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DOI: 10.1039/x0xx00000x In numerous reports on selective solid-phase extraction (SPE) of uranium, the extraction of

uranium is generally accepted as a direct coordination of the ligands on solid matrix with the
uranyl, in which the critical effect of the hydration shell on the uranyl is neglected. The
related mechanism in the extraction process remains unclear. Herein, the detailed calculation
of activation energy and the geometry of the identified transition states reveal that the
uranium extraction by a newly-synthesized urea-functionalized graphite oxide (Urea-GO) is
in essence an exchange process between the ligands on Urea-GO and the coordinated water
molecules in the first hydration shell of the uranyl. Moreover, we demonstrate that it is the
ketone oxygen in the urea ligand to displace the coordinated water molecule of uranyl due to
its stronger bonding ability and lower steric-hindrance, whereas the nitrogen atoms in the
same ligand is proved to be an electron donor that enables the oxygen atom to have stronger
affinity for uranium through electron delocalization effects evaluated on the basis of
calculations of the second-order interaction energy between donor and acceptor orbitals. We
therefore propose a new ligand-exchange mechanism for the SPE process. This study
advance fundamental understanding of uranium extraction, and provide theoretical and
practical guidance on ligand design for selective complexation of uranium(VI) and other
metal ions in aqueous solution. Finally, the effect of nitrate ion on the extraction of uranyl
was successfully explained based on the experimental and theoretical study.
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extractants have emerged.”'® ' However, the detail of the
extraction of uranium is still not fully understood. So the design
and development of new SPE materials are largely a trial-and-
error process until now. Many proposed structures and
mechanisms for the extraction of uranium still remain

Introduction

With increasing in environmental pollution and the depletion of
fossil fuel reserves, nuclear energy, as a clean, safe, reliable and
efficient source of energy, become more and more important to

the sustainable energy supply.' ™ Now, uranium is considered to
be not only an important raw material of nuclear energy, but
also a long-term potential environmental hazard because of its
chemical and radiological toxicity.*® So, separation and
recovery of uranium from various uranium-containing aqueous
systems, such as seawater, nuclear fuel effluents, mining
effluents and others, have been a very active area of research,
especially in recent years.”®

The techniques applied to this area fall into two major types:
liquid-liquid extraction (LLE), and solid-phase extraction (SPE).
LLE is dominated by phosphorous-based extractants, such as
the well-known tri-butyl-phosphate (TBP) and carbamoyl
methyl phosphine oxides (CMPO).” And SPE is based mainly
on nitrogen-based extractants predominantly including amide
and amine functional groups.®'

Since the beginning of the last century, thousands of
research reports on various uranium selective solid-phase
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questionable.

Recently, remarkable theoretical > * and experimentalzsf29
studies demonstrate that the interaction between the doubly
charged uranyl cation and water molecules could result in a
hydration sphere. The hydration sphere is composed of a first
hydration shell with water molecules coordinated directly to the
uranyl ion in the equatorial plane (about five water molecules),
and a second hydration shell with a second group of water
molecules associated through hydrogen bonding to the water
molecules in the first hydration shell (about ten water
molecules'™'®). Correlation studies further stated that at
different pH conditions, the coordination environment and the
species of the uranyl ion could be changed, for example,
[UO,(H,0)s]** at lower pH (H < 3)°*' dimer
[(UO,)»(OH),(H,0)6]*" and trimer [(UO,);(O)(OH)3(H,0)4] as
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Fig. 1 A schematic description for in situ assembly of nitrogen-containing ligands onto graphite oxide platelets

the pH increases to about 4,2 ** and [UO,(OH)45]* *~ in highly
alkaline solution (about pH = 12),2¢:2$:2%3%

Furthermore, the Wipff”, Beck® and Khomami®*®*’ groups
studied the interaction between uranyl ion and the famous alkyl
phosphate extractant (APE), typically TBP, used in the
industrial-scale PUREX solvent extraction process for nuclear
fuel reprocessing by molecular dynamics (MD) simulations.
Very recently, MD simulations and density functional theory
(DFT) calculation were also used by Wipff et al.*’ and Shi et
al.*!, respectively, to study the extraction of the uranyl ions by
CMPO, another APE, which is employed in TRUEX
(transuranium extraction) process for separation of actinides
from nuclear waste.

Up to now, almost all theoretical studies have focused
mainly on APEs, which were mostly employed in uranium LLE
processes at industrial scale. There is still much research that
needs to be done to gain deeper insights into the mechanism of
uranium SPE. Recently, DFT calculation was used by Shi et al.
to study the structure of extraction complex for the uranium
SPE by using graphene oxide.*” Lin et al. reported their
excellent works on a combined experimental and DFT study of
the structure of extraction complex and reaction energy for SPE
of uranium by CMPO-like structure functionalized metal-
organic frameworks (MOF).** However, to the best of our
knowledge, there have been no reports about a combined
experimental and theoretical investigation of the reaction
mechanism of uranium SPE.

Herein, by using experimental and DFT methods, we studied
the mechanism of uranium extraction by a urea-functionalized
graphite oxide-based SPE material (Urea-GO) specifically
designed and synthesized via an in situ “grafting-from”
approach. Urea-GO is selected as the uranium-selective sorbent
for the following reasons: 1. GO is an excellent solid matrix
with larger specific surface area, relatively high thermal and
radiation stability, high chemical resistance, especially in acidic
medium, and harmless to the environment; 2. There are
abundant hydroxyl groups on the surface of GO, which are
conducive to further grafting of selected ligand; 3. The urea

2 | Phys. Chem. Chem. Phys., 2015, 00, 1-10

ligand possesses double bond oxygen atom with structural
similarity to APE; 4. Nitrogen atom in urea ligand is also
regarded as an excellent donor atom to uranium. The sorption
capacity of the as-synthesized Urea-GO towards uranium was
investigated via batch sorption experiments in both single
uranium solution and a simulated nuclear industry effluent
sample containing 12 coexisting metal ions including uranyl ion.
The mechanism of the interaction process between ligands on
Urea-GO and uranyl ion in solution, thermodynamic function
changes and also the coordination characteristics were studied
systematically. And the research method used herein and the
consequent results were further extended to the APE-like liquid
phase extractants widely used in nuclear fuel reprocessing for
the purpose of exploring a ‘“universal” mechanism for the
uranium extraction process.

Results and discussion
Preparation of SPE adsorbent and uranium(VI) extraction
experiments

A two-step “grafting” procedure was employed for anchoring
the urea structure onto the as-prepared GO lamellar matrix to
develop a new SPE adsorbent (Urea-GO). A schematic
description for Urea-GO synthesis is shown in Fig. 1 and the
results of characterization are described in Electronic
Supplementary Information (ESI) 1f. The extraction
experiments were performed in both pure uranium(VI) solution
and uranium-containing multi-ion system by using GO matrix
and Urea-GO for comparison. The results about the effect of
pH, temperature, extraction time and initial U(VI)
concentration on the extraction of U(VI) by Urea-GO are given
in ESI 5%. The results are shown in Fig. 2a. As expected, in the
multi-ions system, the U(VI) adsorption capacity (g..,, see the
Methods section) increased significantly from 0.27 mmol g '
for GO to 0.35 mmol gf1 for Urea-GO, and the uranium
selectivity (Sy, see Methods) also increased from 37.7% for GO
to 57.3% for Urea-GO. A similar tendency was

This journal is © The Royal Society of Chemistry 2015

Page 2 of 10



Page 3 of 10

(a) o0.40
0.35- I GO (b) 080
] I Urea-GO 055
0.30- ]
0.251 0501
‘T; e E 0.45
S 0.20 g " <
£ | £
E 015 o 0401
> 0.10 %
0.30-
uranium

U La Ce Nd Sm Gd Mn Co Zn Sr Ni

Cs

Fig. 2 The uranium (VI) extraction experiments. (a) Adsorption
capacity of coexistent ions on GO and Urea-GO (the initial
concentrations ¢ = 0.50 mmol L™ for all cations, pH =4.5, all
flasks shaking time # = 120 min, the volume of testing solution
V=25 mL, experiment temperatures 7 = 293 K, and the weight
of adsorbent w = 10 mg). (b) the extraction experiments in pure
uranium(VI) solution (the initial concentrations of uranyl ions
¢o=0.50 mmol L, pH=4.5,¢=120 min, V=20 mL, 7= 293
K, w=10 mg).

also observed in extraction experiments performed in the pure
uranium (VI) solution (Fig. 2b). The results suggest that the
functional groups or ligands such as urea grafted on Urea-GO
possess stronger interaction ability with uranyl ion than those
on GO.

Searching for the coordinating atoms

A combination of DFT calculations and X-ray photoelectron
spectroscopy (XPS) measurements was employed to investigate
the interaction between uranium and the ligands on the surface
of Urea-GO. First, the coordination abilities of three possible
coordinating atoms on the grafted component of Urea-GO: the
hydroxyl oxygen atom, the ketone oxygen, and the nitrogen
atom in the urea ligand, with uranyl hydrates ([UO,(H,0)s]*")
in aqueous medium were evaluated by the DFT calculations.
The changes in enthalpy (AH), entropy (AS) and Gibbs free
energy (AG) were listed in Table 1, and the relative free energy
profiles are also presented in Fig. 3. As reported in Table 1, for
coordination reaction of the ketone oxygen in urea, the AH and
AG are —50.9 kJ mol™! and —31.5 kJ rnol*l, respectively,
suggesting that this process is spontaneous and exothermic.
Conversely, for the other two coordinating atoms, the AH and
AG are all positive. Moreover, the natural bond orbital (NBO)
analysis was performed to analyze the Wiberg bond order
values (WBOs) of the three extraction complexes (see Table S6
in ESI{). The structures of these complexes are shown in Fig.
S6 in ESIf. The WBOs of the U-O (ketone oxygen) bond is
0.699, larger than those of the U-N and U-O (hydroxyl oxygen)
bonds (0.340 and 0.442, respectively), which further indicates
that the ketone oxygen in urea have stronger bonding ability
towards uranyl ions than the other two atoms. As depicted in

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 Relative free energy profiles along the interaction
between uranyl and the different coordinating atom of urea in
aqueous solution obtained by the DFT calculations. The
optimized structures of the stationary points are described in
ESIt Fig. S6. (coordination reaction: [UO,(H,0)s]*" + L —
[UO,L(H,0)s.]*" + xH,0, x = 1 for oxygen and x = 2 for
nitrogen)

Table 1 DFT calculations of the AH (kJ mol '), AS (J mol™
K ™), and AG (kJ mol ') for the interaction between uranyl and
the different coordinating atom including the nitrogen, the
hydroxyl oxygen and the ketone oxygen atom on grafted
component (urea structure) in aqueous solution.”

coordinating atom AH AS AG

nitrogen 110.8 39.9 98.9
hydroxyl oxygen 11.8 —65.9 314
ketone oxygen -50.9 —65.0 -31.5

“These values correspond to the structures in ESIt, Fig. S6.

Fig. 3, the relative free energy of ketone oxygen coordination
product is the lowest, which corresponds to the most stable
coordination structure. Meanwhile, for three urea conformers,
only AG of ketone oxygen coordination product are all negative
(-9.1 kJ molfl, the minimum one), which indicates that the
formation of this product from any reactant conformers are
spontaneous and exothermic processes. Furthermore, our
theoretical analyses also reveal that the stable structure of the
ligand will change accordingly during the coordinating process
of nitrogen atom. That is, there is obvious steric hindrance on
coordination of the nitrogen atom, which eventually leads to the
positive AH and AG for the ligand-exchange reaction by the
two donor nitrogen atoms (see ESI 3, Table S7). The above
results suggest that it should be only the ketone oxygen atom
(Op) to coordinate to the uranyl ion in the uranium extraction
process. The nitrogen atom, which is generally believed to have
stronger coordination ability, may not participate directly in the
coordination as expected. Similarly, the X-ray absorption
spectroscopy (XAS) experiments also demonstrate that it is the
double bond oxygen atom (Op) in APEs used in the industry
scale PUREX process that will coordinate to the uranyl ion in
the uranium extraction process.***’

Phys. Chem. Chem. Phys., 2015, 00, 1-10 | 3
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Fig. 4 The X-ray photoelectron spectroscopy of solid phase extractant GO and Urea-GO. (a) N 1s region of Urea-GO and after
uranium sorption experiments Urea-GO-U. (b) O 1s region of GO, Urea-GO and Urea-GO-U. (c) the O 1s core-level spectra of
GO (c-1), Urea-GO (c-2) and Urea-GO-U (c-3) are fitted with Gaussian-Lorentzian waveforms, which corresponds to the black

lines, blue lines and red lines in (b), respectively.

XPS was used to investigate the changes in the chemical
environment of the surface atoms and the surface chemical
composition of the extractants. Fig. 4a shows N 1s binding
energy of Urea-GO and Urea-GO-U (uranium-loaded Urea-
GO). Fig. 4b displays O 1s binding energy of GO, Urea-GO
and Urea-GO-U. In this work, O 1s core-level spectra are fitted
with Gaussian-Lorentzian waveforms, and the results are
presented in Fig. 4c. In Fig. 4c-1, the single absorbance peak at
532.5 eV is assigned to the C—OH (hydroxyl) and C—O—-C
(epoxide) groups, which indicates that epoxy and hydroxyl
groups are main functional groups in GO. After chemical
modification with urea ligand, O 1s peak became wider and
moved toward lower binding energy (from black lines to blue
lines in Fig. 4b), and splits into two peaks (Fig. 4c-2). The two
new peaks occurring at 531.2 eV and 532.5 eV can be assigned
to C=0 (ketone), C—OH (hydroxyl) and C—O—C (epoxide)
groups, respectively, which indicates that urea structure was
successfully anchored onto the surface of GO nanosheets.**’
In Fig. 4b, after loading with uranium, O 1s peak of Urea-GO
became wider and moved toward higher binding energy (from
the blue lines to the red lines), and can be split into three peaks
(Fig. 4c-3): The new signal at 534.0 eV corresponding to
C=0-U was clearly observed.*®*’ This is because when the
adsorption takes place, the adsorbed uranyl ions significantly
decrease the electronic density around the ketone oxygen atom
involved in the adsorption.’® The second peak at 532.5 eV is
also attributed to the C—OH (hydroxyl) and C—O—-C (epoxide)

4 | Phys. Chem. Chem. Phys., 2015, 00, 1-10

groups, and the peak at 531.2 eV is attributed to both the C=0O
group from the ligand on Urea-GO with no uranyl attached and
that with the U=O group attached.’ ** As can be seen in Fig. 4a,
the N 1s spectra for Urea-GO were virtually identical before
and after uranium sorption. (The XPS analysis for C 1s region
and other results are shown in ESIf{ Fig. S3). Consequently, the
coordinating atom on Urea-GO to uranyl is most likely the
oxygen atom on the urea ligand, but not the nitrogen atom as
conventionally thought. The results provided a strong evidence
for the above DFT results.

The ligand-exchange mechanism

In light of the above findings, a new mechanism involving the
interaction of the ligand on the SPE sorbent with uranyl ion in
aqueous solution was proposed in more depth based on the DFT
calculations. As shown in Fig. 5, this mechanism consists of the
following steps: starting from the hydrogen-bonded reactant
complex formed between the ligand and two water molecules in
the first hydration shell of the uranyl ion, the nucleophilic
oxygen atom (Op) of the ligand attacks the electrophilic
uranium atom, then one of the two water molecules is
exchanged or replaced, and ultimately moves to the second
hydration shell. In the transition states (TS), the imaginary
frequency is —66.811 cm’', which is mainly associated with the
nucleophilic attack of the O atom to the uranium atom. As a

This journal is © The Royal Society of Chemistry 2015
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Fig. 5 Proposed ligand exchange mechanism of uranyl extraction based on our DFT calculation. First, the reactant complexes
(RC), i.e., the uranyl hydrate, approaches to the coordinating oxygen atom (Or) on GO to form two hydrogen bonds to two water
molecules in the first hydration shell. Second, in the transition states (TS), the nucleophilic Oy attacks the electrophilic uranium
atom, then one water molecule (corresponding to O(1)) moves to the second hydration shell. Third, in the product complexes (PC),
a coordination bond is formed between O and the uranium atom. The potential energy profile for this process is depicted in the
middle. The optimized structures of the stationary points are described in Fig. S7 in ESIf.

result in the NBO analysis (Table S10 in ESIT), the WBOs of
the U-O¢ bond is 0.686, much larger than that of the U-O (H,0)
bond (0.464), which indicates that the affinity of O to uranium
is larger than that of H,O. The detailed discussion about the
WBOs for the various bond-breaking or bond-making processes
is given in ESI 4.2F. The potential energy profiles for the
interaction in aqueous solution are also presented in Fig. 5. It
can be seen that the exchange between the urea ligand and the
coordinated water molecule is an exothermic process with an
activation energy barrier of 35.7 kJ mol'. The very low
activation energy barrier could result in a very fast reaction
rate.>>>® The computational results are in line with the data of
the kinetic experiment for the uranium adsorption in this study
(see ESI 5.21 Fig. S14), which shows that over 65% of total
adsorption amount was achieved in the first minute. Based on
both the theoretical and experiment results, we hereby propose
a “ligand exchange mechanism” for the uranium SPE process.
The core of the extraction mechanism of uranium can be
described as the exchange process between the ligand on solid-

This journal is © The Royal Society of Chemistry 2015

phase matrix and the coordinated water molecule in the first
hydration shell of uranyl ion, and the prerequisite for the
exchange is that the affinity or coordination ability of the ligand
toward uranyl ions must be larger than that of water molecules.
Our DFT calculations also support a uranium extraction
mechanism of the APEs similar to that described above (see
ESI 4t). This is because of the similar ligand structure and
coordinating atom. As depicted in Fig. S8 in ESIf, uranium
extraction processes of urea and trimethyl phosphate (TMP, a
representative sample of APEs) have nearly similar minimal
energy path, indicating theoretically that the urea structure
possesses nearly the same uranyl extraction ability as APE.

The role of nitrogen atom in urea ligand

In order to gain deeper insights into the ligand-exchange
mechanism, we further studied the main factors affecting the
exchange in the extraction by DFT. To explore the role of the

Phys. Chem. Chem. Phys., 2015, 00, 1-10 | 5
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Fig. 6 The role of nitrogen atom in the urea ligand. The optimized extraction structures of (a) the uranyl with ketone (Et,C=0), (b)
amide ((EtNH)EtC=0) and (c) urea ((EtNH),C=0) with the important bond lengths indicated.

Table 2 DFT calculations of changes in enthalpy(k] mol "), entropy(J mol ' K '), and Gibbs free energy (kJ mol ') for the
complexing reactions of the three ligands with the uranyl, and the second order donor—acceptor interaction energy, E® (kJ molfl),
for the n(N1) — n* (C=0) interaction in amide (EtNH)EtC=0 and urea (EtNH),C=0 ligands in aqueous solution.”

Ligand AH AS AG E® p(N1) — 7' (C-0) E® p(N2) — 7' (C-0)
Et,C=0 -2.1 -52.3 13.5

(EtINH)EtC=0  —36.3 -32.8 -26.5 278.9

(EtNH),C=0 -52.3 -52.4 -36.7 212.2 212.6

“complexing reaction: [UO,(H,0)s]*" + L — [UO,(H,0),L]*" + H,0; And E® is given by g® — 4 (Ej)/(gj —¢) 79781

Table 3 Wiberg bond orders (WBOs) of various U-O bonds,
natural charges on the coordinating oxygen atom before
complexing Q(O.), and changes in atom charges before and
after complexing (AQ) in aqueous solution.”

Ligand QO)  AQOY AQW) U0y
Et,C=0 —0.592 0.030 —0.045  0.504
(EINH)E{C=0  —0.690 0.058 —0.081  0.630
(EINH),C=0 _ —0.726 0.067 —0.102  0.709

“the extraction structure of the stationary points are shown in
Fig. 6

nitrogen atom in the urea ligand, we compared the uranium
extraction ability of three ligands: urea ((MeN),C=0), amide
((MeN)EtC=0), and ketone (Et,C=0), in which the number of
nitrogen atoms decreased stepwise from 2 to 0. The AH, AS and
AG for the extraction process of these three ligands in aqueous
solution were calculated (Table 2). The WBOs and natural
atomic charges (Q) were determined by NBO analysis (Table.
3), and the extraction structures are shown in Fig. 6. As
described in Table 2, the order of the extraction capability for
the three ligands is (MeN),C=0 > (MeN)EtC=0 > Et,C=0.
The AG for the Et,C=0O extraction process is positive.
Moreover, the magnitude of WBOs of the U-O bonds in three
extraction complexes is also (MeN),C=0 > (MeN)EtC=0 >
Et,C=0O (Table 3), which corresponds to the coordination
ability toward uranyl. The charge distributions are shown in
Table 3. From the analyses, we can qualitatively explain for the
above trend: as the number of nitrogen atoms attached to
carbon increases, the atomic charge at the coordinating oxygen
(Oy) increases significantly from —0.592 for Et,C=0 to —0.727
for (MeN),C=0. The charge increase should lead to the
increase of electrostatic interaction between the positively

6 | Phys. Chem. Chem. Phys., 2015, 00, 1-10

charged U atom and negatively charged O atom. Meanwhile,
the magnitude of AG and AH for the three extractants also is
determined by |AQ| (Table 3), defined as |Q(after adsorption)-
Q(before adsorption)|,’” because the more dispersion of the
charge distributions at the extraction complex, the larger
stability of the extraction complex. The above evidences
demonstrate that the nitrogen atom in the urea ligand and also
the amide ligand play only a role in providing the ketone
oxygen atom with more negative charge and stronger bonding
ability to uranyl. This is caused by electron delocalization effect
in which the negative charge is transferred from the nitrogen
lone pair to the z*-orbital of C=0. The charge transfer can be
evaluated by the second-order interaction energy between
donor and acceptor orbitals, E?, for n(N) — z* (C=0) which
are listed in Table 2. In addition, further DFT calculations
found out that other soft atoms, such as phosphorus®®*'** and
sulfur’®, will also enhance the bonding ability of the directly
coordinated oxygen atom when they appear at appropriate
locations (see ESI 4+).

Effect of nitrate concentration on the extraction of uranyl

On the other hand, uranium is generally extracted from
concentrated nitric acid effluent generated during the nuclear
fuel reprocessing cycle.”**¢! The effect of nitrate concentration
on the uranium adsorption onto Urea-GO was experimentally
investigated. As shown in Fig. 7(a), the adsorption amount of
uranium(VI) on Urea-GO decreased significantly at first and
then tended to be smoother gradually with increasing
concentration of sodium nitrate. This phenomenon can be
appropriately explained by our theoretical calculations. When
nitrate ions exist in aqueous medium, the water molecules in
the first hydration shell of uranyl will be exchanged by nitrate
ions to form an UO,(NO3),(H,0),

This journal is © The Royal Society of Chemistry 2015
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Fig. 7 Effect of nitrate ions concentration on the extraction of
U(VI). (a) The U(VI) extraction experiments by Urea-GO at
different nitrate ions concentration (¢, = 0.50 mmol L', pH =
4.5,¢t =120 min, V=25 mL, T =293 K, and w = 10 mg). The
optimized structures of (b) [UO,(H,0)s1*, (©)
(UOy(NOs),(H,0),) in aqueous solution (CPCM). The
structures of extraction complexes (d) [UO,(urea)(H,0),]*" and
(e) UO,(NO;),(Urea)(H,O) (The optimized structures of the
stationary points by DFT calculations are described in ESI 4.3,
Fig. S11).

structure*'*%? (see Fig. 7(b) and (c)). More details can be
found in ESI 2. It is worth mentioning that we found a lower
energy conformer of UO,(NO;),(H,0), than the results of a
similar research reported recently.*' As shown in Table 4, the
DFT calculations exhibit that the AG of the extraction reaction
by urea is —22.9 kJ mol ' in nitrate solution, but —31.5 kJ mol "'
in aqueous solution. The optimized extraction structure is
described in Fig. 7(d) and (e). The decrease of |AG| in the above
processes can also be qualitatively explained through the NBO
analysis. The analysis of charge distribution and WBOs
reported in Table 5 further reveals that the positive charges on
the uranium atom in UO,(NO;),(H,0), are much smaller than
those in [UO,(H,0)s]*". Evidently the existence of nitrate ions
directly leads to the weakening of the electrostatic interaction

This journal is © The Royal Society of Chemistry 2015
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Table 4 DFT calculations of the AH (kJ mol "), AS (J mol™
K™"), and AG (kJ mol') for the extraction reactions of
[UOZ(HZO)5]2+ and UOz(NO3)2(H20)2 by Urea.”

Adsorption species AH AS AG
[UO,(H,0)5]*" -50.87 —64.97 -31.50
UO,(NO3),(H,0), —35.44 —42.09 —22.89

“Extraction reaction: [UO,(H,0)s]*" + urea — [UO(urea)
(H,0),]* + H,O and UO,(NO;3),(H,0), + Urea —
UOZ(NO3)2(urea)(HZO) + Hzo

Table 5 Wiberg bond orders (WBOs) of U-O bonds and
selected atom charges (Q) in aqueous solution.”

species U-OL U-Ouuer QM) Q(Op)
[UO,(H,0)s]* 0.433 1.802
UO,(NO;),(H,0), 0.410 1.477
[UO,(urea)(H,0),]* 0.699 0.416 1.705 —0.655
UO,(NOs),(urea)(H,0)  0.628 0.404 1.403  —0.635

“The structure are in Fig. 7, The optimized structures of the
stationary points are depicted in ESI 4.3.

between the positively charged U atoms and negatively charged
O atoms, which corresponds to the WBOs of the U-O bonds
in [UO,(urea)(H,0)4)*" (0.699) and UO,(NO;),(urea)(H,0)
(0.628), and accordingly resulted in the reduction of the amount
of uranium adsorption. However, after almost all uranyl in
solution transformed to UO,(NOs;),(H,O), species, further
addition of the nitrate ions will not influence the uranium
adsorption. The results are in good agreement with the above
experimental results (Fig. 7a). More remarkably, the theoretical
calculations also indicate that the coordination ability of the
nitrate ion to uranium is even stronger than Oy atom in urea and
also the oxygen doubly bonded to the P atoms in APE-like
liquid-liquid extractants (see ESIf Table S2 and Table S15). It
deserves noting, however, that in both the SPE and APE-like
LLE, the two remaining water molecules in the first hydration
shell of UO,(NO;),(H,O), are the species exchanged and
displaced by the ligand atom on the extractants (see ESI
4.37) 4445

Conclusions

In conclusion, selective extraction of uranium(VI) by the as-
prepared Urea-GO as a typical case of metal separation by SPE
approach has been investigated. Our combined experimental
investigation and theoretical study demonstrated that the
chemical nature of the uranium extraction is an exchange
process between the donor oxygen atoms on the solid-phase
ligand and the coordinated water molecules in the first
hydration shell of uranyl ions. The positive role of the first
hydration shell of uranyl ions on the extraction process is
highlighted. Especially, the details of mechanism for the ligand
interchange process have been clearly elucidated, and the
“ligand-exchange mechanism” is therefore proposed for the
first time. From this we obtain deeper fundamental
understanding of the mechanism of SPE of uranium, which
provides new theoretical and practical references for selection
and design of the desired ligands with high-selectivity for
uranium. Furthermore, the results of our DFT calculations for
extraction of uranium(VI) by alkyl phosphate extractants (APE)
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indicated that the mechanism of APE-related liquid-liquid
extraction is also the ligand-interchange reactions. And
considering that selective extraction of uranium from aqueous
system is now a very active branch of the field of metal ion
separations, the proposed foundational mechanism can be
extended to not only LLE for separation of uranium(VI), but
also extraction of other aqueous metal cations based on both
SPE and LLE approaches, which involving metal-ligand
interaction. And moreover, similar to the case of the nitrogen
atom in the urea ligand which endows the ketone oxygen atom
in the same ligand with more negative charge and stronger
bonding ability to uranyl, our DFT calculations suggest that
other soft atoms, such as phosphorus®**'* and sulfur’”®, will
also enhance the affinity of the coordinating oxygen for
uranium when they appear at appropriate location.

Theoretical and experimental method

Quantum chemical calculations

All calculations were carried out with the hybrid B3LYP
version®*®® of the density functional method®®®” by using
Gaussian 09 program®. The Stuttgart quasirelativistic effective
core potentials (RECPs) and their corresponding optimized
basis sets were used to describe the uranium atoms.”” "' The
adopted small-core RECPs represents 60 core electrons in
uranium. The 6-31G(d) basis set was used to describe
phosphorus, oxygen, nitrogen, carbon and hydrogen atoms. The
default fine grid (75, 302), having 75 radial shells and 302
angular points per shell, was used to evaluate the numerical
integration accuracy. The geometric structures for all of the
species were carried out in aqueous solution while employing
the conductor-like polarized continuum model (CPCM)’>"
with universal force field (UFF)™*7* radii. For comparison, the
gas phase (298.15 K, 0.1 MPa) structures of these species were
also optimized in this work. The harmonic vibrational
frequencies were also calculated after the geometry
optimizations to characterize the nature of the stationary point
as the true minimum with all positive frequencies, and the true
transition state with only one imaginary frequency and to
provide thermodynamic quantities such as the zero-point
energy (ZPE), thermal correction, enthalpies (#), entropies (S)
and Gibbs free energies (G). Next, the intrinsic reaction
coordinate (IRC)”*"" calculations were performed to verify the
transition state (TS) associated with the correct reactant
complexes (RC) and product complexes (PC). The natural
atomic charges and Wiberg bond orders (WBOs)™® were
determined by natural bond orbital”®' analysis at the same
level of theory.

Preparation of SPE sorbent (Urea-GO)

Graphite oxide (GO) was synthesized from natural graphite
powder using the Hummers method® and dried in a vacuum
desiccator. The isocyanate-modified GO (iGO) was prepared
using the method reported by Stankovich et al.** In a typical
procedure, 1g of GO was added to SOmL of anhydrous acetone.
After ultrasonic dispersion, SmL of toluene-2, 4-diisocyanate
(TDI) was added to the mixture with stirring, then the mixture
was refluxed under nitrogen for 24 h. The product was
collected by centrifugation, washed with anhydrous acetone,
and dried at 50 °C under vacuum. Next, 1g of iGO was added
to 30mL of anhydrous acetone and then sonicated for 10 min,
resulting in a suspension. Then, 2mL of ethanolamine (ETA)
was added and the mixture was allowed to stir at room
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temperature for 24 h. The product Urea-GO was separated with
centrifugation, washed with ethanol for at least 3 times, and
dried at 50 °C under vacuum. The GO, iGO and Urea-GO were
tested by Fourier transform infrared (FTIR) spectroscopy,
elemental analysis (EA) and scanning electron microscope
(SEM). The natural graphite powder, GO and Urea-GO were
studied by X-ray diffraction (XRD). The GO, Urea-GO and
Urea-GO-U (after loading with uranium) were characterized by
XPS analysis.

Instrumental analyses

Powder XRD patterns of the products were obtained with a
DX-1000 X-ray diffractometer (Dandong, China) using Cu Ka
radiation (0.1542 nm) at 40 kV and 25 mA. XPS spectra were
measured by XSAMS00 X-ray photoelectron spectrometer
(Kratos Ltd., UK). FT-IR spectra were plotted with a
PerkinElmer IR-843 spectrometer (USA). EAs of the samples
were performed on a Carlo-Erba 1106 elemental analyzer
(Italy). The morphology of GO materials was examined by
SEM (FEI Company, Oregon, USA). Inductively coupled
plasma atomic emission spectroscopy (ICP-AES, Thermo
Elemental, USA) was used to analyze the initial and
equilibrium concentration of U(VI) (385.958 nm) and other
metal ions (except for Cs”) in the solution. Atomic adsorption
spectroscopy (AAS, Beijing Haotianhui Science & Trade Co.,
Ltd., China) was used to determine the concentration of Cs"
(852.607 nm).

The uranium(VI) extraction experiments

A certain amount of sorbent was added into a 50 mL
Erlenmeyer flask along with 25 mL of uranium-containing
multi-ion solution or pure uranium solution at given pH value.
All the flasks were shaken for specified time (¢) at desired
temperatures (7). The concentrations of the metal ions, before
and after adsorption, were determined. The adsorption amount
(ge, mmol g ') of metal ions were calculated by the equation ¢,
= (co - co)VIw, where ¢y and c. are the initial and equilibrium
concentrations of metal ion (mmol L"), respectively, ¥ is the
volume of testing solution used for adsorption (L); and w is the
weight of adsorbent (g). The uranium selectivity (Sy) is used to
describe the potency and degree of the selectivity of the
sorbents to uranium and is expressed by Sy = ge.u/¢e-1or, Where
g..u 1s the amount of uranium sorbed (mmol gfl) and g, 1S the
amount of all cations sorbed (mmol g ') in multi-ion solution.
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