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Recently, we demonstrated that carboxylate mesoporous carbon improved the adsorption of rare earth elements
as neodymium (Nd). Here, calculations based on Density Functional Theory were carried out to give insight on
binding of the Nd with carboxylates. Different phenyl carboxylate-Nd complexes were first identified, consid-
ering nitrate and water molecules as ligands, in order to obtain reliable carboxylate-graphene models. The
optimized structures are used to compute the binding and complexation energies then the competition for metal
between carboxylate group and solvent was analysed. The results, in agreement with the experimental evidence,

indicated that the Nd favors the anchored carboxylate groups compared to the bulk water. Findings showed that,
the graphene support did not significantly alter the carboxylate-Nd binding energies. The partial charges
revealed the coupling electron-withdrawing effect of the nitrate and water oxygens. The binding and complex-
ation energies provided here can be regarded as references for designing of REE chelating sorbents.

1. Introduction

Rare earth elements (REEs) are employed in numerous fields,
including catalysts, alloys, permanent magnets, optics, phosphors, sen-
sors and lasers [1]. Besides, neodymium (Nd) is a vital element in the
global economy for producing strongest permanent magnets for
renewable energy sector [2,3].

Efficient separations of REEs (mostly lanthanides) is a difficult task
[4]; with time, different types of innovative REEs separation strategies
have been developed, like solid phase extraction, co-precipitation,
membrane processes, ion-exchange or chelation-induced adsorption.
However, the most used method for separating REEs from their native
mineral deposits is the solvent extraction techniques [2,5-7] that may
separate REEs from minerals in larger volumes albeit it possesses serious
drawbacks with regards to extracting them from aqueous solutions with
low concentration of the metals. Furthermore, solvent extraction process
utilizes hazardous reagents such strong acids, organic solvents [8] and
therefore, generates hazardous byproducts and wastes [9,10]. Adsorp-
tion based processes, on the contrary, are a sustainable, benign, and
cost-effective alternative to the solvent extraction method [4] especially
for low concentration solutions and serve as a viable replacement for the
solvent extraction. Unlike solvent extraction, the adsorption processes
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present several benefits, including lower environmental impact, broader
availability, significant possibility for scaling, and easier implementa-
tion. It has been demonstrated that the adsorption method may suc-
cessfully recover REEs from a variety of aqueous solutions, such as
brines, saltwater, and metallurgical effluents [11,12].

Concerning Nd adsorption-mediated separation, various composite
sorbents were successful, including flower-like Nano-Mg(OH), [13],
EDTA- and DTPA-functionalized chitosan biopolymers [14], magnetic
nanohydroxyapatite adsorbent (MNHA) [15], calcium alginate-poly
glutamic acid hybrid gels (ALG-PGA) [16] and imprinted mesoporous
silica sealed in dialysis bag [17]. Moreover, different types of
carboxylate-containing ligands have been employed to partition and
separate REEs from the aqueous solutions, like diethylene-
triaminepentaacetic acid (DTPA), diethylenetriaminepentaacetic dia-
nhydride (DTPA-DA), derivatives of diglycolamide (DGA) ligand or
ethylenediaminetetraacetic acid (EDTA), grafted on the sorbent surface,
like silica or carbon. Recently, we have demonstrated that carboxylate
group-functionalized mesoporous carbon has significantly enhanced the
adsorption of REEs compared to that of pristine carbon surface [18]. In-
situ x-ray absorption spectroscopy confirmed the decrease in mean REE-
O bond distance and increase in REEs coordination number further the
chelation of REEs with carboxylate groups. It also needs to be mentioned
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that carbon-based sorbents have several benefits over other adsorbents,
like inexpensive precursor and low cost of the adsorbent and sustainable
synthesis protocol. Soft-templated mesoporous carbons possess the
additional advantage of tunability of mesopore size and hierarchical
pores leading to the fast adsorption kinetics. Despite the experimental
results that indicated carboxylate group forms chelation with REEs [18],
to date, the detailed Nd coordination and binding energies are not
known in addition of the nitrate and water effect. Therefore, in this
computational study, we have chosen carboxylate-graphene-like sup-
port as substrate for carboxylate groups to study the above aspects.

Density Functional Theory (DFT) calculations have been used in
multiple research to explore the selectivity of different ionic liquids in
REEs extraction. Azizi, D.; Larachi, F. Azizi and Larachi [19] utilised DFT
to simulate the extractability of REEs from aqueous environments with
complex-forming capabilities for 30 phosphonium-based bifunctional
ionic liquid extractants (Bif-ILEs). Using the thermodynamic stability
index with the help of DFT in determining the selectivity pattern, Hu, A.
et al. Hu, MacMillan [20] investigated the selectivity of lanthanides in
relation to the similarities in their coordination chemistry for interacting
with macrocyclic ligands. Alizadeh, S. et al Alizadeh, Abdollahy [7] used
DFT to evaluate the hydration energy necessary for forming hydrated
rare earth compounds. Another study, based on MD and DFT simula-
tions, as well as solvent extraction experiments, examined the effect of
nitrate anions in aqueous electrolytes on the extraction of REEs [21].

Detailed information on the carboxylate-Nd bond strength, in pres-
ence of nitrate and water molecules, as well as coordination geometries
is of particular importance to optimize separations of Nd through spe-
cific adsorbents such as grafted carboxylate on the mesoporous sp?
carbon. DFT based calculations were performed in this work to char-
acterize the interactions between Nd and phenyl carboxylate (geome-
tries, bond strength, charge distribution) and the effect of a graphene-
like support to provide structure-property relationships missing to
date. Moreover, it is well known that nitrate, present in Nd salts, and
water molecules affect the Nd-carboxylate interactions, hence herein the
role of NO3 and Hy0 has been considered with particular attention.
Specific measurements on grafted carboxylate group on the mesoporous
carbon were performed in which the adsorption of Nd from its nitrate
salt in aqueous media were examined in order to provide experimental
support to the theoretical conclusions.

Concerning this aspect, it is worth noting that solutions of sulphate or
hydroxide as well as alternative adsorbents are also used in the sepa-
ration of rare earths, nevertheless, we focus on the carboxylate graphene
support and the role of nitrate counter ion because the aim of the work is
to provide a computational in-depth analysis of the results previously
published experiments [18].

It needs to be noted that we did not perform any selectivity study in
our computation work despite selectivity analysis is one of the key as-
pects experimental REE recovery from many non-conventional sources.
Our aim was to specifically study the interaction of the active functional
group on the carbon surface with a representative REE in a theoretical
perspective by utilizing the Density Function Theory. It can be arguably
true that studying such interactions with the competing metals may
broaden such theoretical perspective, however, performing such a large
of simulation for several competing metals is completely beyond the
scope of this study. In addition, we believe that providing values of
bending and complexation energies (not present in the literature) as well
as a systematic study on which complexes the carboxylate graphene can
form with Nd, considering the effect of the nitrate counter ion present in
the leaching solution, is of interest as it provides a reference for subse-
quent studies on the selectivity of functionalized materials usable for the
separation of REEs.

2. Structures AND COMPUTATIONAL APPROACH

Various of phenyl-carboxylate Nd complexes, considering nitrate and
water molecules, were examined using a bottom-up procedure in order

Computational and Theoretical Chemistry 1236 (2024) 114598

to have reliable carboxylate-graphene-like support models. In the stable
complex (PhCOO)sNd [22], the phenyl-carboxylate groups were sys-
tematically substituted with NO3 and ultimately, the Nd-complexes with
only one PhCOO ligand were attached to a graphene support. This
strategy was motivated by the morphology of the carbon mesopores. The
calculations presented herein refer to grafted carboxylate group on a
mesoporous carbon. Therefore, we reconstructed a carbon mesopore
with a diameter of 40 A, in agreement of the porosity measures, formed
by assembling parallel graphene layers, as shown in Fig. 1, because as
reported below, the XPS results showed that the mesoporous support is
formed by primarily sp>-hybridized carbons. A similar model was also
used in our previous work [23].

As can be seen from this model, the most probable functionalization
can occur at the edge of the graphene layer along the mesoporous (in-
ternal surface). An external surface functionalization of the carbon
mesoporous can still be modeled with functional groups at the edge of a
graphene layer. Thus, the edge functionalization of a graphene layer
adopted in this work is the most appropriate. Therefore, as will be shown
in results and discussion, the optimized structures of Nd-complexes with
two PhCOO" ligands give a Nd coordination that is unlikely to occur at
the edge of the carbon mesopore model shown in Fig. 1. Finally, it is
important to emphasize that the graphene layer geometry (atoms
number and shape) was designed properly to maintain the same spin
multiplicity of the smaller complexes.

For each complex, at first, the geometries of the various complexes
were optimized using the Universal Force Field, conjugate gradient
technique with 10,000 steps and a convergence value of energy 107, in
order to obtain a starting geometry for the subsequently DFT optimi-
zations. As to the (PhCOO)3Nd complex, a systematic conformational
research was also carried in order to have a proper mutual orientation of
the phenyl groups around Nd [24].

The choice of the basis set for no-REE atoms and Effective Core Po-
tential (ECP) for Nd is a tricky point to obtain a satisfactory convergence
of the Self Consistent Field (SCF) iterations. This was first performed by
single point energy calculations utilizing NWChem code [26] probing
different combinations. The best was found using 6-311G basis set for H
and C atoms and 6-311G* for and N and O, while the Stuttgart RSC 1997
ECP was used for the neodymium. The convergence analysis was per-
formed using quadruplet multiplicity for all the Nd-complexes [27,28]

Fig. 1. Mesoporous carbon model formed by assembling parallel layers
of graphene
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and B3LYP exchange-correlation potential. A convergence energy of 10°
6 a.u. and root means square of the electron density of 10" were adop-
ted; level-shifting equal to 2.0 was used when the HOMO-LUMO energy
gap falls below 0.01a.u., although, it was turned off in the last SCF it-
erations. It is worth noting that the basis set/ECP analysis considered the
SCF convergence, spin multiplicity and the computation time.

Once a good combination was found, DFT geometry optimizations
were carried out. The driver module, as implemented in NWChem, was
used with the default thresholds for maximum and root means square
gradients as well as for maximum and root means atoms displacements.
Moreover, for the complexes containing one phenyl-carboxylate group,
tight thresholds were also adopted.

The binding energy was calculated as the difference between the
energies of the single components of the adduct and the total energy of
the latter. Each complex was separated into two subunits: PhCOO™ or
graphene-COO- anions forming the first fragment and neodymium
bound to the rest of the adduct constituting the second one. The binding
energy of each optimized structure was computed using the basis set
superposition error method [29].

The competition between carboxylate and bulk water for Nd was
investigated by calculating of the complexation energies associated to
different carboxylate structures and the hydrated Nd complex as refer-
ence system. In particular, the speciation of neodymium, i.e., the anal-
ysis of the Nd complexes formed in water as a function of pH, reveals
that the cation up to pH = 8 does not form complexes with the nitrate
counter ion but only with water molecules. As a result, the competition
between carboxylate and bulk water for Nd was analysed according to
the equilibrium reported in Egs. ((1)-(3)). In particular, the equilibrium
(2) refers to the formation of Nd complexes with H,O molecules and
without NO37, while the equilibrium (3) refers to the formation of
complexes with nitrate anion. The solvent effect on the complexes
considered in Egs. ((1)—(3)) was calculated using the Conductor Solva-
tion Model (COSMO) adopting a dielectric constant equal to 80.2.

The complexation energy of the complex (Nd(H20), o> equilib-

aq.’
rium (1), was calculated as the difference between the energy ?n water of
(Nd(H,0),°),, minus the energy of Nd; and the nH,O ligands. The
complexation energies referered to reactions (2) and (3) were calculated
in a similar way considering the ligands involved in the formation of the
complexes RCOONd(H,0),*> and (RCOONd(NOs),(H0),) ™,

respectively. It is worth noting that both (Nd(H0),%),, and Ndqu_ are in

aq.
aqueous phase while the phase of RCOONd(HzO)n+2 and
(RCOONA(NO3),(H20),,)">™ depends on R group.

Finally, we compare the computed complexation energies, reporting
the difference between the complexation energies of carboxylate com-
plexes and that of the (Nd(H,0)," S)Qq. Negative differences means that
the formation of the carboxylate complex is favoured compared to the
formation of the hydrated one, i.e., the equilibria 2 and 3 prevail over
the equilibrium 1. A similar approach was used in a previous work [30]
and a good estimation of the polyoxometalate affinity towards func-
tional groups anchored on polymer chain was obtained with an excellent
agreement between computational predictions and experimental vali-
dations was found.

N3+ nH20 —2 2
o, +1H20+—— (Nd(H,0),"),, m

3NO;
Nd!> + RCOO™ + nH,0 + H; 0" «———RCOONd(H,0),"> + H;0*"  (2)

aq.
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The Nd:{f. indicates that the cation energy was calculated in bulk
water. It is interesting to underline that both binding and complexation
energies have been reported in the work as these allow different infor-
mation to be obtained. The first provides the energy needed to break the
bond between the carboxylate group and Nd, coordinated with the
remaining adduct ligands, therefore provides information on the COO-
Nd bond strength in the different complexes. The former, on the other
hand, provides information on the stability of the complexes: a negative
complexation energy means that the complex is more stable compared to
the reactants, i.e. the ligands that form it. The difference between the
complexation energies, therefore, provides information on the stability
of the Nd complexes, formed by carboxylates, nitrates and H2O,
compared to those formed by Nd and water molecule, i.e. the hydrated
complexes.

The dispersion contribution to the total DFT energy was calculated
according the Grimme’s DFT-D3 approach [31,32], while atoms partial
charges were calculated using the electrostatic potential (ESP) method
[25], widely utilized to explain charge distributions in molecules and
larger systems [33]. The atomic partial charges are fitted to reproduce
the quantum chemical electrostatic potential on a thin grid encircling
each atom of the molecular system. Using two-body additive Coulomb
potentials to describe intermolecular interactions, the charges are
evaluated to mimic the quantum electrostatic potential in the region
where it is most essential [21]. The grid is determined so that it is
outside of van der Waals radius of each atom. Default van der Waals
radii were used with a cut-off distance from each center of 0.4 nm and
probe value of 0.04 nm.

3. Results and discussion
3.1. Small complexes and carboxylate graphene models

In order to have reliable carboxylate-graphene-like support models,
different complexes of Nd were first identified. The first complex was a
stable structure consisting of three phenyl-carboxylated groups coordi-
nating the metal. Korochentsev et al. [22] found this structure using a
DFT approach similar to the one we use herein. The (PhCOO)sNd
complex, shown in the first row of Fig. 2, was reliably optimized and
resulted in the replacement of a PhCOO- group with NO3- then water
molecules were added. The optimized structures of the (PhCOO),Nd-
NO3(H20);, complexes are showed in second row of Fig. 2. Starting from
these complexes, another phenyl carboxylate has been replaced with
nitrate, changing in total two phenyl-carboxylate groups in tri phenyl
carboxylate Nd complex, and again water molecules were added. The
structures were optimized and showed in the third row of Fig. 2. In the
preparation of these complexes, the nitrate was used as a bidentate
ligand since this coordination in general gives higher binding energies.
Finally, to analyses the effect of water on the binding energy, the
structure reported in the second and third rows of Fig. 2 were optimized
without water molecules and shown in Fig. 1S of Supplementary
Materials.

To investigate the interaction between Nd and carboxylate on a
larger scale, the optimized structures in the third row of Fig. 2 were
incorporated in a graphene layer where the central ring of the graphene
layer corresponds to the optimized phenyl ring of smaller complexes,
obtaining the nanostructures showed in Fig. 3. The graphene-based
models were designed to have the same spin multiplicity of 4 as the
smaller complexes so that binding energies and charges distribution are
comparable with the later.

Nd'? +RCOO™ +3NO; + Hy0* <22 (RCOONd(NO),(H,0),)) "> + (3 — n)NO; +H;0* 3)
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Fig. 2. DFT optimized small complexes, Oxygen atoms in red; Hydrogens are white, carbon in grey and Nd is green.
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Fig. 3. Carboxylate graphene models formed by assembling the structures in the third row of Fig. 2 and a graphene layer (for the atoms colors refer to caption Fig. 2).

The optimized structure of the (Nd(H20)¢ 3)aq_ complex is showed in
Fig. 4, then the complexation energies, referred to equilibrium (1), was
calculated and used as reference in the study of the competition between
carboxylate and water bulk towards the Nd. It is worth noting that this
structure allowed to use the water bulk dielectric constant of 80.2
neglecting the strong polarization effect caused by uncoordinated
cations.

The complexes showed in Figs. 2 and 3 show two types of water
molecules interacting with Nd: molecules interacting at a greater dis-
tance from the metal (farthest water with Nd-O length ranging from
3.006 to 3.912 Z\), the others at a shorter bond length that varies from
2.648 to 1.969 A (nearest water). For the latter the Nd-O lengths fall in
the range of covalent bonds whereas the Nd-O distances of the farthest
molecules may relate to short-range electrostatic interactions that
cannot be considered as a pure metal coordination bond. The same types
of water molecules have been found in the complex Nd (NO3)2(H20)4
*+with Nd-O length ranging from 3.412 to 3.419 A for farthest and very
similar lengths of 2.533 A for both the nearest water molecules,
respectively.

3.2. Binding energies and carboxylate-solvent competition for neodymium

The binding energies (BE) and the complexation energies of neutral,
charged complexes and graphene models, involved in the equilibria
(1-3), were reported in Table 1 and Table 2, respectively. We calculated
the complexation energies of neodymium phenyl carboxylate complexes
having one carboxylate ligand because these have been subsequently
assembled with the graphene support. The binding energy of the
(PhCOO)3Nd complex values corresponding to the three phenyl car-
boxylates are: 140.29, 136.56, and 204.13 kcal/mol which reveal that
BE depends on the phenyl carboxylate coordinating the metal. The BE of
the complexes, reported in the second row of Fig. 2 were calculated
considering two PhCOO™ groups as first fragment while the other formed
by the Nd coordinated by the NO3 and H20, while the values in Table 1
are referred to the binding energies for single phenyl carboxylate, i.e.
half of the calculated BE. As for the (PhCOO)3Nd, the binding energies
depend on the pair of PhCOO™ considered as first fragment of these
complexes.

Uncharged complexes with two phenyl carboxylates provide average



N. AL-Hamdani et al.

Fig. 4. DFT optimized structure in water bulk of hydrated Nd complex
(Nd(H,0)¢ 3)an used as reference. Oxygen atoms in red; Hydrogens are grey and
Nd is green.

Table 1
Calculated binding energies, complexation energies of complexes involved in the
equilibria (1-3) and difference between the complexation energy of the phenyl-

carboxylate complexes and that of.(Nd(H,0); 3)aq,

Complex Binding Complexation Complexation
Energy energies Energies
(kcal/mol) (kcal/mol) Difference

(kcal/mol)

(PhCOO);sNd 160.33"

1(PhCO0),NdNO3(H,0),  325.76

2(PhCOO)szNO3(H20)2 365.92

(PhCOO0),Nd (H,0)3 450.17

1PhCOONd(NO3)2(H20),  186.30 —570,08 -217,93

2PhCOONA(NO3),(H0);  271.39 —590,69 —238,55

PhCOONANO5(H,0)4 300.38 —531,80 -179,65

PhCOONd (H,0)2? 520.11 —538,92 —186,78

@ average value made on three binding energies.

BEs higher than values of neutral complexes having a PhCOO™ group.
Also, the 1PhCOONd(NO3)2(H20)2 complex exhibits a lower binding
energy than 2PhCOONA(NO3)5(H20)-. This can be attributed to fact that
in the latter complex the bidentate phenyl carboxylate ligand co-
ordinates the Nd on the plane formed by four oxygen atoms: two from
carboxylate and two from different nitrates. The same coordination was
also found in the (PhCOO)3Nd complex, Fig. 2.

Concerning the effect of water molecules, in Table 1S of Supple-
mentary Materials the binding energies of complexes with the same

Table 2
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number of phenyl carboxylates and nitrate” groups but without water
molecules are reported. The water molecules increase the BEs of the
uncharged complexes, only they lead to a negligible decrease for the
L(PhCO0),NdANO3(H;0),. The structures reported in the second line of
Fig. 2, show that the water molecules interact with the Nd at short
distances in the range of a covalent bond in the 2(PhCOO)gNd-
NO;5(H30),, whereas in (PhCO0),NdNO5(H20), complex just a water
molecule coordinates the metal at shorter bond, this should lead to a
change in binding energies. Interestingly, the water molecules lead to
2PhCOONd(NOg)z(Hzo)Z complex with a like NdyO3-xtal-Nd-coordina-
tion less distorted compared to the 1PhCOONd(NOg)Z(HZO)g (second
and third lines of Fig. 2).

Larger binding energies are obtained for hydrated cations without
nitrate and regardless the number of phenyl carboxylates. This is due to
fact that removal a negative phenyl carboxylate from a cationic complex
requires more energy compared to the corresponding energy required to
remove the anion from a neutral complex. With regard to the
PhCOONANO3(H;0)4 cation that instead shows a BE similar to un-
charged structures, the electron withdrawing effect of nitrate reduces
the value of the binding energy.

The values in Table 2 illustrate how a graphene layer affects the
binding energy of the smaller complexes. No significant variation was
obtained between the binding energies of the graphene models and
analogous smaller complexes except for the complex grapheneCOO-
NdNO3(H,0)3. Instead, a marked difference between the BE of the
1graphene—COONd(NO3)2 and 2graphene—COO—Nd(NO3)2 appears due to
the same reason highlighted for the analogue’s smaller structures.
Table 2S, in Supplementary Materials. shows the binding energies of the
uncharged graphene models without considering the water molecules.
The values of Table 2 and 2S reveals that the coordination of the water
increases the BE even if not markedly for some complex.

These calculations give a first comparative analysis on the effect of a
graphene layer owing to a large sp® delocalized system. Although a more
accurate optimization of the graphene layers would be desirable, this
analysis indicates that the graphene layer does not show much influence
on the binding energies of the uncharged smaller analogous complexes,
suggesting that the BEs are related to local Nd coordination. As a result,
the Nd adsorption in functionalized graphene-like materials could be
traced back to local effects.

As concerns the competition between the carboxylate and solvent for
neodymium, in the third column of Table 1 and 2 the differences be-
tween the complexation energy associated to the complexes formed by

equilibria 2 and 3 and that of the complex (Nd(HZO)gg) have been
aq.

shown. The complexation energy value of this complex is —352.14 kcal/
mol. According to equilibria 1-3, a negative difference between the
complexation energies means that equilibria 2 and 3, associated with the
formation of Nd carboxylate complexes, prevail over the formation of

(Nd(HZO)gs) in bulk water. All the values of these differences are
aq.

negative, which indicates that the chelation of Nd with PhCOO- or
grapheneCOO- is favoured over the formation of the hydrated complex.
It is interesting to note that in the grapheneCOO- complexes the inter-
action with one NO3™ anion increases the complexation energy, while
with two anions an increase is found, compared to the complex without
nitrate, but it depends on how the nitrate anion coordinates the metal

Calculated binding energies, complexation energies of complexes involved in the equilibria (1-3) and difference between the complexation energy of the carboxylate

graphene complexes and that of.(Nd(H»0)g S)qu

Model Binding Energy ‘%kcal/mol) Complexation energies Complexation Energies Difference
(kcal/mol) (kcal/mol)
1grapheneCOO-Nd(NOg)Z(HZO)Z 194.80 —474,91 -122,76
2grapheneCOO-NA(NO3),(H20), 272.28 -617.17 —265,03
grapheneCOO-NdNO3(H20)4 353.22 —662.98 —310,83
grapheneCOO-Nd(H20)32 516.27 —542.35 —190,21
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(see values in the second columns of Table 2). For the smaller complexes,
interaction with a NO3 anion decreases the complexation energy while
with two anions an increase is found (see values in the second columns
of Table 2).

Overall, the values reported in Tables 1 and 2 indicate that the
interaction between Nd and PhCOO- or grapheneCOO- provides strong
binding energies and the formation of the hydrated metal complex is
unflavoured over carboxylate complexes. It worth noting that cations on
the surface of the support indicate that the nitrate anions, dissolved in
solution, neutralize their positive surface.

One aspect that deserves attention is related to the Nd hydrate
complex chosen as a reference. The structure of the Nd complex with 7

H20 molecules, in bulk water, was also optimized, (Nd(H20)7+ 3) . The
aq.

optimized geometry is reported in Fig. 3S of Supplementary Materials.
This Figure shows that adding another water molecule to

(Nd(HzO)?)aq., the obtained complex shows two hydroxyls, as metal

ligands, and the formation of two hydronium ions linked to the complex
via two hydrogen bonds. As a result, the complexation energy of this
complex is —545.03 kcal/mol substantially lower than the energies

associated with the formation of the complex (Nd(Hzo)gg') .
aq.

Comparing the above value with the complexation energies of the
carboxylate complexes, the metal complexation with PhCOO™ or gra-
pheneCOO™ ligands still remains favoured or comparable, for some

complexes, compared to the formation of the complex (Nd(HZO)7+ 3) ;
aq.

only the formation of the 1grapheneCOO-Nd(NOg)z(HZO)z complex is
found clearly unflavoured. However, we can qualitatively state that

even considering the complex (Nd(HzO);r 3) as the reference the cal-
aq.

culations suggest that Nd favours adhesion to the phenyl carboxylate
group or grapheneCOO over interaction with the water molecules,
confirming the experimental findings.

Unlike binding energies for which no marked changes were found
when moving from smaller complexes to the graphene support, for the
complexation energies we observed marked changes when comparing
the values of the carboxylate graphene structures with those of the
analogous smaller complexes. Finally, comparing the values reported in
Table 1 and 2, referring to the complexes with NOz anion as ligand and
those without nitrate, we note a marked effect of the nitrate on both the
binding energies and complexation energies.

It should also be noted that organic solvents are used in solvent
extraction of rare earths, which however is not our aim of study. We
understand that REE complexation in the organic solvent would be

Table 3
ESP partial charges of neutral and charged complexes as well as graphene
models.

System/ ESP Charge Nd N o° o’ ct o
(PhCOO);Nd 072 - - - 0.85 —0.49
1(PhCOO)2NdNO3(H20)2 1.16 1.29 —0.58 -0.73 0.89 —-0.50
2(PhC00),;NdNO5(H,0), 098 1.09 -048 -0.69 0.79 -0.48
(PhCO0),-Nd(H20)3 156 - - -0.42 0.67 —0.52
'PhCOONA(NO3)(H,0), 126 118 -055 —0.65 057 —0.42
2PhCOONA(NO3),(H,0), 125 128 -056 -0.71 094 -0.57
PhCOONANO;(H,0)4 1.03 1.43 -061 048 060 —0.39
lgrapheneCOO-Nd 1.29 1.28 —0.61 -0.69 0.59 -0.43
(NO3)2(H20)2
2grapheneCOO-Nd 1.24 131 -0.55 -0.75 093 -0.51
(NO3)2(H20)2
grapheneCOO- 097 142 -058 -0.52 0.74 -0.43
NdNO3(H,0)4

# Oxygen of the nitrate.

b Oxygen of the water.

¢ Carbon of the carboxylate.
4 Oxygen of the carboxylate.
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relevant because it broadens this analysis. In this regard, it is interesting
to note that the computational framework, suggested in this work, could
be applied to the study of Nd complexations in organic solvents for
solvent extractions once the structures of Nd complexes in reference
solvents [34] are known.

The Nd, N, O and C (carboxyl group) partial charges were also
analyzed in the work and reported in Table 3. The charges of oxygens
refer to the average values made on the oxygens of the nitrate and
carboxylate groups coordinating the metal. The values listed in the
Table 3 indicate that in all analyzed complexes the positive charge of Nd
increases compared to the tri-phenyl carboxylate complex,
(PhCOO)3Nd. The increase of this charge is caused by the coupled
electron-withdrawing effect of nitrate and water oxygens. The water
assumes a direct and indirect role as shown by the Nd charges in same
complexes without considering the water molecules, Table 3S. The in-
direct role of water refers to the change in the electron withdrawing
capacity of nitrates and carboxylates oxygens. It is worth noting that the
difference in the structure of the 1(PhCOO)szN03(H20)2 and
2(PhCO0),NdNO3(H;0) complexes is reflected in the Nd charges more
than the structural difference of 1PhCOONd(NO3)2(H20)2 and
2PhCOONd(NOg)Z(HZO)Z complexes. No significant change was ob-
tained between the Nd partial charges of the graphene models and the
analogous smaller complexes.

All the complexes show a positive charge on the nitrogen and carbon,
with a significantly higher positive N charge which underlines the effect
of the phenyl ring and graphene layer on the C charge.

As would be expected, the partial charges of oxygens in nitrates,
carboxylates and water molecules are negative, in particular, those of
the water oxygens are more negative than other oxygens. As a result, the
electron withdrawing effect of the nitrate and water provides an in-
crease of the Nd positive charges with respect to the tri-phenyl
carboxylate complex.

In order to provide experimental evidence of the influence of car-
boxylates in the absorption of Nd, we have grafted carboxylate group on
the mesoporous carbon and examined the adsorption of Nd from its
nitrate salt in aqueous media. The details of the synthesis procedures
and characterization (XPS, FTIR, ICP-MS) protocols can be found in our
previous publications [18]. The XPS results confirmed that the meso-
porous carbon is a primarily sp>-hybridized carbon with about 94 % sp>
character (about 6 % sp> character as defects.) and the presence of the
carboxylate groups on the surface of mesoporous carbon was confirmed
by FTIR spectroscopy as described in our previous publication[18].
Thus, the functionalized pore surface of mesoporous carbon will act like
a sp>-hybridized carbon substrate, as employed for the computation
purposes. Nd adsorption in the mesoporous carbon was then performed
with the aqueous solution of Nd(NO3)3-6H0. Typically, 1 ppm aqueous
with respect to Nd(III) was made in DI water and 25 mL of this solution is
stirred with 0.025 g pristine and carboxylated mesoporous carbon for 3
h. After that, the carbon was separated from the solution and the con-
centration of Nd was measured by ICP-MS. The adsorption amount was
calculated from the difference of Nd concentration before and after the
adsorption. As well as the experimental results confirmed that the
presence of carboxylate group markedly influenced the Nd adsorption.
Pristine mesoporous carbon adsorbed about 6.61 + 0.06 mg/g of Nd,
whereas carboxylated mesoporous carbon adsorbed around 9.77 + 0.11
mg/g Nd, indicating that carboxylated mesoporous carbons showed
about 60 % increase in Nd adsorption. As the surface area and pore
volume of carboxylated mesoporous carbon (438 m?/g and 0.30 cm®/g,
respectively) are lower than that of pristine mesoporous (surface area:
605 m%/g, pore volume: 0.48 cm®/g), enhancement of Nd may have
caused by carboxylate group only.

This work has provided a theoretical understanding of the neodym-
ium interaction with carboxylate-graphene-like support in presence of
nitrate. The calculations demonstrated that Nd favors to get to be co-
ordinated with anchored sp? carboxylate groups over solvent. Moreover,
they offer a theoretical confirmation of the positive role of carboxylate
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group in the Nd separation using grafted carboxylate group on the
mesoporous carbon.

Despite a separate set of calculations are needed to confirm the role
of carboxylate in coordinating with other lanthanides, most likely, a
similar behavior may be expected owing to similar chemical nature of
these REEs. However, the values of the binding and complexation en-
ergies, calculated in this work, can be considered as references for
designing REE chelating sorbents.

It needs to be noted that we did not study any other representative
lanthanide in our analysis. It is well-known that the lanthanides have
very similar chemical properties (this is one of the reasons for the dif-
ficulty of separating lanthanides from each other) and it is highly likely
that the other lanthanides will behave similar to that neodymium,
therefore, it was used a model REE or lanthanide for this work. We
selected Nd because it lies almost in the middle of the lanthanide series
and its atomic number and metallic radius are close to the average of
other lanthanides. In addition, a few stable complexes for Nd were re-
ported in the literature that were the starting point for our computation.

It also needs to be noted that in many instances adsorption depends
on temperature and pressure of the medium. In gas-phase adsorption,
adsorbed amount depends on both pressure and temperature. However,
for liquid-phase adsorption, there is no known influence of pressure on
adsorption. Furthermore, all the experiments in liquid phase are per-
formed under atmospheric pressure and therefore, variation of pressure
in the course of simulation will create an unrealistic situation and
therefore, we did not attempt to do it. Moreover, this study carries out a
comparative analysis of the binding and complexation energies of
various Nd complexes. The complexation energies were used to study
the competition for Nd between the carboxylate support and bulk water.
We think that the effect of temperature may have a scaling on the results.
In addition, the study of the temperature effect would require very huge
computation time if the twelve complexes studied are to be taken into
consideration, thus, studying the effect of temperature adds nothing
more to the comparative study at the expense of a long calculation time.

4. Conclusion

Calculations based on Density Functional Theory were performed to
provide a structure-property relationship, missing in the literature,
concerning Nd-carboxylate-nitrate complexes. considering water effect.
The acquired molecular insights are useful for tackling the open problem
related to the optimization of the Nd uptake by a carboxylate-graphene-
like support and selective separations of REEs from aqueous solutions.

Uncharged and charged hydrated Nd complexes, with 3, 2 and 1
phenyl carboxylates, were systematically investigated to obtain signifi-
cant Nd structures to define carboxylated graphene models and then to
calculate binding and complexation energies. Experimental character-
izations of the Nd uptake on carboxylated mesoporous carbon were also
carried out to support the theoretical conclusions.

The cationic complexes exhibit higher binding energies than neutral
structures. The uncharged complex, formed by a bidentate phenyl
carboxylate ligand that coordinates Nd on the plane formed by four
oxygen atoms (two from carboxylate and two from different nitrates),
provides the highest binding energy. This is also found for the graphene
support complexes where the structure with the bidentate phenyl
carboxylate ligand in the four-oxygen plane provides the highest binding
energy. Comparing the binding energies of the graphene models and
those of the smaller complexes, no significant change was noted, except
for grapheneCOO-NANO3(H,0)4. This suggests that adsorption in
functionalized sp? nanostructured materials could be traced back to
local effects.

The water molecules increase the binding energies and affects the
partial charges of neodymium. The computed partial changes indicate
that the positive charge of Nd increases in all complexes compared to the
(PhCOO)3Nd, due to the coupled electron-withdrawing effect of nitrate
and water oxygens.

Computational and Theoretical Chemistry 1236 (2024) 114598

All the differences among the complexation energies of the consid-
ered neodymium complexes and that of the hydrated metal are negative.
This suggests that Nd favors adhesion to the carboxylate group,
anchored on sp%-hybridized carbons, over the formation of the hydrated
metal in bulk water also in presence of nitrate.

Theoretical conclusions were confirmed from some experimental
evidence. In fact, we demonstrated that carboxylate mesoporous carbon
enhanced the adsorption of Nd by 60 % compared to the pristine mes-
oporous carbon. Thus, DFT calculations corroborated the experimental
findings that carboxylate enhanced the Nd uptake on mesoporous sub-
strates by coordinating with it.

The values of binding and complexation energies and knowledge
gained in this work can be considered as reference for designing better
chelating sorbents for REEs separation. In needs to be noted that selec-
tivity of carboxylate groups towards REEs over other elements was not
studied in the course of our study and will be pursued in our future
investigations.
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