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� Molecular dynamics simulations to study the UiO-66 MOF for removing Pb2+ ions from water.
� Optimal conditions for Pb2+ removal are: low number density of particles, high metal concentration and absence of NO3

� ions.
� Strong intermolecular interaction between Pb2+ and NO3

� ions leads to a significant reduction in Pb2+ removal.
� Electrostatic interaction between O atoms and Pb2+ is the proposed adsorption mechanism.
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In this work, we use molecular dynamics simulations to investigate the viability of using the UiO-66 MOF
for the removal of lead ions, Pb2+, from water. We study the concentration of Pb(II) in water in the pres-
ence of this MOF under varying conditions of number density of particles in the system (500, 300, 74 and
20 particles), metal cation concentration (1.5 M, 3.7 M, 6 M and 55.6 M) and presence of NO3

� ions. Pb(II)
ions are observed to adsorb onto the UiO-66 framework under favorable conditions, corresponding to:
low number density of particles, high metal cation concentration and absence of NO3

� ions in the vicinity
of the MOF. According to the radial distribution functions, preferential adsorption sites for the Pb2+ in
UiO-66 correspond to the oxygen atoms forming the Zr–O–Zr bridge. This study indicates that UiO-66
could be a successful candidate for the removal of Pb(II) from water.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Heavy metals have gained increasing public and scientific
attention in recent years due to their environmental contamination
and the significant rise in human exposure (Bradl, 2005;
Tchounwou et al., 2012). Lead is a heavy metal which is toxic to
humans even at low levels of exposure (Duffus, 2002). Humans
can be exposed to lead in various ways including: inhalation of
lead-contaminated dust particles or ingestion of lead-
contaminated food, water and paints (Tchounwou et al., 2012).
However, drinking water is the main source for exposure. For
example, in the USA, 35–50% of the Pb(II) absorbed by adults is
through drinking water, and this proportion can be greater than
50% for children (Agency for Toxic Substances and Disease
Registry, 2007; Tchounwou et al., 2012). While lead is naturally
occurring, it is the anthropogenic activities, such as: burning fossil
fuels, mining and manufacturing processes, that play a role in
releasing high concentrations of the metal (Tchounwou et al.,
2012). The presence of lead in drinking water is mostly due to
the corrosion of plumbing material belonging to water systems
(Environmental Protection Agency, 2019). In humans, lead poison-
ing directly affects the nervous system and all organs in the body,
leading to anemia, renal dysfunction, heart disease and even death
(Agency for Toxic Substances and Disease Registry, 2007; Flora
et al., 2012; Harvey, 2002). Hence, the U.S. Environmental Protec-
tion Agency (U.S. EPA) (Environmental Protection Agency, 2019)
and World Health Organization (WHO) (WHO, 2008) enforced
maximum allowable concentrations of lead in drinking water of
0.015 mg/l and 0.01 mg/l, respectively. The toxic effects of Pb(II)
and its inevitable presence in drinking water call for the develop-
ment of effective techniques for its removal.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ces.2019.115396&domain=pdf
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Fig. 1. Snapshot of a simulation system at t = 0 ns, containing 37 Pb2+ ions and 74
NO3

– ions. Color code: Maroon (C in UiO-66), Red (O in UiO-66), Purple (Zr in UiO-
66), Green (H in UiO-66), Navy Blue (NO3

–), and Cyan (Pb2+). Water molecules are not
shown in the figure for clarity. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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Various methods have been used for the removal of Pb(II) from
drinking water including: adsorption, reverse osmosis, ion
exchange, membrane filtration, cementation, chemical precipita-
tion, coagulation and flocculation, flotation and electrochemical
treatment (Fu andWang, 2011; Ihsanullah et al., 2016). Adsorption
is the most commonly used method, due to its low cost and flexible
operation (Barakat, 2011; K. Wang et al., 2017). Among others,
activated carbon adsorbents are commonly used for the removal
of heavy metals from water but these are relatively expensive,
have low adsorption capacities and lack functional tunability (Fu
and Wang, 2011; K. Wang et al., 2017). There is significant interest
in the development of more economic and effective adsorbents.

Metal-organic frameworks (MOFs) are organic-inorganic hybrid
material that have emerged and attracted attention since the
1990s due to their high surface areas (up to 6500 m2/g), wide range
of pore sizes (up to 4.5 nm) and tunable functionality (Nalaparaju
and Jiang, 2012; K. Wang et al., 2017; Zhou et al., 2012); making
them versatile for diverse applications such as: gas storage
(Burrows et al., 2008; Dietzel et al., 2008; Dincă and Long, 2008;
C.-J. Li et al., 2008; K. Li et al., 2008; Murray et al., 2009), adsorption
(Lin et al., 2016; Wang et al., 2015), ion exchange (Custelcean et al.,
2007; Nalaparaju and Jiang, 2012), drug delivery (Horcajada et al.,
2006), catalysis (Farrusseng et al., 2009; Lee et al., 2009) and sens-
ing (Halder et al., 2002). Perhaps a challenge associated with using
MOFs for water treatment is their water-stability, since the struc-
ture of most MOFs is disrupted in water. The presence of many
oxygen-metal bonds can lead to the hydrolysis and irreversible loss
of the framework (Cychosz and Matzger, 2010). An example of this
is MOF-5 (Greathouse and Allendorf, 2006). However, several
water-stable MOFs have been used for the removal of heavy metal
ions from water (Barakat, 2011; Howarth et al., 2015; Jamali et al.,
2016; Ke et al., 2011; Luo et al., 2015; Qin et al., 2011; Tahmasebi
et al., 2015; Vu et al., 2015; L. Wang et al., 2017; Yee et al., 2013;
Yin et al., 2016; Zhang et al., 2016; Zou et al., 2013). Specifically,
amino-functionalized Cr-MOF (MIL-101) (Luo et al., 2015), azine-
functionalized Zn-MOF (TMU-5) (Tahmasebi et al., 2015),
zinc-based ZIF-8 (L. Wang et al., 2017), MnO2-MOF (Qin et al.,
2011), HKUST-1-MW@H3PW12O40 (Zou et al., 2013), lanthanide-
based Dy(BTC)(H2O).(DMF)1.1 (Jamali et al., 2016) and thiol-
functionalized HS-mSi@MOF-5 (Zhang et al., 2016) have been used
for the removal of Pb(II) from water, mainly via adsorption.

In recent years, zirconium-based MOFs have emerged
as having exceptional thermal and water stabilities (Cavka et al.,
2008; DeCoste et al., 2013; Liu et al., 2015). Particularly,
UiO-66, composed of Zr6O4(OH)4 clusters and terephthalate
(1,4-benzenedicarboxylate, BDC) linkers, has been used repeatedly
for water treatment (Hasan and Jhung, 2015; Howarth et al., 2015;
Khan et al., 2015; Liu et al., 2015; Seo et al., 2015; Wang et al.,
2015). Together with its stability, UiO-66 exhibits a highly porous
structure and a Langmuir surface area of 1187 m2/g, making it a
suitable candidate for water treatment (Cavka et al., 2008; Yang
et al., 2011). Despite this, very little work in literature has focused
on the removal of heavy metals from water using UiO-66. To the
best of our knowledge, only the work by Wang et al. (Wang
et al., 2015) experimentally investigated the removal of arsenate,
As(V), from water using this MOF. Chemical adsorption was the
proposed mechanism, with an adsorption capacity of 303 mg/g at
the optimal pH (Wang et al., 2015).

In this work, we present a molecular dynamics (MD) simulation
study to investigate the removal of the toxic Pb(II) from water
using the chemically stable UiO-66 MOF. To date, only few compu-
tational works have studied the removal of heavy metal ions from
water using MOFs. Nalaparaju and Jiang (2012) used MD
simulations to investigate the ion exchange process between
non-framework Na+ ions, in rho-ZMOF, and Pb2+ ions. All the Pb
(II) ions resided in the MOF at equilibrium, completely exchanging
the Na+ ions, showing a good potential for this MOF in water purifi-
cation. The nanoscopic analysis made possible by these MD simu-
lations will lead to an accurate understanding of the viability of the
removal of Pb(II) ions prior to running experiments. We study the
concentration of Pb2+ ions in water in a system containing UiO-66.
Due to the continuously changing conditions near the MOF in
water, the effect of the cation/water mixture number density,
metal cation concentration and presence of nitrate (NO3

–) ions will
be studied to identify the optimal conditions for removal. It should
be noted that our simulations present conditions in a region close
to the MOF and not those of the bulk phase. Therefore, the aim
of our work is to study the mechanism by which metal uptake
occurs (if any). Additionally, to gain an insight of the adsorption
mechanism in the MOF, radial distribution functions (RDFs) of
Pb2+ ions near the MOF atoms are plotted after equilibrium is
reached.

2. Methodology

MD simulations were performed in the NVT ensemble (constant
number of atoms, volume, and temperature) using LAMMPS
(Plimpton et al., 2007) v2.0. The Nose-Hoover thermostat was
implemented to maintain a temperature of 300 K. In our simula-
tions, periodic boundary conditions were applied in all directions
for the whole system. The simulation represents a system where
the flexible UiO-66 is placed in the water at t = 0 ns. Initially, the
Pb(II) are dispersed in water, away from the MOF. UiO-66 is mod-
elled as a cubic structure with a side length of 20.0 Å. This is placed
to the right of the simulation box having the following dimensions:
40.0 Å � 20.0 Å � 20.0 Å, as shown in Fig. 1. Water molecules are
dispersed throughout the entire simulation box.

In our work, the source of Pb(II) in water is Pb(NO3)2, which
completely dissociates into Pb2+ and NO3

– ions. These ions are ini-
tially inserted in the left side of the simulation box (away from
the MOF), as shown in Fig. 1, to create a concentration gradient
for diffusion.

The model for the UiO-66 MOF was obtained from X-ray diffrac-
tion data file, deposited in the Cambridge Crystallographic Data
Centre under code 733458 (Allen and Kennard, 1993). This struc-
ture represents the dry form of UiO-66 and is described by Cavka
et al. (2008). The bonded force field parameters for the flexible
UiO-66 framework representing bond stretching, bond bending
and torsions, were obtained from the work of Yang et al. (2011)
and are shown in Table S1 in the Supplementary Information. In
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Fig. 2. Labels for the atoms of UiO-66 corresponding to the atomic charges given in
Table 1, based on the work of Yang et al., 2011. Color code: Maroon (C in UiO-66),
Red (O in UiO-66), Purple (Zr in UiO-66) and Green (H in UiO-66). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

Table 1
Non-bonded Interactions Parameters.

Molecule/ion Atoms q (e) r (Å) e (kcal mol�1)

UiO-66 C1 0.630 3.473 0.0951
C2 �0.082
C3 �0.065
O1 �0.586 3.033 0.0957
O3 �0.992
H 0.133 2.846 0.0152
Zr 1.968 2.783 0.069

Water O �0.830 3.1507 0.1521
H 0.415 0.4000 0.0460

Pb(II) Pb2+ 2.000 3.000 0.19112
NO3

– N 0.950 3.207 0.1600
O �0.650 3.349 0.1700
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this MOF, metal-oxygen interactions were treated as covalent
bonds; bond stretches and bond bending were described by the
harmonic potential function and bond torsions were described by
the cosine potential function (shown in the Supplementary Infor-
mation). Interatomic interactions for non-metallic MOF atoms
were taken from the DREIDING force field (Mayo et al., 1990).
The UFF (Rappé et al., 1992) force field was used to represent inter-
actions of the Zirconium. All the Lennard-Jones interactions were
calculated using a cutoff radius of 14 Å. A number of simulation
studies showed that these force fields (DREIDING and UFF) can
accurately predict the diffusion and adsorption in UiO-66 for vari-
ous systems (Granato et al., 2014; Nalaparaju and Jiang, 2012;
Yang et al., 2011). The partial charges for each atom type in UiO-
66 are taken from the DFT calculations by Yang et al. (Yang et al.,
2011) with the corresponding atom types shown in Fig. 2. Similar
to the work by Kommu et al. (2016), who studied the removal of
Pb2+ ions (provided by Pb(NO3)2) from an aqueous solution using
graphene sheets: the TIP3P (Jorgensen et al., 1983) model was used
to represent non-bonded interactions of water molecules and
OPLS-aa (Jorgensen et al., 1996) force field was used for Pb2+ and
NO3

– ions. All the force field parameters used in this work are
shown in Table 1. Non-bonded interaction parameters for unlike
pairs are calculated using Lorentz-Berthelot mixing rules. The
Table 2
Case studies for stagnant solutions considered in our simulations.

Number of Pb2+ ions Number of NO3
– ions Number of H2

Case 1 250 0 250
Case 2 150 0 150
Case 3 37 0 37
Case 4 37 74 37
Case 5 10 0 10
Case 6 10 0 150
Case 7 4 8 37
Case 8 4 8 150
Case 9 10 20 150
latter have been used by previous authors, including the work of
Kommu et al. (2016) and Yang et al. (2011) who simulated the
aqueous solution and the UiO-66, respectively, using these force
fields.

Various cases are simulated in our work to study the effect of
changing the cation concentration, the number density of particles
and the presence of NO3

– ions, in a stagnant solution, on the
removal of Pb2+ ions using UiO-66. These cases are represented
in Table 2.

For each case, the corresponding Pb2+ and NO3
– ions are inserted

in the left side (x-axis) of the simulation box. Water molecules
were dispersed throughout the entire system in all the cases. An
energy minimization was performed for each case, to allow the
particles to occupy favorable positions within the system. The con-
jugate gradient minimization algorithm was used and the stopping
tolerance for energy and force were 10-10 and 10-10 kcal/mol-Å,
respectively. Consequently, MD simulations were run for 5 ns
using a timestep of 0.5 fs. System trajectories were recorded every
5 ps.

To investigate the removal of Pb2+ ions using UiO-66, the metal
ions are allowed to move freely, with no external force, throughout
the simulation box. The concentration of Pb(II) is recorded in two
regions of the simulation box: the area containing the MOF and
the other area containing only solution with no MOF (referred to
as the MOF and empty regions, respectively). These regions are
illustrated in Fig. 1.

Additionally, mean square displacements (MSD) were calcu-
lated to determine the mobility of the cations for different cases,
using Eq. (1).

MSD tð Þ ¼ 1
N

XN

i¼1

ri t þ t0ð Þ � riðt0Þj j2 ð1Þ

where N is the number ions and riðtÞ is the position of ion i at time t.
Radial distribution functions (RDF), gijðrÞ, for Pb(II) with respect

to MOF atoms were also calculated for each case to identify
preferential adsorption sites within the MOF, if any. This is given
by Eq. (2).

gij rð Þ ¼ DNijðr; r þ DrÞV
4pr2DrNiNj

ð2Þ

where r is the distance between particles i and j, DNijðr; r þ DrÞ is the
number of particles j around iwithin a shell from r to r þ Dr, V is the
system volume, Ni and Nj are the numbers of species i and j, respec-
tively. In these calculations, particle j corresponds to Pb2+ ions.

The adsorption energy, DE, between UiO-66 and adsorbate was
calculated using Eq. (3), to study the competitive adsorption
between Pb2+ ions and water molecules on the MOF.

DE ¼ EUiO�66=A � ðEUiO�66 þ EAÞ ð3Þ
where EUiO�66=A, EUiO�66 and EA is the potential energy of the
adsorbent-adsorbate system, adsorbent (UiO-66 MOF) and adsor-
bate, respectively.
O molecules Number density of mixture Metal concentration (M)

500 55.6
300 55.6
74 55.6
148 55.6
20 55.6
160 3.7
49 6.0
162 1.5
180 3.7
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3. Results and discussion

First, we observe the effect of changing some system properties
in a stagnant solution on Pb2+ concentration by viewing snapshots
of the system at different stages, studying the number of Pb2+ ions
in different regions and examining the RDF plots of each system. It
should be noted however that the number or percentage uptake of
Pb(II) ions reported for each case is only used for comparison
Fig. 3. Concentration of Pb2+ ions in the empty and MOF regions for (a) case 1, (b) case 2,
500, 300, 74 and 20 particles, respectively. Fig. 3(e) shows the percentage of Pb(II) ions a
the MSD for Pb2+ ions in cases 2 and 3.
between different conditions and is not equivalent to the removal
of Pb(II) ions from the bulk.

3.1. Effect of the number density of cation/water mixture in the
absence of NO3

– ions

To study the effect of the particles number density within the
system on the effectiveness of Pb(II) removal from water using
(c) case 3 and (d) case 5 corresponding to a cation/water mixture number density of
dsorbed onto the MOF with respect to the mixture density at equilibrium. Fig. 3(f) is



Fig. 4. Radial distribution function of Pb2+ ions around the frame work atoms for (a) case 2, (b) case 3, (c) case 5 corresponding to a system number density of 300, 74 and 20
particles, respectively, at a cation concentration of 55.6 M and (d) case 6 corresponding to a cation concentration of 3.7 M.
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UiO-66, we compare cases 1, 2, 3, and 5. These contain Pb2+ ions
and water molecules with a ratio of 1:1 (50% Pb2+ and 50% H2O),
with case 1 containing the highest number of 500 particles and
case 5 containing the lowest number corresponding to 20 particles.
Fig. 3 shows the concentration (expressed in terms of the number
of Pb2+ ions) for the four cases. It is evident from Fig. 3 that for all
the cases, the concentration of Pb2+ in the MOF region increases
rapidly, in less than 2 ps (as shown by the insets), and is higher
than that in the empty region by the end of the simulation time.
This indicates that Pb2+ ions have the affinity to adsorb onto
UiO-66 and not only diffuse due to the concentration gradient.
However, the proportion of Pb(II) adsorbed in UiO-66 is higher
for systems with lower number density of particles (Fig. 3e). For
case 1, 125 out of the 250 (50%) Pb2+ ions are in the MOF region
by 5 ns, while for cases 2, 3 and 5, 77 out of the 150 (51%), 23
out of the 37 (60%) and 4 out of the 5 (80%) Pb2+ ions are in this
region, respectively. This decrease in the uptake of Pb2+ ions with
increasing number density is due to two factors: first, the large
number of particles in cases 1 and 2 leads to the obstruction of
the diffusing Pb2+ ions preventing some ions from entering the
MOF region. Ions are freer to diffuse in the less dense systems,
cases 3 and 5. Secondly, the MOF contains a fixed number of
adsorption sites in all the cases; therefore, once these sites are
occupied by metal ions no more Pb2+ can be adsorbed. This is
validated by the insets in Fig. 3 which show the number of Pb(II)
ions in both regions at early stages. The less dense systems take
longer to reach equilibrium with more fluctuations evident in the
concentration profile. In case 1 for example, the large number of
Pb(II) ions (250 ions) means that more ions can enter the MOF
region to occupy all the available sites, no extra metal ions can
be adsorbed and the system reaches equilibrium faster than other
cases with a smaller number of Pb(II) ions (cases 2, 3 and 5). Addi-
tionally, fluctuations are due to the smaller number of particles in
the system, such as case 5, which lead to more empty space in the
simulation box, allowing molecules and ions to diffuse more freely
compared to case 2. The lower mobility of metal ions in the denser
systems is also supported by the MSD in Fig. 3f which shows that
Pb2+ ions in case 2, the denser system, have a lower MSD (~10 Å2)
than in case 3 (~40 Å2).

It is clear from the RDFs of Pb2+ ions around MOF atoms in
Fig. 4a, b and c that Pb2+ ions are more likely to be packed around
the Zr and O atoms, compared to the C and H atoms, in the MOF,
indicating the preferential adsorption sites for the metal ions in
UiO-66 are near these atoms for the three cases. This shows that
electrostatic interactions between Pb2+ ions and O atoms is the
most probable adsorption mechanism taking place within UiO-
66. In UiO-66 there are two types of Zr-O bonds: (1) the Zr–O–Zr
bridge found between Zr centers in the cluster and (2) the Zr-O-C
link bonding the metal cluster to the BDC linker (oxygen atoms
in these linkages are shown as O3 and O1 in Fig. 2, respectively).



Fig. 5. Concentration of Pb2+ ions in the empty and MOF regions for (a) case 1, (b) case 2, (b) case 3 and (c) case 5 corresponding to a cation/water mixture number density of
500, 300, 74 and 20 particles, respectively, in the absence of Coulombic interactions.
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Therefore, according to the RDF plots, Pb2+ particularly prefer to
adsorb near the O atoms forming the Zr–O–Zr bridge, i.e. O3.

Table 1 shows that O3 is more negatively charged than O1, and
is the most negatively charged atom in UiO-66, confirming that
electrostatic interactions are responsible for this adsorptive
removal of Pb(II). These preferential adsorption sites are also evi-
dent in the distribution map for the atoms/ions in case 5 at 5 ns,
shown in Figure S1 in the Supplementary Information.

Additionally, to further validate the contribution of electrostatic
interactions to this adsorption, we switched off the long-range
Coulombic interactions in our simulations. As shown by Fig. 5, of
all the Pb(II) ions in each case, only 37% (93 out of 250), 38% (57
out of 150), 56% (21 out of 37) and 72% (7.2 out of 10) on average
are in the MOF region for cases 1, 2, 3 and 5, respectively. These are
25.4%, 23.6%, 9.1% and 12.5% less ions in the MOF region, respec-
tively, than in the presence of Coulombic interactions (Fig. 3). Addi-
tionally, more fluctuations are evident in Fig. 5 indicating that not
all the ions in the MOF region are adsorbed but are free to move
between the two regions. This supports our hypothesis that
electrostatic interactions considerably contribute to the adsorption
mechanism of Pb2+ ions on UiO-66.

Snapshots of the simulation system for case 3 are shown in
Fig. 6. Initially, at t = 0 ns, Pb2+ ions reside in solution away from
the UiO-66 framework (Fig. 6a). Once the simulation starts, Pb2+

ions rapidly diffuse into the MOF region and 59% of the metal ions
are in this region by t = 2.5 ns (shown in Fig. 6b). Once in the
framework, Pb2+ ions prefer being adsorbed without leaving the
MOF region. This is evident in Fig. 6c which shows that the same
Pb2+ ions (with the same particle IDs as those in Fig. 6b) are
adsorbed at the same sites in UiO-66 by t = 5 ns. It should be noted
that, after investigating the individual particle trajectories of the
Pb2+ ions, all the metal cations in the MOF region are adsorbed
and are not only in dynamic equilibrium, making the process
strictly one-directional.
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Therefore, the number of metal ions in the MOF region is equiv-
alent to the number of ions adsorbed in UiO-66. Simulations of
cases 1, 2, 5 and 6 (containing no NO3

– ions) exhibit a similar
process to that shown in Fig. 6.

In water-mediated systems, such as the ones simulated, water
molecules are expected to adsorb on the UiO-66 framework
forming hydrogen bonds with the oxygen atoms in the MOF
(Phang et al., 2015). However, Fig. 7 shows that the adsorption
energy of one Pb2+ ion on UiO-66 is �3610 kJ/mol which is
less than that of one water molecule adsorbing on the MOF
(�343 kJ/mol). This indicates that Pb2+ has a stronger interaction
with the framework and adsorbs more strongly than water. The
more negative value in Fig. 7 shows that the Pb2+ adsorption on
UiO-66 is thermodynamically more favorable than that of water
molecules, probably due to the positive charge of this metal ion.
A similar result was obtained for the adsorption of more Pb(II) ions
on UiO-66 (shown in Figure S1 in the Supplementary Information).
Therefore, from an energy point of view, water molecules do not
compete with Pb2+ ions for adsorption sites on UiO-66.
(b) t = 2.5 ns

(c) t = 5.0 ns

Fig. 6. Snapshots of the simulation system for case 3 at: (a) t = 0 ns, (b) t = 2.5 ns
and (c) t = 5.0 ns. Color code: Maroon (C in UiO-66), Red (O in UiO-66), Purple (Zr in
UiO-66), Green (H in UiO-66), Gray (NO3

�), and Cyan (Pb2
+). Labels 1 to 8 indicate the

particle ID of some Pb2+ ions in the MOF region. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article.)
3.2. Effect of cation concentration in the absence of NO3
– ions

The solutions represented by cases 5 and 6 contain a Pb(II)
concentration corresponding to 55.6 M and 3.7 M, respectively.
These Pb(II) concentrations are significantly higher than those
found in drinking water, which is less than 2.42 � 10�8 M in the
US (US Department of Health and Human Services, 2016) for exam-
ple. But these case studies represent the high concentration of the
metal found in the vicinity of the MOF in solution. A comparison of
Pb2+ concentration in the empty and MOF regions for these two
cases is shown in Fig. 8.

The Pb2+ concentration is higher in the MOF region than the
empty one, for both cases, indicating the successful removal of
these metal ions using UiO-66. However, the solution containing
55.6 M of Pb(II) (case 5) resulted in a higher removal of Pb2+ ions
of 80% compared to 60% for case 6, by 5 ns (Fig. 8c). In the less con-
centrated solution, Pb(II) ions are surrounded by more water
molecules. These hinder the diffusion of Pb(II) towards the MOF
in case 6, leading to a lower uptake of the metal. As mentioned
previously, less dense systems show more fluctuations in the
concentration profile of Pb(II) ions, take longer to reach equilib-
rium but eventually lead to a higher uptake of Pb(II) ions by the
MOF. The RDFs for Pb(II) around UiO-66 atoms shown in Fig. 4c
and d, for cases 5 and 6, respectively, indicate that Pb2+ ions
preferentially adsorb onto the O atoms in UiO-66, as discussed
previously in section 3.1.
3.3. Effect of the presence of NO3
– ions

Nitrate ions in the vicinity of the MOF will affect Pb(II) removal
using UiO-66 due to the intermolecular forces between the Pb2+

and NO3
– ions. This is studied by comparing Pb2+ concentration in

the empty and MOF regions for cases 3 and 4, corresponding to a
cation concentration of 55.6 M, as shown in Fig. 9.

The presence of NO3
– ions in the system leads to a 95% decrease

in Pb(II) removal, leaving almost all the metal ions in the empty
region of the simulation box. This is due to the intermolecular
interaction between the cation (Pb2+) and the anion (NO3

–), which
is stronger than that between UiO-66 and Pb2+ ions. This strong
interaction is also evident in Fig. 10 which shows that in the
presence of NO3

– ions, case 4, very few Pb2+ ions (orange) are in
the MOF region and are closely positioned to the anions (red and
maroon) in the empty region. Hence, an external force may be
required to facilitate the interaction between the metal ions and
UiO-66, leading to their removal.
3.4. Effect of cation concentration in the presence of NO3
– ions

The solutions represented by cases 7, 8 and 9 contain NO3
– ions

and a Pb(II) concentration corresponding to 6 M, 1.5 M and 3.7 M,
respectively. As mentioned earlier, these Pb(II) concentrations are
significantly higher than those found in drinking water and
represent the high concentration of the metal found near the
MOF in solution. Fig. 11 shows a comparison of Pb2+ ions concen-
tration in the empty and MOF regions for cases 7, 8 and 9.

As expected from the previous section, the presence of NO3
– ions

causes most of the Pb2+ ions to remain in the empty region for all
the cases in Fig. 11. Changing the metal cation concentration led to
no change in the observed behavior with 75%, 75% and 70% of Pb(II)
remaining in the empty region for cases 7, 8 and 9, respectively



Fig. 8. Concentration of Pb2+ ions in the empty and MOF regions for (a) case 5 and (b) case 6 corresponding to a cation concentration of 55 M and 3.7 M, respectively. Fig. 8(c)
shows the percentage of Pb(II) ions adsorbed with respect to the cation concentration in the system at equilibrium.
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Fig. 7. Energy-level diagram of the adsorption of Pb(II) ions and water molecules on UiO-66. The adsorption energy of one water molecule (orange) on the framework (blue) is
�343 kJ/mol and that of one Pb(II) ion (red) on the MOF is �3610 kJ/mol. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 9. Concentration of Pb2+ ions in the empty and MOF regions for (a) case 3 and (b) case 4 in the absence and presence of nitrate ions, respectively. Fig. 8(c) shows the
percentage of Pb(II) ions adsorbed for the two cases after equilibrium is reached.
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(Fig. 11d). The distribution maps for these three cases are shown in
Figure S1 in the Supplementary Information.
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ig. 10. Distribution map of the atoms/ions in (a) case 3 (no NO3
–) and (b) case 4

ith NO3
–), at 5 ns. The color bar indicates the color corresponding to each ‘particle

pe’. The nine ‘particle types’ in the system are: 1 – Carbon (UiO-66), 2 – Oxygen
iO-66), 3 – Zirconium (UiO-66), 4 – Hydrogen (UiO-66), 5 – Oxygen (water), 6 –
ydrogen (water), 7 – Lead ion, 8 – Nitrogen (NO3

–) and 9 – Oxygen (NO3
–).
4. Conclusions

We studied the removal of Pb2+ ions using UiO-66 using molec-
ular dynamics simulations. The results for stagnant solutions sug-
gest that this removal is probably successful under favorable
conditions. The optimal conditions for Pb2+ removal using UiO-66
are: low number density of particles in the system, high metal con-
centration and absence of NO3

– ions in the vicinity of the MOF. The
large number of particles surrounding Pb(II) in a high number den-
sity system hinder the metal ions’ diffusion towards the MOF lead-
ing to a lower uptake. The high metal concentration in these
simulations is representative of a large number of Pb2+ ions near
the MOF in solution.

The proposed adsorption mechanism taking place is electro-
static interaction between the oxygen atoms in the Zr–O–Zr bridge
and Pb(II). This is facilitated by the oxygen atom having the most
negative charge in UiO-66. Also, the Pb2+ ions’ adsorption on
UiO-66 is thermodynamically more favorable than that of water
molecules so that the metal ions can occupy these sites without
competition from water molecules.

Additionally, NO3
– ions near the MOF lead to a reduced uptake of

Pb2+ ions by UiO-66 regardless of the metal concentration. How-
ever, the number of NO3

– ions around the MOF cannot be experi-
mentally controlled for a stagnant solution. Future work could
investigate the addition of an external force to facilitate the
F
(w
ty
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H



Fig. 11. Concentration of Pb2+ ions in the empty and MOF regions for (a) case 7, (b) case 8 and (c) case 9 corresponding to a cation concentration of 6 M, 1.5 M and 3.7 M,
respectively. Fig. 11(d) shows the percentage of Pb(II) ions adsorbed on the MOF as a function of metal cation concentration for these cases.
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removal of Pb2+ ions by UiO-66 in the presence these anions. Even
though these results require experimental validation, they indicate
that UiO-66 can successfully remove Pb(II) from water and provide
insightful information on the mechanism taking place.
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