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A B S T R A C T   

Selective separation of rare earth elements (REEs) from solutions of mixed heavy and light metals by solid ad
sorbents is an important challenge in the fields of water treatment and metal recovery. The main challenge is 
water instability of many adsorbents, specifically metal–organic frameworks (MOFs), and their low selectivity. 
Grafting particular organophosphorus compounds (OPCs) on the MIL-101(Cr) MOF can provide both stability 
and selectivity. When the tributyl phosphate (TBP), bis(2-ethylhexyl) hydrogen phosphate (D2EHPA or HDEHP) 
and bis(2,4,4-trimethylpentyl) phosphinic acid (Cyanex®-272) OPCs are grafted and applied to mixed-metal 
aqueous solutions containing Co2+, Ni2+, Cu2+, Zn2+, Nd3+, Gd3+ and Er3+, MIL-101(Cr) offers high selec
tivity towards the Nd3+, Gd3+ and Er3+ REEs (with stronger affinity towards Er3+). However, the underlying 
chemistry is unknown and the factors leading to the selectivity remain poorly understood. To uncover the key 
molecular-level factors, we performed state-of-the-art computational simulations using a combination of high- 
level density functional theory (DFT), semi-empirical calculations, and configurational sampling of the metal 
ion-MOF binding modes in aqueous solutions. Our simulation study reproduced the available experimental re
sults, in addition to determining the contributing intermolecular interactions, uptake modes and the most sig
nificant structural features for improving selectivity towards the REEs. Therefore, our most important result is 
rationalization of the mechanism of REE separation by OPC-grafted MOFs using quantum mechanical and 
electrostatic principles. The results provide guidelines for synthesis of OPC-grafted MIL-101(Cr) structures with 
enhanced selectivity and stability. Moreover, an efficient computational framework is proposed to facilitate 
comprehensive modeling of similar systems.   

1. Introduction 

The field of selective recovery of rare earth elements (REEs) is 
intensively developing because REEs are highly demanded in the pro
duction of high-tech devices and their recovery is an essential step in the 
transition towards green technologies. Several techniques are available 
to recover REE from concentrated solutions. However, their perfor
mance declines rapidly with the reduction of REE concentration. The 
reason is their high sensitivity to acidic conditions, the necessity of acid 
consumption in large amounts and considerable REE loss [1]. Therefore, 
it is required to develop feasible alternative techniques. 

An alternative option is the use of solid adsorbents, such as metal
–organic frameworks (MOFs). As highly crystalline porous materials, 
MOFs can provide an intriguing platform to develop an adsorbent ma
terial for specific purposes. They can be synthesized by following the 
principles of reticular chemistry and forming strong bonds between 
metallic clusters and charged organic linkers [2]. Because of the flexible 
choice of their structural components, highly diverse MOFs with large 
surface areas can be prepared and chemically modified to adjust their 
physiochemical properties for a wide range of applications, including 
adsorptive water treatment [3]. Despite such advantages, poor water- 
resistance of most MOFs is significantly hindering their applications in 
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aqueous environments. However, better water stability can be obtained 
with the MOFs composed of high-valent metal cations and carboxylate 
linkers [4–6], such as MIL-101(Cr). 

MIL-101(Cr) is a highly water-resistant MOF that has found many 
aqueous-phase applications, such as drugs delivery [7], water treatment 
[8], and adsorption and selective recovery of desired metals [9]. It 
possesses a large specific surface area (ca. 3300 m2 g− 1) and pore vol
ume (1.8 cm3 g− 1), and its coordinatively unsaturated metal sites can be 
post-synthetically modified to enhance its properties [10]. However, the 
use of any solid adsorbent (including MIL-101(Cr)) in selective REE 
recovery would be quite challenging because of the presence of 
competing multivalent ions in aqueous solutions [11]. Particularly, 
lanthanides present similar physicochemical properties and ligand af
finities. Therefore, their separation is mainly driven by the difference in 
their ionic radii, making their selective separation more complicated 
[12]. The challenge can be overcome by grafting phosphorous- 
containing functional groups, specifically organophosphorus com
pounds (OPCs), onto the adsorbents. 

OPCs such as tributyl phosphate (TBP), bis(2-ethylhexyl) hydrogen 
phosphate (D2EHPA or HDEHP) and bis(2,4,4-trimethylpentyl) phos
phinic acid (Cyanex®-272) have shown promising efficiency in liquid
–liquid extraction and the separation of REEs [11,13]. HDEHP 
preferentially forms complexes with the heavier REEs of organic phases. 
Consequently, it has been successfully utilized for selective separation of 
light (LREE; La-Sm) and heavy (HREE; Eu-Lu) REEs [14]. Cyanex-272 
typically shows a poorer separation efficiency within the lanthanide 
series (relative to HDEHP), but it demonstrates high affinity towards 
HREEs [1,14]. The neutral TBP extractant has been successfully applied 
to recovery of REEs from different solutions, but its extraction perfor
mance is mainly limited to LREEs. The efficiency of TBP in separation of 
HREEs decreases drastically with an increase in atomic number [14,15]. 

Unfortunately, few studies (e.g. [16–19]) have evaluated the 
adsorption efficiency of OPC-grafted solid adsorbents. Our earlier 
experimental study on TBP-modified MIL-101(Cr) (MIL-101-T50), 
HDEHP-modified MIL-101(Cr) (MIL-101-H50) and Cyanex®-272- 
modified MIL-101(Cr) (MIL-101-C50) [10] demonstrated the efficient 
and intriguing performance of OPC-grafted MOFs for selective separa
tion of heavy REEs from mixed solutions of light and heavy elements. 
For instance, MIL-101-T50 showed 100% and 95% selectivity towards 
Er3+ in the presence of transition metal ions (Co2+, Ni2+, Cu2+ and Zn2+) 
and light rare earth ions (Nd3+ and Gd3+), at pH 5.5. Though the overall 
adsorption efficiency of the modified MOFs increased in the order of 
TBP < Cyanex-272 < HDEHP, the selectivity towards Er3+ followed the 
Cyanex-272 < HDEHP < TBP trend. Moreover, the functionalized MOFs 
were found to be highly competitive compared to many other synthetic 
materials (such as commercial phosphorous ion-exchange resins [20], 
zirconium organophosphonates [21,22], some other modified MOFs 
[23–25], and porous silica and cellulose based materials with amino and 
carboxyl functional groups [26,27]), especially at acidic and neutral pH 
conditions [28]. Despite such motivating experimental observations, the 
mechanisms underlying the highly selective Er3+ adsorption process and 
the difference between the performance of the three OPCs remains 
unknown. 

The question we would like to answer is: what causes the success of 
OPC-grafted MIL-101(Cr) in selective separation of REEs? To answer this 
question, we need to understand the separation process at the molecular 
level. To date, few investigations have focused on the relationship be
tween the chemical structure of ligands and their extraction efficiency. 
Some extensive experimental studies [29,30] have demonstrated the 
significance of the chelating angle of the functional groups on selective 
coordination with REEs. Another study has shown the effect of the 
length and branching of neutral OPC alkyl chains on metal extraction 
efficiency [31]. Some theoretical studies have revealed the complexa
tion mechanism between some OPCs and REEs in liquid–liquid extrac
tion processes [32,33]. However, there is no theoretical study regarding 
the mechanism of REE separation by OPC-grafted adsorbents and, 

particularly, MOFs. Also, the general mechanism ruling the selectivity of 
adsorbents towards REEs remains poorly understood. 

To uncover the molecular interactions and parameters involved in 
the success of OPC-modified MIL-101(Cr) and guide further studies to
wards the best selection of ligands for MOF functionalization, we 
employ a novel, simple and efficient modeling framework based on first 
principles calculations. First, we explain the simulation method in 
detail. Then, we use the modelling results in parallel with the summa
rized experimental data to discuss: 1) the effect of MOF functionaliza
tion (OPC grafting) on the available surface area, 2) the interactions 
involved in the process of MOF functionalization by the OPCs and sol
vent effect, and 3) the molecular keys to selective uptake of the REEs by 
MOFs. In our conclusion, we provide a summary of the most important 
findings. 

2. Modeling details 

Modeling of REE recovery was broken into several steps to simplify 
the modelling process. First, the computational parameters regarding 
the MOF model were optimized by identifying its ground state and 
evaluating the performance of different density functional theory (DFT)- 
based computational levels. Then, the OPCs were manually added to the 
MOF model in several configurations to simulate modification of MIL- 
101(Cr) by the OPCs. The modification process was modeled in 
different phases to study solvent effect on the synthesis process. To 
evaluate the effect of model size and the presence of the MOF’s organic 
ligands on our results, we also studied OPC addition to a larger MOF 
model containing several phenyl-containing ligands. After observing 
insignificant effect of the ligands on OPC adsorption, we used the 
simpler (phenyl-free) MOF model for the metal recovery simulations. To 
simulate metal recovery, we deployed a systematic configurational sam
pling technique and added a number of water molecules, nitrate anions 
and the metal ions to the OPC-modified MOF structures. Full details are 
as follows. 

2.1. Modeling of MIL-101(Cr) and its modification by OPCs 

All electronic structure calculations were carried out in the frame
work of DFT by Gaussian 16 revision A.03 [34]. Since the unit cell of 
MIL-101(Cr) is composed of over 10 000 atoms, the synthesized MOF 
was modelled by focusing on its secondary building unit (SBU), using the 

Fig. 1. The selected MIL-101(Cr) model. The purple, red, grey, and white balls 
represent the Cr, O, C and H atoms, respectively. 
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[M3O(OOCR)6L3]n
+ paddlewheel complex (M = Cr, R = H, n = 1, no L 

ligand) shown in Fig. 1. The model with and without water or axial 
anions has been successfully adopted by many studies [35–39]. How
ever, the studies have considered various spin states for their adopted 
models. For example, Hu et al. [37] concerned the singlet state (neutral 
anion-free model) while de Oliveira et al. [36] and Mavrandonakis et al. 
[35] respectively modeled it in the quartet and dectet states (+1 charge 
for the anion free model). In the present study, the singlet neutral model 
was used as a starting point. Then, as one Cr(III) site can be occupied by 
an anion, the + 1 charge state was also studied. At this charge state, the 
Cr(III) sites prefer antiparallel spin alignment of their d3 orbitals [36], 
which results in ferromagnetic properties [35,40]. Therefore, all 
possible spin states from low spin (doublet) to high spin (dectet) were 
evaluated. After optimization of the model’s geometry at all charge-spin 
states, and assessment of their structural stability (through harmonic 
frequency calculations), geometry symmetry breaking, spin contami
nation and energy profiles, we chose the dectet state as the ground state. 
The details are reported in Section S1 of the Supplementary data 
(Figs. S1-S3 and Tables S1 and S2). Notably, to minimize the spin- 
contamination and symmetry breaking issues, the singlet-state calcula
tions were performed using a restricted wavefunction formalism [41] 
while the spin of the doublet to dectet open-shell systems were treated as 
unrestricted [42,43]. 

For the preliminary calculations, multiple density functionals were 
tested to find the optimal computational level. For this purpose, the 
methods commonly used for MOF modeling (and specifically for MIL- 
101) were screened, including the B3LYP [44], M06-2X [45], M06-L 
[45], PBE [46], PW91 [47], and ωB97XD [48] methods, which have 
been respectively used in for example refs. [37] and [49], [38], [38 and 
39], [50–54,54], and [55]. To include dispersion effects and increase the 
accuracy of van der Waals interaction description, the Grimme’s D3 
(GD3) semi-empirical dispersion correction [56] was applied to all 
methods, except PW91 and ωB97xD. In the case of ωB97xD, the func
tional originally supports dispersion treatment by including a long- 
range exchange–correlation correction [48]. However, the PW91 does 
not inherently support dispersion interaction, and the required param
eters are not implemented in the Gaussian package. First, all methods 
were coupled with the def2-TZVP basis set [57,58], which can provide 
both accuracy and affordable computational cost [59]. Then, the 
optimal method was chosen by evaluating the performance of several 
basis sets with respect to the available experimental data. Section S2 and 
Table S3 report the corresponding results and outline M06-L/def2-TZVP 
as the optimal level. 

After optimization of all modeling parameters, the TBP, HDEHP and 
Cyanex-272 (hereafter mentioned as Cyanex for simplicity) molecules 
(see Fig. S4 for their 2D structures) were optimized at the M06-L/def2- 
TZVP level. The optimized geometries of the OPCs (shown in Fig. S4) 
were manually added to the geometry-optimized MIL-101(Cr) model in 
several configurational states. Because of the fact that the addition of the 
OPC molecules to the MOF involves direct interaction of the phosphate 
and phosphinic groups of the OPCs with the Cr3+ metals of the MOF 
model, we assumed that the conformational changes of the OPCs’ alkyl 
groups would not alter the OPC-MOF adsorption energies, significantly. 
This was later supported by observing insignificant interaction between 
the MOF’s organic ligands and the OPCs’ alkyl groups (see the “OPC/ 
MIL-101(Cr) interaction” sub-section). Consequently, we considered just 
one conformational state for each OPC. The OPC/MIL-101(Cr) struc
tures were relaxed (optimized) at the dectet spin state to permit the 
OPCs adjust their conformational state relative to the MOF model. The 
calculations were carried out in gas phase, and in the toluene and water 
solvents to evaluate solvent effect on the functionalization process. The 
toluene and water solvents were simulated implicitly using the SMD 
polarizable continuum model [60]. Throughout the calculations, the 
stability of all structures was verified by the absence of any imaginary 
frequencies using harmonic frequency calculations. In the end, we added 
a few phenyl-containing ligands to the most favorable HDEHP/MOF 

model configuration (as a sample) in toluene (i.e., the HDEHP-b 
configuration) to assess the effect of linkers on OPC interaction. The 
intermolecular interactions were extracted from natural bond-orbital 
(NBO) analysis. 

2.2. Modeling of metal recovery by the modified MOFs 

Adsorption of the Mn+ ions by OPC-grafted MIL-101(Cr) was 
modeled on the basis of the configurational sampling method developed 
by Kubečka et al. [61]. This method has been successful in reproducing 
and explaining experimental observations in our earlier studies [62–64] 
and predicting the global minimum (GM) structure of water-phase mo
lecular complexes [65,66]. Single-point energy calculations (at the M06- 
L/def2-TZVP level) on the metal ions showed that Co2+, Cu2+, Er3+, 
Gd3+, Nd3+, Ni2+ and Zn2+ are respectively at their quartet, doublet, 
doublet, doublet, sextet, triplet and singlet spin states in aqueous solu
tions. When complexed with the modified MOF (with dectet spin state), 
the overall spin state of the system would change, requiring careful spin 
state analysis. In addition, the large size of the system makes the com
putations more demanding. Therefore, the configurational sampling of 
Kubečka et al. [61] was modified as follows. 

For each Mn+/MOF complex, all possible high to low spin states were 
considered. Among the OPC/MIL-101 models, the most favorable water- 
phase configurations (Cyanex-b, HDEHP-b and TBP-b) were selected. As 
previous experimental and theoretical studies have indicated coordi
nation of the lanthanides to three nitrate ions in aqueous nitrate solu
tions in the presence of organic ligands [32,67], several nitrate ions were 
considered to neutralize the modeled systems. Then, the artificial bee 
colony (ABC) algorithm (the ABCluster 1.4 program [68,69]) was 
employed to find 500 local minima (LM) structures for each Mn+/MOF/ 
nitrate complex at each possible spin state through generation of 800 
initial guesses. The initial structural guesses were improved in 250 
generation rounds using 4 scout bees. Throughout the calculations, the 
generated LM structures were evaluated and sorted based on their en
ergy. The energy was calculated as the sum of Lennard-Jones (LJ) and 
Columbic interactions. For Columbic interactions, atomic polar tensor 
(APT) charges resulted from water-phase M06-L/def2-TZVP calculations 
were used. For LJ interactions, the LJ parameters for description of the 
MIL-101(Cr) model, the OPCs, the REEs, and the divalent metal ions 
(and also nitrate anion) were respectively extracted from the studies of 
Bernini et al. (UFF) [70], Das and Musharaf Ali (OPLS-AA) [71], 
Migliorati et al. (OPLS-AA) [72] and Li and Merz (OPLS-AA) [73]. Then, 
the LM structures were imported to the XTB 6.0.1 [74] program and 
geometry optimized using the GFN2-xTB [75] spin-restricted semi- 
empirical method, in gas phase. Next, the redundant (non-unique) 
structures were filtered out and the calculation was repeated using the 
analytical linearized Poisson-Boltzmann (ALPB) implicit water model 
[76,77]. Notably, the XTB program does not support SMD solvent cal
culations. For each complex and at each spin state, the structure with the 
lowest electronic energy was selected as the GM structure. Then, the GM 
structures of each complex resulting from various spin states were 
compared and the one having the lowest electronic energy was selected 
as the ground state structure. When the energy difference between two 
spin states was below 100 kJ mol− 1, both spin states were kept for 
further calculations. 

After identification of the ground spin state of each complex, the 
outlined process was repeated by adding several explicit water mole
cules to the systems. The number of the water molecules was a 
compromise between chemical-soundness and computational feasi
bility. We started with 50 water molecules. However, the large system 
size and calculation expenses did not permit the generation of the LM 
structures to proceed. Therefore, we tried reducing the number of water 
molecules gradually until the LM structure generation process 
completed. Importantly, we did not apply any time limit for any of the 
calculations. We ended up with 6 explicit water molecules for each 
system and repeating the configurational sampling approach from the 
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initial LM generation step. The TIP3P model [73] was used to describe 
the LJ parameters of the explicit water molecules. After gas and solvent 
phase calculations by the XTB program, the LM structures were filtered 
again to limit the calculations to the unique structures. Then, frequency 
calculations were performed in the water phase and the GM structures 
were indicated by the lowest Gibbs free energy values. DFT calculations 
were skipped because of the high computational cost and the satisfying 
GFN2-xTB results. 

3. Results and discussion 

3.1. Effect of OPC grafting on surface area 

In experimental BET surface area measurements [10], we observed 
the decrease of surface area with successive increase of OPC dosage (see 
Fig. S5). For example, we detected about 81% decrease in the surface 
area of MIL-101(Cr) when the amount of Cyanex was increased from 5 
wt% to 100 wt%. The change can be attributed to partial filling/ 
blockage of the MOF pores by the grafted OPCs as they are spatially 
hindering with their relatively long alkyl chains (see Fig. S4). According 
to our computational estimations on “single molecules” in gas phase, 
free Cyanex, HDEHP and TBP respectively occupy 237.66, 242.99 and 
245.46 cm3 mol− 1 space. When they are adsorbed onto the “MOF 
model” (235.53 cm3 mol− 1) in the configurational modes shown in 
Fig. S6, the average molar volumes of the generated OPC-MOF models 
would be respectively 451.40, 398.16 and 370.97 cm3 mol− 1. This re
flects 57–92% increase in the volume of the “MOF model” upon addition 
of each single OPC molecule and implies a decrease in the total pore 
volume of MIL-101(Cr) upon MOF modification by the OPCs. Though 
free Cyanex is smaller than HDEHP and TBP, it fills up the MOF pores 
more significantly (91.65% increase in the MOF model’s volume vs. 
69.05% for HDEHP and 57.50% for TBP). This is consistent with the BET 
results [10], showing a decrease in specific surface area (and total pore 
volume) from 3341 m2 g− 1 (1.80 cm3 g− 1) for pristine MIL-101(Cr) to 
442 m2 g− 1 (0.19 cm3 g− 1; 89% reduction), 1028 m2 g− 1 (0.47 cm3 g− 1; 
74% reduction) and 1158 m2 g− 1 (0.57 cm3 g− 1; 68% reduction) for the 
MOF loaded with 50 wt% Cyanex, HDEHP and TBP compounds, 
respectively. The reason behind these changes can be related to the 
spatial orientation of the OPCs inside the MOF pores. According to 
Fig. S6, capping of the MOF’s SBU by the OPCs adds a large volume 
inside the MOF pores. The alkyl groups of the OPCs tend to spread over 
the MOF sites or point outwards from the metal centers, blocking the 
SBU and reducing the accessible MOF surface area. 

3.2. OPC/MIL-101(Cr) interaction 

In our experimental study [10], MIL-101(Cr) was post-synthetically 
modified with OPCs in toluene. The solid materials were subsequently 
characterized in the gas phase and used for aqueous phase metal re
covery. Therefore, we modelled the functionalized MOFs in all these 
phases. Notably, optimization of the OPC-free MIL-101(Cr) model 
(shown in Fig. 1) did not converge completely in the toluene and water 
phases by being trapped in an inevitable convergence loop that could 
not be avoided by changing the optimization criteria (such as solvent 
model). To be more specific, the default convergence criteria included 
4.50 × 10-4 Hartree Bohr-1 for maximum force, 3.00 × 10-4 Hartree Bohr- 

1 for RMS force, 1.80 × 10-3 Å for maximum displacement and 1.20 ×
10-3 Å for RMS displacement. In the cases of the OPC-free model in 
toluene and water, the three RMS force, maximum displacement, and 
RMS displacement convergence criteria were met, but the change in 
maximum force did not go lower than 1.15 × 10-3 Hartree Bohr-1. The 
adsorption energies for each system were calculated as the energy 
change resulted from the addition of the two OPC and MOF model 
components to each other, meaning that the adsorption energies were 
relative energies calculated with reference to the energy of the OPC-free 
MOF model at the associated phase. For example, the adsorption Gibbs 

free energies (ΔG) were calculated as the difference between the Gibbs 
free energy of the OPC-modified MOF model (GOPC-MOF) and the Gibbs 
free energy of the two OPC (GOPC) and MOF model (GMOF) components; 
ΔG = GOPC-MOF – GOPC – GMOF. Therefore, we expect the adsorption 
energy results of every phase to be qualitatively valid regardless of 
quantitative accuracy. 

Table S4 reports thermodynamics of MOF modification by OPC in 
toluene, and Table S5 and Fig. 2 summarize the Gibbs free energy of OPC 
adsorption on MIL-101(Cr) in the three phases. Based on Table S5 and 
Fig. 2, the presence of the toluene and water solvents weakens the 
interaction of the OPCs with the MOF. Particularly, aqueous solutions 
weaken OPC interaction dramatically, and decrease TBP’s average 
adsorption Gibbs free energy from − 151.1 to − 6.9 kJ mol− 1 (see 
Table S5). Regardless of the solvent phase, Cyanex and then HDEHP 
adsorb more strongly on the SBU and TBP establishes a weaker link. This 
explains the higher loading of HDEHP onto the MOF compared to TBP 
loading (1.15 mmol g− 1 vs. 1.03 mmol g− 1 for MIL-101-T50) observed 
by thermogravimetric analysis (TGA) [10]. Notably, Cyanex loading 
could not be measured through TGA because of its continuous degra
dation [10]. Moreover, the obtained order of OPC adsorption Gibbs free 
energies implies higher stability of Cyanex (MIL-101-C50) and HDEHP- 
grafted MIL-101(Cr) (MIL-101-H50) relative to the TBP-modified MOF. 
This is in line with the amounts of leached chromium from the modified 
MOFs traced by ICP-MS (pH 1–6) and that of phosphorous at pH 5.75, in 
our experimental work [10]. 

The effect of the MIL-101(Cr) ligands on OPC adsorption was eval
uated by adding a few phenyl-containing ligands to the HDEHP-b 
configuration (as a sample structure). The optimized structure and the 
associated adsorption energies are shown in Fig. 3. As seen, the phenyl- 
containing ligands increase the electronic energy (ΔE), potential energy 
(ΔU) and enthalpy (ΔH) of OPC adsorption, negligibly. But they lower 
the entropy (ΔS) relatively significantly. Nevertheless, the entropy 
changes neutralize the increase of enthalpy, giving slightly less 

Fig. 2. Sample geometries of the OPC-grafted MIL-101(Cr) models optimized in 
the gas, toluene, and water phases. The values reported under each structure 
are the corresponding adsorption Gibbs free energies at 1 atm and 298.15 K, in 
kJ mol− 1. The purple, green, red, grey, and white balls respectively represent 
the Cr, P, O, C and H atoms. See Fig. S6 and Table S5 for the structures and 
adsorption Gibbs free energies of the other OPC/MIL-101(Cr) model 
configurations. 
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favorable adsorption (ΔG = ΔH – TΔS; T: temperature). In real MOF 
structures, the phenyl groups would be fixed in place, leading to a rigid 
structure. This can limit the changes in entropy (compared to the 
modeled structure), decreasing Gibbs free energy of adsorption. How
ever, the net changes in ΔG should not be considerable. 

To gain insight into the differences between the interaction of the 
three OPCs and the observed solvent and ligand effects, NBO analysis 
was performed on the most favorable OPC/MIL-101(Cr) adsorption 
modes in toluene (i.e., the Cyanex-a, HDEHP-b and TBP-b configura
tions), and the phenyl-containing HDEHP-b structure. Table S6 sum
marizes the most significant charge transfers between the OPCs and the 
MOF model. In this table, the higher the stabilization energy (E(2)), the 
stronger the charge transfer and the corresponding interaction. There
fore, the main interactions responsible for adsorption of the OPCs onto 
the MIL-101(Cr) structure refer to charge transfer from the lone pair (LP, 
nonbonding) orbital of the OPCs’ oxygen atoms to the anti-nonbonding 
(LP*) orbital of Cr (LP(OCr)OPC → LP*(Cr)SBU). There are four other types 
of charge transfer important in the adsorption process: 1 and 2) from the 
bonding (σ) and anti-bonding (σ*) orbitals formed between the Cr- 
binding OPC oxygen atom and the phosphorous atom of OPC to the 
LP* orbital of Cr (σ(POCr)OPC → LP*(Cr)SBU and σ*(POCr)OPC → LP* 
(Cr)SBU), 3) from the core (CR) orbital of the OPC’s Cr-bound oxygen to 
the LP* orbital of Cr (CR(OCr)OPC → LP*(Cr)SBU), and 4) from LP of the 
Cr-bound oxygen atom in OPC to the σ* orbital formed between Cr and 
the bridging oxygen (Oµ) of the SBU (LP(OCr)OPC → σ*(CrOµ)SBU). In 
other words, the main interaction controlling the MOF modification 
process by OPCs is Cr interaction with the alkyl-free oxygen atom of 
OPC. This does not mean that the interactions of the other molecular 
moieties have zero effect on the adsorption reaction, but their effects 
appear mostly as dispersion interaction with stabilization energies 
below 25 kJ mol− 1. This statement is extendable to the full MIL-101(Cr) 
structure because the NBO results of the HDEHP-b structure with several 
phenyl-containing ligands did not highlight any significant interaction 
between HDEHP and the phenyl-containing ligands. 

Furthermore, Table S6 indicates that the stability of the OPC- 
modified MIL-101(Cr) structures depends on the net stabilization en
ergy resulted from the established charge transfer processes. For TBP, 
alkylation of three oxygen atoms leaves it with just one oxygen atom for 
binding to the Cr atom of SBU, which carries less negative charge 
(-0.971693 e) compared to HDEHP (-1.087378 and − 1.069565 e) and 
Cyanex (-1.125101 and − 1.152260 e), in its MOF-free state (toluene 
phase; APT charge). Accumulation of a lower level of negative charge on 
TBP’s free oxygen weakens its ability of effective electrostatic 

interaction with the positively charged Cr atom. Consequently, TBP 
establishes charge transfer processes (interactions) like those of HDEHP 
and Cyanex, but the stabilization energies are lower in value. This im
plies that application of OPCs with more negative charge localized on 
their alkyl-free oxygens can give more stable OPC-modified MOF 
structures, and the chemistry of the OPCs’ alkyl groups just matters with 
respect to their role in re-distribution of charge in their phosphate group. 

According to the NBO results, we expect any environmental factor 
influencing the strength of the O-Cr bond between the OPCs and SBU to 
alter stability of the synthesized MOFs. The observed solvent effect roots 
in the hydrophobicity of the OPCs’ alkyl chains and hydrophilicity of 
their phosphate groups, both facilitating OPC interaction with the sol
vent molecules and weakening their interaction with the SBU. Particu
larly, hydrogen bonding between water molecules and the SBU-bound 
oxygen of TBP can weaken the O-Cr bond, leading to weakened 
adsorption and the lower structural stability of TBP-modified MIL-101 
(Cr) (MIL-101-T50) in aqueous solutions. Similarly, low pH levels can 
lead to the protonation of the most negatively charged OPC oxygen atom 
(the one linked to the SBU for TBP and the free O atom for HDEHP and 
Cyanex), weakening the OPC-SBU O-Cr bond and destabilizing the 
modified structures. 

3.3. Metal adsorption by OPC-modified MIL-101(Cr) 

The first step in modelling of metal ion recovery from aqueous so
lutions by the OPC-modified MOFs was determining the systems’ spin 
states. As aforementioned, the OPC-modified MOF model is dectet and 
each metal ion exists in its unique spin state. After evaluating all possible 
spin states, the ground spin state of every MOF-metal ion system was 
indicated and reported in Table S7. According to our evaluations, every 
system tended to be more stable at the lowest spin state combination. 
After spin state determination, the global minimum metal ion-MOF- 
nitrate-water complexes were identified (shown in Fig. 4) and thermo
dynamics of metal recovery was analysed. In the analyses, it was 
considered that larger difference in the Gibbs free energy of complex 
formation in the presence of a specific metal ion reflects higher selec
tivity towards that ion. The average complexation Gibbs free energies 
were calculated as ΔGcmx,avg = (Gtot −

∑
iniGi)/m; with ΔGcmx,avg, Gtot, 

Gi, n and m being the average complexation Gibbs free energy, the total 
Gibbs free energy of the system containing all components, the Gibbs 
free energy of isolated component i, the total number of component i 
present in the system, and the total number of ionic and molecular 
species in the system, respectively. The average complexation Gibbs free 

Fig. 3. Geometries and adsorption energies of HDEHP adsorption on the phenyl-containing and phenyl-free MIL-101(Cr) models. The purple, green, red, grey, and 
white balls respectively represent the Cr, P, O, C and H atoms. The values of ZPE-corrected electronic energy (ΔE), potential energy (ΔU), enthalpy (ΔH) and Gibbs 
free energy (ΔG) of OPC adsorption are in kJ mol− 1, while the adsorption entropy (ΔS) values are in J mol− 1. 
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Fig. 4. The global minimum structures of the OPC/MIL-101(Cr) model-metal ion (Mn+)-water-nitrate complexes obtained from GFN-xTB calculations in aqueous 
phase. The black, grey, and dark red panels respectively refer to Cyanex, HDEHP and TBP. The values written under each panel are the corresponding average 
complexation Gibbs free energies in kJ mol− 1 at 1 atm and 298.15 K. 
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energy results reported in Table S7 and Fig. 4 clearly distinguish the 
performance of the MOFs in recovery of the REEs compared to the 
divalent metal ions. They also show higher efficiency for the HDEHP 
(and then Cyanex) containing MOFs in adsorbing the REEs and divalent 
metal ions compared to the TBP-grafted MIL-101(Cr) model. This is 
consistent with the Er3+ adsorption capacities reported in our experi
mental work at pH 5.5 [10]: MIL-101-H50 (57.5 mg g− 1) > MIL-101-C50 
(48.9 mg g− 1) > MIL-101-T50 (37.2 mg g− 1). 

Furthermore, our results for all OPCs indicated that the tendency of 
the MOF in adsorptive recovery of the metal ions follows the order Er3+

> Nd3+> Gd3+ ≫ Zn2+ ≫ Co2+> Ni2+> Cu2+. In line with the obtained 
order, our experimental results of a mixture of Er3+, M2+ ions, and the 
Cyanex, HDEHP and TBP-modified samples outlined 91%, 96% and 
100% selectivity towards Er3+ and only 9%, 3% and 0% for Zn2+, 
respectively [10]. Almost no adsorption of Co2+, Ni2+ or Cu2+ was 
observed, in our experiments. Therefore, the overall computational 
order of metal adsorption and the large difference between the average 
complexation Gibbs free energies of the divalent and trivalent metals 
agree well with the experimental selectivity results. 

The computational and experimental results outline two questions: 
“Why are the OPC-modified MOFs highly selective towards REE 
adsorption?” and “How does the change of the applied OPC alter the 
selectivity results?” To answer these, we should first point out that, 

according to our experiments [10], MIL-101(Cr) cannot adsorb the REEs 
significantly meaning that the exceptional adsorption of the trivalent 
ions is a consequence of OPC grafting onto the SBUs of the framework. 
As OPCs cap the metal node (making the Cr-sites inaccessible by the 
ions), this implies that the phenyl-containing ligands of MIL-101(Cr) do 
not contribute significantly to metal recovery. The hypothesis was 
justified by adopting the HDEHP-b/MIL-101(Cr) model shown in Fig. 3 
and repeating the configurational sampling process for Er3+ recovery, as 
a sample system. Comparison of the Er3+ recovery modes of the ligand- 
free and ligand-containing models (Fig. S7) clarifies the importance of 
OPC-binding and lack of any direct interaction between the hydrated 
and nitrated metal ion and the MOF’s ligands. 

Further, as shown in Fig. 4, metal ion recovery by the MOF models 
follows two general complexation modes. In the first mode, observed for 
the HDEHP and Cyanex containing systems, the metal ion is bound to the 
Cr-free oxygen atom of the OPCs. The metal ion can be as well connected 
to the SBU’s neighboring oxygen atom or the oxygen atom of a nitrate 
anion, highlighting the importance of electrostatic interactions. As the 
REEs carry more positive charge (compared to the divalent metal ions), 
they show a higher affinity towards the negatively charged MOF atoms 
with localized electron density, facilitating charge transfer between the 
metal ion-MOF pairs. For Zn2+, its higher ionic radius and lower elec
tronegativity relative to other divalent metal ions (see Table S7) increase 

Fig. 4. (continued). 
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its tendency towards stabilization by π-bonding between the d-orbitals 
of Zn and the lone pair electrons of the bridging oxygen atoms. 

The second complexation mode is only observed for TBP/MIL-101 
(Cr). In this mode, the metal ions are complexed to a nitrate ion which 
binds to the Cr atom of the SBU far from TBP. As an interesting outcome, 
TBP cannot directly contribute to stabilization of the metal ions and the 
net metal ion-MOF binding energy increases (i.e., metal ion-MOF 
binding weakens). However, TBP can alter the extent of Er3+ recovery 
by changing the charge distribution of the SBU in MIL-101(Cr) and 
promoting the selective uptake of Er3+ from mixed solutions by MIL- 
101-T50. 

In general, the instability of TBP-SBU interaction in aqueous solu
tions (Section 3.2) and its unique metal ion binding mode diminish the 
performance of TBP/MIL-101(Cr) in metal recovery (37.2 mg g− 1 

maximum Er3+ uptake vs. 48.9 mg g− 1 for Cyanex and 57.5 mg g− 1 for 
HDEHP) [10]. The higher Er3+ uptake by HDEHP cannot be solely 
explained by the binding modes since the binding modes of HDEHP and 
Cyanex are similar. However, the binding modes and accessibility of the 
binding sites can be relevant. The decrease of the specific surface area of 
MIL-101(Cr) caused by the addition of the OPCs (see Section 3.1) can 
affect the diffusion of the REE ions and, thus, their binding to the 
adsorption sites. 

Another reason for the high selectivity of the MOFs towards REEs can 
be associated with their high polarizabilities (and charge-to-radius ra
tios) (see Table S7), facilitating their hydration and coordination with 
nitrate anions. It is evident in Fig. 4 that all metal ions are hydrated and/ 
or contain nitrate anions in their coordination shells and the water and 
nitrate molecules play a crucial role in their binding to the MOFs. 
Therefore, any future study simulating metal ion uptake and recovery 
from aqueous solutions should concern the presence of explicit water 
molecules and important ions. 

The modelling results also show higher affinity towards Er3+ from a 
solution of mixed REEs (Er3+, Gd3+ and Nd3+). This is consistent with 
the experimental distribution coefficients and separation factors re
ported in our experimental work and Table S8 [10]. However, our cal
culations fail to reproduce the higher tendency of the three OPC-grafted 
MOFs towards Gd3+ (relative to Nd3+) and consequently they cannot 
explain the 95%, 5% and 0% selectivity of the TBP-modified MOF to
wards Er3+, Gd3+ and Nd3+, respectively [10]. The reason can be related 
to the level of approximations implemented in the GFN2-xTB semi- 
empirical calculations. The studied REEs are f-elements and their f-or
bitals can contribute to their functionalities. However, GFN2-xTB cal
culations approximate the contribution of the f-orbitals as “f-in-core” 
pseudo-potentials, and utilize global empirical parameters linearly 
interpolated with nuclear charge for Nd, Gd and Er [75]. Another 
approximation that might have affected the quantitative results is the 
application of fractional orbital occupation (or the Fermi-smearing 
technique) in measuring dynamical and static electron correlation, 
decreasing the accuracy of complexation energies [78]. Therefore, we 
expect the limitation of our calculations to be resolved by performing 
higher level DFT calculations. Also, we expect that the addition of all 
mixture metal ions to the configurationally sampled system instead of 
considering one metal ion at a time can partially neutralize the effect of 
approximations on the relative energies. Furthermore, such approach 
permits studying the involved cooperative/competitive adsorption 
processes. However, both solutions increase the computational cost 
drastically and prevent intensive high-level calculations. Based on the 
results, the GFN2-xTB calculations should suffice in depicting a general 
mechanistic picture of metal recovery from aqueous solutions. 

Despite the approximations, we believe that the higher affinity of the 
MOFs towards Er3+ (and then Gd3+) is related to their specific electron 
configuration as 4f-elements. The difference in the inter-electron 
repulsion energies of 4f electrons within lanthanide series affects their 
stabilization energies and coordination chemistry [79,80]. Their coor
dination number decreases with their ionic radii from Nd3+ to Gd3+ and 
Er3+ [81,82], as their charge-to-radius ratios increase because of 

lanthanide contraction. As an outcome, the heavier REEs present a 
higher potency of uptake by the modified MOFs. 

Lastly, the experimental results demonstrated the highest selectivity 
towards heavier REEs for TBP/MIL-101 (followed by HDEHP/MIL-101) 
though its adsorption affinity is the lowest (see Table S8) [10]. The 
reason is related to the metal uptake configurations shown in Fig. 4 and 
the Hard-Soft-Acid-Base (HSAB) theory [83]. As the complexation mode 
of the REE ions relies on the bridge formed via the oxygen atoms of the 
SBU or the OPCs, the selectivity order Nd3+ < Gd3+ < Er3+ follows the 
HSAB principle – the softer the base group (HDEHP < Cyanex), the 
lower the selectivity for coordination with heavier REEs (due to an in
crease in charge density and Lewis acid strength) [84]. 

4. Conclusion 

The present computational study proposes an efficient modeling 
approach to unravel the mechanistic processes controlling highly se
lective recovery of REEs from aqueous solutions by OPC-modified MIL- 
101(Cr). Our most important findings, summarized here, will guide 
further material development and separation studies. Our DFT calcula
tions show that any environmental factor affecting the bond formed 
between the oxygen of OPC and the Cr atom of the MOF can affect the 
stability and performance of the synthesized MOF. However, the alkyl 
groups of the OPCs do not significantly affect the corresponding in
teractions, unless their nature influences the charge accumulated on the 
OPC’s oxygen atoms. As the O(OPC)-Cr(MOF) bond plays a central role 
in the chemistry of the process, further studies are encouraged to eval
uate the changes in the strength of the bond using similar computational 
methods or (a combination of) experimental spectroscopies, such as FT- 
IR, Raman and X-ray photoelectron (XPS). Our results also indicate that 
stronger adsorption of Cyanex-272 and HDEHP onto MIL-101(Cr) in
creases the stability of Cyanex-272/MIL-101(Cr) and HDEHP/MIL-101 
(Cr) relative to TBP/MIL-101(Cr). Furthermore, our modelling reveals 
that the decrease in the available surface area after grafting the OPCs 
onto MIL-101(Cr) is caused by their umbrella-like configuration inside 
the MOF pores. This can also contribute to the lower adsorption of Er3+

and slower kinetics of Cyanex-272/MIL-101 relative to HDEHP/MIL- 
101, observed in our experimental studies. We have also noticed lower 
chemical stability for TBP/MIL-101(Cr) and a rather unique metal up
take mode, leading to lower efficiency in metal recovery but remarkably 
higher selectivity towards Er3+. Moreover, we found the key binding 
mode for improved REE recovery and selectivity to be the mode in which 
the target metal ion binds to the oxygen of the OPCs. The selectivity 
principle is based on the intrinsic ionic properties of the f-elements. 
Clearly, our computational method can showcase high selectivity of the 
OPC-modified MOFs towards REEs and their low tendency towards 
divalent metal ions. However, the method can be further improved by 
including cooperative/competitive metal adsorption and higher level 
first principles calculations. Finally, as all metal ions were found hy
drated and/or coordinated to nitrate anions in the most stable Mn+/ 
MOF/nitrate/water complexes, and the coordinated water and nitrate 
molecules play a crucial role in metal ion binding to the MOFs, any 
modelling study of metal ion uptake and recovery from aqueous solu
tions should consider explicit water molecules and important 
counterions. 
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Appendix A. Supplementary data 

Details about spin state selection (Section S1; Tables S1 and S2 and 
Figs. S1-S3), the choice of the optimal computational level (Section S2; 
Table S3), optimized geometries of the organophosphorus compounds 
(OPCs) and the OPC-grafted MOF models in water, toluene and gas 
phases (Figs. S4 and S5), the grafting thermodynamics, NBO results and 
metal uptake results (Tables S4-S7 and Fig. S7) and the summary of the 
important experimental data including BET surface areas (Fig. S5), and 
metal separation factors (Table S8). All optimized structures would be 
freely provided upon request. Supplementary data to this article can be 
found online at https://doi.org/10.1016/j.cej.2022.135905. 
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