium. Furthermore, an
increase in the intensity of the component at 289 eV occurs
because of the carbon of the uranium acetate. These results further

This journal is © The Royal Society of Chemistry 20xx
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confirm that uranyl ions are adsorbed on the surface of SBCD-
APTES@Fe,05, and are in good agreement with FTIR.

The structures of the SBCD-APTES@Fe,O; NPs as well as the
location of U(VI) at their surface were visualized by spherical-
aberration-corrected STEM. When C;-corrected STEM is combined
with a HAADF detector, the contrast depends strongly on the
atomic number of the elements; 37 therefore, elemental U should
appear much brighter than Fe and O. Figure 2a depicts several
particles where uranium is clearly visible as white spots due to its
higher contrast. Figure 2b displays an 8 nm particle orientated along
the [100] projection, with the FFT (inset, top left) that can be
indexed assuming Fd-3m symmetry. The structure is also
represented (inset, bottom right), with Fe cations brown and O
anions red.

Figure 2. a) and b) High-resolution C-corrected STEM-HAADF images. c) STEM image
with superimposed U (red), Fe (green) and O (blue).

J. Name., 2013, 00, 1-3 | 3
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Electron Energy Loss Spectroscopy (EELS) was performed to
corroborate the nanoparticle composition. The compositional map
of the extracted signals is presented in Figure 2c superimposed on
the experimental image. This image confirms that the nanoparticles
consist of Fe and O coated with U ions. The extracted spectrum
signal is shown in Figure S5 as well as each individual map.

The low-temperature curves of the

magnetization SBCD-

Heat is either generated or absorbed when substances bind.”
Figure 3A shows the raw ITC data for the titration of SBCD in
water by uranyl acetate, where the decrease in the heat peak
after each U(VI) injection implies the exothermic binding of
U(VI1) to SBCD. The quantity of heat decreases with increase in
the molar ratio of U(VI) to SBCD and reaches a near-zero value
when thermodynamic equilibrium is attained.

The ITC data fit the one-site model well (Figure 3A, Table 1),
giving an equilibrium constant K, = 2.98 x 10° M with a
U(VI)/SBCD stoichiometry of 1.5, indicating that three U(VI)
ions coordinate with two SBCD molecules in the presence of
water. The three U(VI) are located in distorted octahedral
complexes, two of them with the OH groups inside the
cyclodextrins and the third with the succinyl groups between
the cyclodextrins (Scheme 1). The complexation of uranium
with SBCD is strongly exothermic (AH = -61.9 kJ mol'l) with a
calculated AG of -31.3 kJ mol™ at 25 °C. More importantly, ITC
measurements showed that the grafting of SBCD onto
APTES@Fe,0; leads to an almost 10-fold increase in the
affinity for uranium due to the better organization of SBCD on

Table 1. Thermodynamic binding parameters obtained by fitting the ITC experiments.

0
1 APTES@Fe,0; nanocomposite before and after an adsorption test
2 are shown in Figure S6. The samples are saturated at maximum
3 external field. The saturation magnetizations of y-Fe,0; and SBCD-
4 APTES@Fe,0; NPs are 84.6 and 70.2 emu g'l, respectively,
5 corresponding to a net drop of 17% for the latter. This is a
consequence of the non-magnetic layer of silica and organic Figure 3. ITC measurement of exothermic binding of: (A) SBCD and U(VI) acetate (B)
6 SBCD-APTES@Fe,05and U(VI) acetate at pH 6 and 25 °C. Titration plot derived from the
7 compounds (SBCD-APTES) grafted at the surface of y-Fe,0s. integrated heats of binding corrected for the heat of dilution.
8 The magnetization of the SBCD-APTES@Fe,0; nanocomposite falls
SBCD SBCD-APTES@Fe,0
9 by a further 9% upon complexation but is still high enough to allow B b @Fe.0,
0 . . ) . Ka (M) 2.98.10° 2.39.10°
its magnetic harvesting by applying an external magnet.

n 15 15

1
-1,

2 2.2 Adsorptive features AH (ki mol™) 619 458
3 2.2.1 Thermodynamics. The thermodynamic parameters of AS (Y mol™ k™) -103 -31.5
4 the interaction between SBCD with U(VI) are evaluated by ITC. AG (k) mol™) 313 -36.4
5
6
7

2.2.2 Effect of initial pH on the extraction of uranium. The pH plays
an important role on the overall sorption process and, more
precisely, on the sorption capacity, as it can affect the surface
charge of the sorbent, the degree of ionization of the material, and
the dissociation of functional groups, such as carboxylate, hydroxyl
and amino, present at the surface of the sorbent. It can also perturb
the aqueous chemistry of uranium.® *® The influence of the pH of
the initial solution was investigated in the pH 2-8 range, adjusted
by using either 0.2 M HNO; or 0.2 M NaOH solutions. Figure 4A
clearly shows that the sorption capacity is highly pH-dependent,
increasing from 11 mg U g'1 to 228 mg U g'1 as the pH rises from 2
to 6 and then sharply decreasing to 71.4 mg U g'1 at pH 8. The
observed trends are related to both the distribution of U(VI) species
and the surface charges on SBCD-APTES@Fe,0;. The proto-
dissociation of functional groups can promote or suppress metal ion
sorption. Indeed, when the pH increases the surface of SBCD-
APTES@Fe,05 gradually becomes more negatively charged (zeta

45 ) ) potential at pH 6 = -20 mV) because of the deprotonation of the
46 the nan?partlcles. (Scheme 1, Figure 38, Table.l). In both carboxylate groups (Figure 4B). At pH 2—6 the most predominant
47 cases', V\{Ith and without A.PTES@Fe203,. the negative valu.e of uranium species are U022+, (UO,)(OH)s* and (UO,)4(OH)," whereas
48 AG indicates that uranium adsorption onto SBCD is a at pH > 6 uranium is present mainly as (UO,)s(OH), and
49 spontaneous process. (UO,)(OH)s. 712 This leads to repulsion between the uranyl species
50 and the sorbent, which probably explains the sharp decrease in the
51 sorption capacity above pH 6.

52

53

54

55

56

57

58

59
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o
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Figure 4. (A) Effect of pH on uranium adsorption by SBCD-APTES@Fe,0; (180 min at 25
°C). (B) Zeta-potential of SBCD-APTES@Fe,03

2.2.3 Kinetics of the adsorption of uranium. For the purpose of
practical applications, the kinetics of sorption of U(VI) is
investigated. Figure 5 shows the removal of U(VI) by SBCD-
APTES@Fe,03 NPs as a function of the contact time. The sorption of
U(VI) onto SBCD-APTES@Fe,0; increases rapidly in the first hour,
and then attains a plateau after 3 hours (Figure 5). The
experimental data are analyzed by pseudo-first-order, > pseudo-
second-order, % and intra-particle diffusion® models.

The linear form of the pseudo-first-order rate equation is given as:

k
log(q. — q.) = logq. — 2.3:)3 t @)

where g. and g, are the amounts of adsorbed U022+ in mg g_1 at
equilibrium and time t, respectively; k; the first-order adsorption

rate constant in min .

The linear form of the pseudo-second-order model is given by
equation 2:

t 1 1
w el b @

where k, the second-order adsorption rate constant in g mg_1 min’;
d. the adsorption capacity at equilibrium (mg g_l).

The intra-particle diffusion model is expressed by equation 3:
qc=kyt2+C (3)

where k, is the intra-particle diffusion rate constant in mg g_1
min_o‘s; C the adsorption constant.

Table 2 shows the parameters of the different kinetic models for
uranium adsorption. The correlation coefficients (RZ) for the best
regression lines for the pseudo-first-order (equation 1), pseudo-
second-order (equation 2) and intra-particle diffusion (equation 3)
models are 0.9587, 0.9994 and 0.8789, respectively. The pseudo-
second-order model (equation 2, Figure 5, Table 2) clearly best

This journal is © The Royal Society of Chemistry 20xx
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describes the kinetics of the adsorption of uranyl on SBCD-
APTES@Fe,0s.

250
200 e
e 0.8} ¥=0.073(5)+0.0040(1)x
— 150 - R=09994
o g 056,
@ 100t
é v 04
o 50f g 02
30 60 9 120 150 180
OF e ¢ (min)
0 50 100 150 200 250
t (min)

Figure 5. Effect of contact time on uranium adsorption by SBCD-APTES@Fe,03; (inset)
pseudo-second-order kinetic plot for adsorption of U(VI) (Co = 150 mg LY pH 6, at 25
°C).

This suggests that chemisorption is the rate-controlling step,
implying complex formation between adsorbent and adsorbate.*®
The carboxylate groups of the succinyl moieties and the hydroxyl
groups inside the cyclodextrin cavity are responsible for metal
complexation.

Kinetic model Parameter value

ki (min”) 0.03

Pseudo-first-order Gecal 204.2
R’ 0.9587

ka (g mg'1 min'l) 2.2x10°

Pseudo-second-order de (mgg™h) 250
R’ 0.9994

kp (Mg g min ) 16.6

Intra-particle diffusion
0.8789

Table 2: Pseudo-first-order, pseudo-second-order, and intra-particle diffusion kinetic
models. Parameters for uranium adsorption.

2.2.4 Adsorption isotherms. The adsorption process was evaluated
through different isotherms: Langmuir, Freundlich, Temkin, Elovich
and Hasley (Figure 6, Table 3).

The experimental data were first evaluated using the Langmuir

61,62

model, which is expressed by equation 4:

Ce 1 1

de  max ¢ Kilmax

(4)

where ¢, is the sorption capacity at equilibrium; g, the saturation
sorption capacity; C. (mg L'l) the U(VI) concentration in solution at

J. Name., 2013, 00,1-3 | 5
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equilibrium; K (L mg'l) the Langmuir constant directly related to

the binding-site affinity.

This model assumes that: % (i) the solid surface presents a finite
number of identical sites which are energetically homogeneous; (ii)
there is no interaction between adsorbed species, meaning that the
amount of adsorbate has no influence on the rate of adsorption,
and (iii) the solid surface is saturated when a complete monolayer is
formed. As shown in Figure 6a, the equilibrium data fit the
Langmuir model well. gm. and K, were obtained by plotting C./qe
versus C. (equation 4, Table 3). SBCD-APTES@Fe,0; exhibits a
maximum sorption capacity (gm.x) of 286 mg of U(VI) per g of
sorbent at pH 6 in simulated contaminated water. SBCD-
APTES@Fe,0; appears to have a higher sorption capacity for U(VI)
than other cyclodextrin derivatives (Table 4). The essential
characteristic of the Langmuir isotherm can be expressed in terms
of a dimensionless constant, commonly known as the separation
factor (R,) defined by Webber and Chakkravorti (equation 5): 64
1

Ri=17% (5)

where C, is the initial adsorbate concentration (mg L'l). The R,
value is related to strength of the adsorption. Indeed, R, > 1, R =1,
0 < R <1 and R, =0, imply weak, linear, strong or irreversible
adsorptions, respectively.

DOI: 10.1039/C7EN00902J
Environmenal Science: Nano

where K¢ is a constant related to the adsorption capacity (L g_l), and
1/n is an empirical parameter related to the adsorption intensity
which varies with the heterogeneity of the material.

Langmuir Freundlich | Temkin Elovich Halsey
Ke
qmax
1 286 (L 537 | a 39 | Ke 0.63 Ky 3510
(mgg”) 1
g)
Ke
1 0.18 1/n 0.5 b 60| gn 1205 | ny 2.04
(Lmg™)
R 0.04 n 2
R’ 0.9932 | 0.9929 0.9829 0.9983 0.9899

Table 3. Parameters of Langmuir, Freundlich, Temkin, Elovich, and Halsey isotherms for
uranium adsorption.

The Freundlich parameters are obtained from the plot in Figure 6b,
and are reported in Table 4. Kr can be used to explore the efficacy
of the adsorption process.65 The higher the capacity, the higher K,
which is 53.7 in the present case, implying a strong interaction
between sorbent and metal. Furthermore, the value of 1/n
describes the adsorption intensity or the surface heterogeneity. A
value of 0.5, between 0 and 1, indicates chemisorption.66 According
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Figure 6. Uranium adsorption isotherms: (a) Langmuir; (b) Freundlich; (c) Temkin, (d) Elovich and (e) Halsey.

The Freundlich isotherm is one of the most widely used isotherms
for the description of adsorption equilibria. This model assumes a
heterogeneous adsorption surface and active sites, and the
corresponding equation can be expressed in the linearized
logarithmic form (equation 6):

logq, = logKr + %logCe (6)

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

to our results (Table 4) the adsorption process involves
complexation, which is in good agreement with the thermodynamic
(ITC measurements) and kinetic investigations.

This journal is © The Royal Society of Chemistry 20xx
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Sorbent Capacity (mg g?)
(reference)
Magnetite nanoparticles 5 (70)
Multi-walled carbon nanotubes grafted with 112 (71)
carboxymethyl cellulose
Amine-functionalized magnetic-chitosan 178 (8)
nanoparticles
Quercetin-modified Fes04 NPs 12.3 (72)
Polyamidoxime-functionalized NPs 247 (7
Di-amidoxime-functionalized NPs 120 (74)
Fungus-Fe;0,4 bio-nanocomposites 171 (5)
Multi-walled carbon nanotubes grafted with 34.5 (32)
chitosan
B-Cyclodextrin/Al(OH); 63.3 ()
B-Cyclodextrin/montmorillonite/iron oxide 66.4 (7°)
Cyclodextrin-modified graphene oxide nanosheets 97(7)
B-Cyclodextrin/magnetic HNT/iron oxide 107.5 ()
composite
SBCD-APTES@Fe,03 NPs 286 (This work)

Table 4. Sorption capacity of U(VI) for various nanomaterials

The Temkin isotherm takes into account also the interactions
between adsorbent and adsorbate. It is based on the assumption
that the free energy of adsorption is a function of the surface
coverage. The simplified form of this model,%® developed
considering only chemisorption, is expressed by the following linear
relationship, equation 7:

qe = a+blogC, (7)

where a and b are the Temkin constants. A good regression line of
ge against logC, is obtained (Figure 6c) fitting this model quite well.
a and b are determined from the intercept and slope of the
regression line (Figure 6c, Table 3).

A very good least-squares regression line of ln% against g
e

(equation 8)78 is obtained for the Elovich isotherm model (Figure
6d, Table 3).

Inf = —:—E+ n(Kg - qm) (8)

with Kg, the Elovich equilibrium constant (L mg'l) and q., the
Elovich maximum adsorption capacity.

Finally, the Halsey isotherm model is used to evaluate the

multilayer adsorption system for metal ions at a relatively large

. 61,62
distance from the surface,

() = () k| - (F)in(z) @

where Ky and ny are the Halsey constants which can be obtained
from the slope and intercept of the linear plot of In(ge) versus In(Ce)
(Figure 6e, Table 3).

according to equation 9:

Therefore, when all the techniques are taken together, we can
conclude that the adsorption of uranyl ions on SBCD-APTES@Fe,0;
is mainly chemisorption. The q. obtained for the sample of Figure

This journal is © The Royal Society of Chemistry 20xx
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2c is 115 mg g'1 which is equivalent to 800 atoms of U per
nanoparticle. This Figure visualizes the U(VI) at the surface of SBCD-
APTES@Fe,05 and is consistent with the Hasley isotherm model for
the adsorption of U(VI) in a multilayer.

2.2.5 Selectivity and reusability. In order to evaluate the selectivity
of the nanocomposite, the effect of coexisting ions on U(VI)
sorption is examined by using a solution containing 100 ppm of Cs",
K*, Mg>*, Na*, A**, and UO,*". In previous work, ’° we showed that
SBCD has a good affinity for Cs* but not as much as for U0,>".
However, as shown in Figure 7A, the adsorption efficiency for
uranium decreases by 36% due to the matrix effect of these cations,
which exhibit the following affinity sequence: U(VI) > Cs" > AP =
Mg2+ > K" = Na® for the adsorbent at pH 6. This affinity sequence is
corroborated by ITC (Figure 7B). The greater the heat released, the
stronger the interaction between the molecules. This shows that
SBCD-APTES@Fe,03 has a much higher affinity for U(VI) than for the
other ions. In order to reduce the matrix effect and to increase the
extraction ratio, it would be necessary to optimize the quantity of
adsorbent.

1 A) 510 B)
.
2 80 E oof S
S 53 Ctgteas
e < 10 .
>
2 60 5 )
5 T 20
-2 40 z .
b= 3 30 . LU - K
& 20 4 et . Mg - Al
8-40 Na + Cs
0 3 e
Uranium All metals 00 05 10 15 20 25 30 35
[U(VI)] / [SBCD]

Figure 7. A) Selectivity of the SBCD-APTES@Fe,03 nanocomposite for U(VI) in a solution
of U(VI) acetate (100 %) and in a solution containing a mixture of U(VI) and five other
metal cations (64%). B) Comparison of ITC measurements for binding of SBCD-
APTES@Fe,03 with U(VI) and other ions.

Tests showed that a small volume of 0.02 M HNO; efficiently
desorbs U(VI) ions: 45 min of contact are sufficient to achieve the
desorption equilibrium. Therefore, in a real case, the uranium
desorbed by this process is concentrated before being sent to the
company that manages the nuclear waste. Commercial extraction
resins are plagued with issues such as their lack of reusability and
the elution of the organic extractant/stationary phase. SBCD-
APTES@Fe,0; is much more robust. The sorption and desorption
cycles are repeated ten times, to probe the regeneration ability of
the system. From Figure 8, it is manifest that SBCD-APTES@Fe,03
sorbents can be reused, indicative of the excellent stability of the
organic ligands on the surface of y-Fe,0;. After four
adsorption/desorption cycles, there is no change in the efficacy of
extraction/elution or morphology of the sorbent. After ten cycles,
this decreases to 91% but no magnetic loss is detected. Thus,
although SBCD is somewhat expensive, the SBCD-APTES@Fe,03
nanocomposite is one of the most selective and robust materials for

extraction of uranium from aqueous media by adsorption.

J. Name., 2013, 00, 1-3 | 7
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1
g 100 3.3 Grafting SBCD onto APTES@Fe,0; functionalization
4 To a solution of SBCD (1 mL) in 2-(N-morpholino)ethane-sulfonic
5 —~80 acid (MES, 100 mM, pH 6) were added N-hydroxysuccinimide (NHS,
6 éo, final concentration: 3.75 mM) and 1-ethyl-3-(3-
7 (>)~60 dimethylaminopropyl)carbodiimide (EDC, final concentration: 1.5
8 % mM). The solution was then stirred for 1 h at room temperature.
? ‘© 40 NPs (5 mg) were dispersed in TRIS buffer (1 mL, 50 mM) at 7.4 < pH
‘“.4_0 E < 9 and vigorously shaken for 1 h. The two solutions were then
,:1_1 20 mixed and the suspension stirred overnight at 4 °C. The suspension
%2 was washed several times with TRIS buffer at pH 7.4.
0

%j 123 45 6 7 8 910 3.4 Nanoparticle characterization
e Number of cycles
35 Phase identification of the nanopowder was performed at room
§6 Figure 8. Reusability tests on SBCD-APTES@Fe,0; NP sorbent temperature by X-ray diffraction (XRD) on a PANALYTICAL X'PERT
%7 PRO with Co-Ka radiation (40 kV, 40 mA) (A = 1.789 A) and a

8 i ) X'celerator detector (26 range from 10 to 120°). Crystallite size was
m-g 3. ExPer'mental section calculated by means of the FullProf suite®® based on the Rietveld
20 3.1 Reagents and analysis method. The magnetic properties of raw NPs, as well as those of
%; Succinyl-B-cyclodextrin (SBCD) was purchased from Sigma-—Aldrich :he ni:ocf?rrlposite btt'afore and after com(:)le::it(;o;, \{:«;re eval'uated
3’23 (France). All chemicals were of the purest grades, purchased from rom f:" ;.rslden}agaTmn cur\{Es r‘r?easure f with a maXI\TSl:\:T
54 Merck, Sigma Aldrich, Fluka, Acros and VWR. A stock solution of ;nei)g(;]eltchDIJe L(J)SA ;: a V" ratlor; sar:pe mafgne:ometerh( o
15 U(VI) was prepared by dissolving UO,(C,H;0,),.2H,0 (1.7818 g) in 1 ; e ’ )- el 5|(zje an SJEaOF:_eIO?) (;[xe'rmag c'em.lte
%6 L of doubly distilled water acidified with HNO3 (5 mL, 2 M) to give a nlanopar Ic 'es were analyze on' a O(; ) X ranlsmlssmn
-@7 U(VI) solution (1000 mg L'l). Working standards were prepared by Electron Microscope (TEM) oper:tmg at1 V. T_ € samples \;ver:e
28 diluting different volumes of the stock solution to obtain the prepacrl'ed at roorT\ temperature by slowly evaporating a drop of the
&9 desired concentration. The concentration of U(VI) in treated NF')S' ispersed in ethanol, on amorphous carbon-coated copper
r30 solutions was estimated by Inductively Coupled Plasma - Mass grids.
%1 Spectrometry (ICP-MS). SBCD-APTES@Fe,05 and uranium-loaded SBCD-APTES@Fe,0;
2 3.2 Nanopartile synthesis and functionaiztion o e scenfc auipped with 2 monocivomate Al Ko X
%4 Maghemite (y-Fe,0;) nanoparticles were synthesized in two steps. source at 1486.6 eV) at a spot size of 650 um. The samples were
%’5 i) Magnetlte (Fe394) particles we're prepared by the polyol method stuck on sample holders using conductive double-sided adhesive
§6 using a.m appropriate amount of iron(ll) assetate as metal precursor tape and pumped overnight in the fast entry lock at =5 x 10" mbar
& 7 and trle.thylene' glycol '(TEG) as sc.leent. The temperature ?f_lthe prior to transfer to the analysis chamber. An electron flood gun was
%8 mechanically stirred mixture was increased at a rate of 6 °C min™ up used for charge compensation. The pass energy was set at 100 and
43 ;o;h:—:mlm.gtpomt (23(t)h°C) andlm:u:tamed at this ter:pera':Jr; fOI: 40 eV for the survey spectra and the narrow regions, respectively.

. The mixture was then cooled to room temperature. ac — . . ;
41 dispersion of magnetite Fe;s0, was obtained. ii) IF\)/Iagnetite (black) Data acqwsmo.n and processing were'achu'aved with the AV.ANTAGE
o ) ) software version 4.67. Spectral calibration was determined by

42 was oxidized to maghemite (brown) by several washes with hot setting the main C,, component to 285 eV.
43 water and centrifugation (15 min at 22500 rpm). Besides oxidation,
44 this procedure also eliminated the adsorbed TEG residues. The Fourier Transform Infrared (FTIR) spectra were recorded on a
45 brown powder was dried at 50 °C for several hours. The y-Fe;,03 NPs  Bruker Equinox spectrometer in the range 400-4000 cm ™ using KBr
46 were then functionalized with (3-amino-propyl)triethoxysilane pellets of dried samples of the pre- and post-functionalized
a7 (APTES). 8% The NPs (100 mg) were dispersed by ultrasonication in particles.
48 methanol (10 mL) which was followed by the addition of ethanol
49 (250 mL). APTES (1 mL) was added slowly to the above mixture Zeta-potentials were measured at different pH, using 107~ M
50 which was then ultrasonicated for 1 h. The mixture was boiled KNO; as background electrolyte, on a Zetasizer Nano S from
o1 under argon for 2 h and then cooled to room temperature. The Malvern Instruments.
52 APTES-functionalized NPs were washed at least 4 times with
53 ethanol, and the dispersion was collected by sedimentation on a Thermal analyses (TG/DTA) were performed in air on a
54 laboratory magnet and dried overnight at 50 °C. Setaram TGA92 apparatus; samples were heated from room
55 temperature up to 800 °C at a rate of 20 °C min ™.
56
57
58
59

60
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Spherical aberration (C)-corrected scanning transmission
electron microscopy (STEM) was performed using a FEI Titan XFEG
operated at 300 kV. The electron microscope was equipped with a
CEOS corrector for the electron probe, allowing a spatial resolution
of 0.8 A. It was also fitted with a high-angle annular dark-field
(HAADF) detector, an EDAX EDS detector and a Gatan Tridiem
energy filter for spectroscopic analyses.

The uranyl ion concentrations before and after the sorption
experiments were obtained by ICP-MS on an Agilent 7900 Q-ICP-
MSICP-MS. An aliquot of each uranyl solution was diluted in a
solution of HNO; (0.5 M) until the ppb concentration range was
reached.

3.4 Kinetic measurements

Sorbents of SBCD-APTES@Fe,0; (0.005 g) were put in contact with
uranyl acetate (15 mL, initial metal concentration (Cy): 150 mg U L'l)
at pH 6 for different contact times: 0, 30, 60, 90, 120, 150 and 180
min. At the end of each period, magnetic separation was performed
and the residual uranium concentration in the supernatant was
measured by ICP-MS. The value of g. for each sample was then
determined by the mass balance equation (equation 10):

(Co—Ce)
g =2y (10

where V is the volume of the solution (L), and m is the mass of the
sorbent (g).

3.5 Thermodynamic measurements

Nano-ITC titrations were carried out at 25 °C in water by using a
nano-isothermal titration calorimeter Nano-ITC (TA Instruments,
USA) having an active cell volume of 940 pL and a 250 pL stirring
syringe. Measurements were run in the overfilled mode. The power
curve (heat flow as a function of the time) was integrated through
Nano Analyze (TA Instruments, USA) to obtain the gross heat
evolved/absorbed in the reaction. The equipment was checked by
running an electrical calibration. Before each titration, all solutions
were thoroughly degassed under vacuum with magnetic stirring.
The solution in the sample cell was stirred at 300 rpm to ensure
rapid mixing of the titrant upon injection. Titrations were
performed by an automated sequence of 25 injections, each of 10
pL of uranyl solution (0.4 mM) into the sample cell containing the
SBCD solution (0.02 mM), spaced at 300 s intervals to ensure
complete equilibration. The ITC experiments with SBCD-
APTES@Fe,03; nanoparticles were performed under the same
experimental conditions. In this case the amount of SBCD grafted
onto the NP surface was estimated from the iron concentration
obtained by ICP and also from the weight % in TGA. Three titrations
were carried out for each measurement, and the results fitted with
the independent-site model of the Nano Analyze software (TA
Instruments). The ITC experiments with AP*, K*, Mg?* and Na* were
carried out using solutions of SBCD (0.02 mM) and a metal
concentration of 0.4 mM. The injection volume and the number of
injections were 5 pL and 25, respectively.

This journal is © The Royal Society of Chemistry 20xx

3.6 Sorption and desorption experiments

Batch experiments were carried out by contact of SBCD-
APTES@Fe,03 sorbent (0.005 g) with uranyl acetate (15 mL, initial
metal concentration (Cp): 0, 25, 50, 75, 100, 150 mg U L'l) in a
stoppered conical flask. The samples were vortexed (at 2000 rpm)
for 3 h at 251 °C. After equilibration, magnetic separation (Figure
S7) was performed and the residual uranium concentration in the
supernatant (C,, mg U L'l) in the aqueous phase was determined,
while the concentration of metal ions sorbed onto the SBCD-
APTES@Fe,0; (sorption capacity, g., mg U g'l) was obtained from
equation 10.

All these experiments were run in triplicate and the experimental
variation was systematically less than 3%.

The recycling and reusability of the sorbents were ascertained by
comparing the sorption capacity at the end of each successive step
in a series of 10 sorption/desorption cycles. Sorbent (0.02 g) was
stirred with uranyl solution (100 mL, Cy: 150 mg U L'l) for 3 h at 25
°C in a conical flask. After magnetic separation the sorbent was
recovered and the uranium concentration in the supernatant was
determined by equation 10. The metal-loaded sorbent (after being
washed with demineralized water) was mixed with HNO; (0.02 M)
for 45 min at 25 °C. The metal concentration in the supernatant was
used to derive the desorption yield for each step (equation 10).

3.7 Selectivity test

The selectivity test was performed by shaking SBCD-APTES@Fe,0;
(0.005 g) in an aqueous solution (15 mL) containing 20 mg L' of
UO,(0Ac),, MgCl,, KCl, NaCl, Cs(OAc) and AICI; for 3 h at pH 6 and
25 °C. The metal ions were analyzed by ICP-MS.

Conclusions

APTES is used to modify and functionalize magnetic
nanoparticles with succinyl-B-cyclodextrin, to give succinyl-B-
cyclodextrin-APTES@Fe,0;, a nanocomposite material which
has remarkable potential for the recovery of uranium from
aqueous solution. It is highly selective for uranium(Vl), is stable
in acid solution and has a long service life. The maximum
sorption capacity for uranyl ions is close to 286 mg g"1 at pH 6.
Nano-ITC shows that the adsorption process is exothermic and
spontaneous, and the uptake kinetics are described by the
pseudo-second-order model. The adsorption of U(VI) on SBCD-
APTES@Fe,0s; is fitted by the Langmuir, Freundlich, Temkin,
Elovich, and Halsey isotherms. XPS and FTIR measurements
indicate that the uranium is adsorbed by complexation. C,-
corrected STEM-HAADF provides a very impressive image of
the uranium multilayer on the nanocomposite surface.
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The production of low-carbon energy has considerable global influence on social, economic,
and environmental development. Nuclear energy offers a very high energy density with
extremely low greenhouse gas emissions with unparalleled advantages as compared to other
energies. Uranium is mainly used as fuel in nuclear power-plants for electricity production in
many countries, such as France, the United Kingdom, the United States, etc. To a lesser
extent, uranium is also used in reactors for the propulsion of naval vessels, for basic and
applied research, and for production of radioisotopes for multiple applications such as the
treatment of cancer and medical imaging. Therefore, the release of hazardous radionuclides
(e.g. °U, #*U, #°Np, 2Pu, *'Cm, "'Cs, etc.) into the environment and aquatic system by
various nuclear processes, such as mining operations, refining of nuclear fuel,
aboveground/underground nuclear tests and during nuclear disasters (e.g. Three Mile Island in
Pennsylvania in 1979, Chernobyl in 1986, and Fukushima Daiichi in 2011) represents a
serious environmental problem and endangers human health. Hence, highly efficient
concentration of uranium as well as its removal from aqueous solutions is of extreme

importance for the optimal utilization of uranium resources, environmental protection an

21 port for the optimal utilizat f tal protect d
%2 environmental repair. In France, the Socialist-Green political project involves stopping one
%i third of the nuclear park. The shutdown, decommissioning and dismantling of nuclear power
35 plants will inevitably lead to an increase in the amount of nuclear waste and in radioactive

exposure of the workers on site. Therefore, a safe handling and disposal of nuclear waste is
needed to avoid contamination. It is, thus, essential to find & cost-effective innovative system
that can remove radioactive ions from nuclear waste-water and the contaminated surfaces of
nuclear power plants. In this paper we propose an easy-to-implement nanocomposite device:
succinyl-f-cyclodextrin-APTES@maghemite nanoparticles, for sorting and concentrating
radioactive waste, in this case U(VI) into a small volume.
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