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Herein, we constructed defective UiO-66 with rich Zr vacancy structure model, in which the defective
structure was verified by various characterizations. Also, the Pb adsorption experiments affirmed that
defective Ui0-66 could display better adsorption and selective adsorption ability than that of perfect UiO-
66. The results of partial density of states (PDOS) and Mulliken charge population indicated that the blue
shift of O 2p and Zr 4d orbit induced the electron rearrangement of atoms closed to the bonding sites,

Keywords: while the positive charge number of Zr atoms decreased than before. Combining with the expansion of

Selective adsorption pore size, Pb atom was more inclined to transfer and bond with unsaturated coordination oxygens. More

Heavy metal significantly, quantitative structure-activity relationships (QSARs) demonstrated that selective capture of

B?SSétg’ functional theory Pb instead of Zn, Cu, Cd and Hg displayed by defective UiO-66 was determined jointly by bond strength,
i0-

adsorption energy and electron transfer. This work provided some theoretical direction for the purpose

Zr vacancies

of the fabrication of adsorbent and the investigation of mechanism.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Heavy metal ions, as the common pollutants with ultra-high
toxicities [1,2], had long been known to the public and extensively
existed in the living environment up to this day, resulting in that
exploring the removal technologies of heavy metal ions still was a
hot study today [3,4]. Adsorption, especially selective adsorption,
was a recognized green and facile elimination approach toward
heavy metal ions, profiting from that (i) avoid the interference of
other components on the adsorption of target ions [5,6]; (ii) re-
cover high value-added heavy metal ions like Ag, Au, Pt [7,8]; (iii)
one-time elimination without any intermediate products and en-
ergy input [9,10]. Based on the above superiorities, adsorbents with
the abilities of selective sorption were qualified to be the favored
environmental functional materials, which could accomplish sus-
tainable development [11].

Our previous study first reported hierarchical porous Zr-MOFs
(NH,-UiO-66) with metal vacancies via the modulation of seignette
salt, which achieved a breakthrough in selective adsorption capac-
ities from nearly zero to close two hundreds (mg/g) toward lead
(Pb(II)) [12]. Pb(II), as one of the most common heavy metal ions,
could be detected in various metal smelting wastewater [13,14],
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which displayed significant risks to human health due to the in-
herent toxic for brain tissue, the nervous system and the reproduc-
tive system [15]. Therefore, abundant studies selected Pb(Il) as the
target pollutant. We thought that the selective adsorption mecha-
nism insights were not enough from an objective point of view. Be-
yond that, it was worth noting that most of current studies about
selective adsorption utilized adsorption energy and/or distribution
coefficient to explain selective removal mechanism [16-18], which
could only explain the reason of selective sorption to some ex-
tent. In fact, developing and deepening the cognition of selective
adsorption mechanism was of great significance for fabrication of
efficient adsorbents with adsorption ability in the future.

It was well known that chemical adsorption generally accom-
panied electron transfer and the formation of new chemical bond
[19], in which both the quantity of charge transfer and bond
strength between adsorbents and adsorbates were all deemed as
significant factors during the selective sorption process. Density
functional theory (DFT) calculations had been widely used in re-
lated studies including but not limited to the environmental re-
mediation fields [20,21]. DFT calculations could assist researchers
to investigate and solve some difficult problems that could not be
explained by experimental approaches [22-25]. Thus, to further
deepen and enrich the relevant mechanism of selective sorption,
we constructed hierarchical porous UiO-66 model with metal va-
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Fig. 1. (a) Schematic diagram comparing the unit cell structures of perfect UiO-66 and defective Ui0-66 with Zr vacancies. (b) The p-band and d-band center of perfect
Ui0-66 and defective UiO-66. (c) The Bader charge of different Zr and O atoms in perfect UiO-66 and defective Ui0-66.

cancies using Materials Studio based on our previous study [12], in
which the defective structure was confirmed by X-ray photoelec-
tron spectrometry (XPS), electron paramagnetic resonance (EPR)
and thermogravimetric analyses (TGA) analyses. Adsorption energy,
electron density, density of states (DOS), electron density differ-
ence and molecular orbital theory were adopted to explain the
enhancement reason of Pb sorption capacity of defective UiO-66.
Moreover, we utilized crystal orbital Hamilton population (COHP),
partial density of states (PDOS), electron density difference and
Mulliken population to explore selective Pb adsorption mechanism
of defective Ui0-66, which was also verified by selective adsorp-
tion experiment. The quantitative structure-activity relationships
(QSARs) confirmed that the adsorption abilities of defective UiO-66
toward different heavy metals were closely related to the strength
of formation bond and the electron transfer. As the rare case of ex-
ploring selective adsorption mechanism on a theoretical level, this
work offered the insight and guidance for researchers into the mu-
tual corroboration between theories and experiments.

All calculation models were constructed by using Materials
Studio 2020 [26]. The exchange-correlation interactions were de-
scribed by the generalized gradient approximation (GGA) with the
Perdew-Burke-Ernzerhof (PBE) functional [27]. The energy cutoff
was set as 450eV (Fig. S1 in Supporting information) and the k-
point was 1x 1x 1. The convergence standards for optimizing
crystal geometry were that: (i) The energy tolerance was 2.0 x
10-% eV/atom; (ii) The maximum force tolerance was 0.04eV/A;
(iii) The maximum stress tolerance was 0.1 GPa; (iv) The maximum
displacement tolerance was 0.002 A. The DOS and electron den-
sity were used to analyze the electronic structure of perfect UiO-
66 and defective UiO-66. Adsorption energy, PDOS, electron den-
sity difference and Mulliken charge population were performed to
investigate the interaction between adsorbent and heavy metals.
COHP calculations and Mulliken bond population were integrated
to characterize the strength of Zr-O-metal bonds. The calculation
of COHP was performed in DMol? module, and other items were all
operated in Cambridge Sequential Total Energy Package (CASTEP)
module.

Referred to the previous study [18], the unit cell of Ui0-66 and
defective UiO-66 with linkers missing and partial Zr missing were
established using unit cell of Ui0-66 (CCDC No. 733458) [12], as
well as combined with the characterization results of XPS, EPR and
TGA. In this work, the atom number of defective UiO-66 was 167.
The different heavy metal adsorption models were formed and dis-
cussed. The adsorption energy (E,45) between adsorbent and tar-
get heavy metals were calculated as E,qs= Eaqjsub — Ead — Esub [28],
where E,qjsup, Eag» and Egy, were the total energies of the opti-
mized adsorbate/substrate system, the adsorbate in the gas phase,
and the clean substrate, respectively.

Fig. 1a demonstrated that perfect UiO-66 unit cell was con-
structed by Zr-O cluster (ZrgOg) and terephthalic acid, in which
one Zr-O cluster bridged twelve BDC linkers [29,30]. Compared
with perfect UiO-66 unit cell, defective UiO-66 structure model
displayed rich defective sites, which were derived from ligand
missing and partial Zr in Zr-O cluster missing. The corresponding
fabrication methods were displayed in Section S1 (Supporting in-
formation). In addition, the powder X-ray diffraction (PXRD) and
scanning electron microscope (SEM) confirmed the successful fab-
rication of adsorbents (Figs. S2 and S3 in Supporting information),
in which the defective structure was confirmed by XPS, EPR and
TGA analyses (Figs. S4 and S5 in Supporting information). Well
known, the distribution of sorption sites and pore structure of ad-
sorbents were two key influence factors during the adsorption pro-
cess [31,32]. Previous studies had reported that perfect UiO-66 dis-
played unsatisfactory sorption performances toward cationic heavy
metal ions due to the pore diameter and saturated coordination
environment [12,29]. Take Pb(Il) as the example, the ionic radius
and hydration radius of Pb(Il) could respectively reach 1.19A and
4,014, signifying that the Pb(Il) migration process from outside
to active sites was difficult in aqueous solution (Table S1 and Fig.
S6 in Supporting information). However, defective UiO-66 structure
could open the pore and expose the unsaturated coordination sites
[32-34], which was in favor to perform adsorption process (Fig. S7
in Supporting information). The corresponding Pb(II) capture ex-
periments indicated that defective UiO-66 exhibited superior ad-
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Fig. 2. (a) Different Pb adsorption models and corresponding adsorption energy. (b) The density of states of O 2p orbital analyses before and after Pb adsorption. (c) Electron
density difference of Pb adsorption in different models and their corresponding charge transfer. Pale pink and pale blue electronic cloud density represented electron

accumulation and electron dissipation, respectively.

sorption capacity and rate to perfect UiO-66 (Tables S2, S3 and Fig.
S8 in Supporting information).

The electronic distribution near Fermi level (Eg) could offer help
to understand the electronic properties of perfect and defective
Ui0-66 [35]. The calculation results of DOS (Fig. S9 in Supporting
information) showed that the major electronic distribution near Eg
were attributed to the contribution of O atom and Zr atom for
both perfect Ui0-66 and defective UiO-66 (Fig. S9a), in which the
O 2p states and Zr 4d states were located in electron occupied area
and unoccupied area, respectively (Figs. S9b and c). Interestingly, a
blue shift happened to the E—Ep of defective UiO-66, indicating
that the level position of band center might move down [36,37].
As expected, the energy level of both p-band center and d-band
center demonstrated a significant decline after defective modula-
tion (Fig. 1b), signifying that more electrons would be filled in O
and Zr orbits, which was in agreement with the results of charge
distribution (Fig. 1c). Take a Zr-O cluster with partial Zr missing
as the example, the values of charge of all bridging oxygen atoms
turned more negative than those of perfect Zr-O cluster and the
coordination number became from 3 to 2, which was in favor to
form chemical bond with cationic targets. Moreover, the decrease
in the values of positive charge on Zr atoms provided favorable
conditions for the adsorption of cationic pollutants due to that the
repulsive forces turned weak between Zr atoms and adsorbed sub-
stance. Based on the above results, defective UiO-66 with partial Zr
missing and linker missing could reach effective adsorption toward
cationic pollutants.

The calculations of adsorption energy could help to estimate
whether the sorption behavior could be spontaneous process [38].
Pb with the positive charge preferred to bonding with oxygen
atoms due to the electrostatic interaction, and the coordination
modes could be change when Pb located at different sorption sites.
Thus, all the possible Pb sorption models were constructed and
displayed in Fig. 2a, including bidentate coordination (Model 1),
tridentate coordination (Model 2) and tetradentate coordination
(Model 3). The calculation results showed that all adsorption en-
ergy values of the coordination modes were negative, confirming
that the Pb sorption behavior was spontaneous. In addition, it was
worth noting that the adsorption energy value was the smallest
when three bridging oxygens and one carboxyl oxygen coordinated
with Pb, illustrating that this coordination mode (Model 3) was the
easiest formation and most stable compared with other coordina-
tion modes, which could be also certified by results of bond order
and bond length. As demonstrated in Fig. S10 and Table S4 (Sup-
porting information), the bond order values of all chemical bonds

less than 0.20, illustrating that the composition of ionic bond was
dominant [39]. Furthermore, the highest bond order and the short-
est bond length signified Model 3 was the most stable coordination
structure.

To further investigate sorption mechanism from the point of
view of electron transfer, the electron density difference, Mulliken
charge population and partial density of state (PDOS) were per-
formed to explain the electron transfer between defective UiO-66
and Pb [40,41]. The results of PDOS (Fig. 2b and Fig. S11 in Sup-
porting information) displayed that the distinct changes happened
to O 2p orbit of defective UiO-66 before and after Pb adsorption.
The area above the Fermi level (electron unoccupied orbits) oc-
curred obvious bule shift, indicating that the additional electrons
from Pb atom filled into the unoccupied orbits, further leading to
that the number of unoccupied orbits became less. Corresponding
to the above conclusion, the area below the Fermi level (electron
occupied orbits) after Pb capture turned larger than that of de-
fective Ui0-66, demonstrating that electrons had been transferred
from Pb to defective UiO-66. More interestingly, the area of elec-
tron occupied orbits in Model 3 increased the most, indicating that
Model 3 might possess the largest number of charge transfer. Sub-
sequently, the electron density difference on different models (Fig.
2c) showed that the electron cloud overlap appeared near sorp-
tion sites, in which the accumulation of electrons happened around
oxygen atoms, while the Pb atom presented electrons depletion.
Mulliken charges were used to assign to the structure (Table S5 in
Supporting information), in which the Mulliken charge of Pb atom
increased to 1.16 e for Model 3. Accordingly, the charges of four O
atoms bonded by Pb atom increased from —0.55, —0.71, —0.66 and
—0.68 to —0.63, —0.85, —0.73 and —0.77, respectively. In addition,
it could be observed that the more electrons were transferred, the
stronger the adsorption capacity. The above results indicated that
the Pb adsorption process over defective Ui0-66 was a chemical
adsorption with electron transfer rather than a simple physical ad-
sorption, which was also confirmed by the results of XPS analyses
(Fig. S12 in Supporting information).

Various other heavy metal atoms like zinc (Zn), cadmium (Cd),
cuprum (Cu) and mercury (Hg) were selected to explore selective
removal mechanism at the molecule level with the aid DFT cal-
culations. Fig. 3a displayed that the corresponding adsorption en-
ergy under the same coordination model followed the order Pb
(=5.39eV) > Cu (—3.84eV) > Zn (—2.28eV) > Cd (—1.78eV) > Hg
(—0.48eV), in which defective UiO-66 displayed lower adsorption
energy toward Pb than those of other heavy metals. The result il-
lustrated that defective UiO-66 might possess priority capture abil-
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Fig. 3. (a) The adsorption energies and (b) -COHP between defective UiO-66 and different heavy metals. (c) The linear relationship of COHP and bond order on adsorption
energies over different adsorption models. (d) Electron density difference of different heavy metal adsorption in defective UiO-66 and the corresponding amount of charge
transfer. Pale pink and pale blue electronic cloud density represented electron accumulation and electron dissipation, respectively. (e) The influence of charge transfer on

adsorption energies over different various heavy metal adsorption models.

ity toward Pb in a solution mixed with multiple cationic heavy
metals, which was also in agreement with the results of experi-
ments (Fig. S13 in Supporting information). The COHP curves be-
tween metal and O atoms (metal-O bond), composing of positive
area (represented bonding components) and negative area (repre-
sented antibonding components), were adopted to characterize the
strength of metal-O bonds [42,43]. As demonstrated in Fig. 3b, the
bond strength formed between Pb and unsaturated coordinated
oxygen was calculated to be the strongest, indicating that anti-
bonding orbitals were filled with the fewest electrons. The results
of established QSARs exhibited (Fig. 3c) that the bond strength was
one significant factor, which determined the adsorption capacity
toward different heavy metals. Based on the adsorption models,
electron density difference calculations were performed to con-
firm the amount of charge transfer. It was worth noting that the
number of charge transfer from Cu, Zn, Cd and Hg to defective
Ui0-66 were 0.73, 0.84, 0.78 and 0.43 e, which were much lower
than that of defective Ui0-66-Pb model (Fig. 3d). Well-known that
the number of charge transfers could be used to assess the in-
teraction between adsorbent and heavy metal. Fig. 3e displayed
the well-fitted and positive linear relationships of adsorption en-
ergy and the amount of charge transfer, demonstrating that the
greater the number of charge transfer, the stronger the interac-
tion force between adsorbent and adsorbate. Based on the above
analyses results, the heavy metal ions priority capture mechanism
was proposed: (i) The more negative adsorption energy between
adsorbent and heavy metal indicated that the target heavy metal
could more easily be captured. (ii) The amount of charge trans-

fer determined the strength of the interaction between adsorbent
and adsorbate. (iii) The greater the interaction force between ad-
sorbent and adsorbate demonstrated the greater the bond order,
also indicating that the antibonding orbitals are less filled with
electrons.

In conclusion, this study integrated density functional theoret-
ical calculations and molecular orbital theory to investigate heavy
metals adsorption and selective capture mechanism on defective
Ui0-66 with rich Zr vacancy structure model. Employing molecu-
lar orbital theory analyzed the results of PDOS and Mulliken charge
population, confirming that the defective structure modulated O
2p orbit and Zr 4d orbit, further leading to that unsaturated co-
ordination sites possessed more negative charge to attract cationic
heavy metals due to reconstruction of electronic structure. More
importantly, the results of established QSARs displayed that se-
lective capture ability was determined jointly by multiple factors
like adsorption energy, the capacity of electron transfer and forma-
tion bond strength. As the rare case to explore selective adsorption
mechanism in depth via density functional theoretical calculations,
this work offered the theoretical direction at a deeper level than
before for the purpose of the fabrication of adsorbent and the in-
vestigation of mechanism.
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