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Atmospheric mixing particles play a significant role in the ecosystem but is poorly quantified for the effect

on climate and air quality, especially for the mixing of sand dust (mineral particles) and anthropogenic

pollution (heavy metals) over East Asia. Hence, by combining molecular dynamics (MD) simulations and

density functional theory (DFT) calculations, we investigated the mixing mechanisms of typical Pb

nanoparticles (PbO, PbSO4, PbCO3, PbCl2 and PbS) with sand and dust (SD) particles (Al2O3) in the

atmosphere. Our MD simulations show that five target Pb nanoparticles get rapidly mixed with Al2O3 and

are then retained on the surface, with three interfacial patterns of monodentate, bidentate and tridentate

modes according to the interaction form of Pb atoms with Al2O3. Further DFT calculations reveal that the

mixing ability of the oxygenated Pb nanoparticles with Al2O3 depends on the distances of Pb nanoparticles

with the Al2O3 surface and the lengths of short hydrogen bonds; however, for non-oxygenated Pb

nanoparticles, it is relevant to the length of long hydrogen bonds. Chemical bonding analyses show that

after mixing, the interaction strength of Pb particles with Al2O3 follows the order of tridentate > bidentate

> monodentate modes. The diffusion coefficients of mixed Pb nanoparticles are significantly lower than

those of the unmixed Pb particles, resulting in stabilization, and the mixed oxygenated Pb nanoparticles are

more stable than non-oxygenated Pb nanoparticles. Our results highlight the important role of SD particles

in the capture and restriction of Pb nanoparticles and the necessity to account for the potential transport

route of Pb nanoparticles with SD particles.

1. Introduction

The major cities in Northern China have been frequently
struck by sand and dust (SD) storms,1–3 and especially the

most intense and widespread SD storm appeared on March
14–15, 2021 in the past decade. This SD storm event resulted
in a significant enhancement in the maximum concentration
of particulate matter with diameters <10 μm, reaching 3600
μg m−3 in Beijing.1 Approximately 800 million tons of sand
was turned into airborne aerosols from Northern China,
which is one of the major sources of SD in East Asia.1,4,5 The
SD particles affected and altered the air quality by providing
the reaction interfaces for anthropogenic pollutants,6–17

human health was affected through the attack on the
respiratory system,18–20 and the climate and weather systems
were impacted by changing the radiation balance.21–24 More
importantly, the SD particles mixed with the anthropogenic
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Environmental significance

Approximately 800 million tons of sands turn to airborne aerosols from Northern China, which is one of the major sources of sand and dust (SD) in East
Asia. Atmospheric nanoparticle mixing state, such as SD particles mixing with heavy metal (Pb), plays a significant effect on air quality and human health.
From combined molecular dynamics and density functional theory, we show the mixing mechanisms of Pb nanoparticles with Al2O3, including uptake
processes, interfacial structures, and influences of interaction patterns on the mechanisms. Our work reveals that Pb nanoparticles are substantially
restricted on Al2O3 and highlights the necessity to account for the potential transport route of Pb nanoparticles with SD particles.
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pollutants,22,25–30 such as heavy metals, organic and
inorganic compounds, and biomaterials were transported to
the areas without SD storms,31,32 leading to a wide-ranging
risk to the environment.

Atmospheric heavy metals are important anthropogenic
pollutants, which are unequivocally associated with increased
cardiovascular and respiratory diseases and increased risk of
cancer.33–36 Lead (Pb), as a highly toxic heavy metal, is emitted
into the atmosphere from coal combustion, industrial activities,
waste incineration, non-ferrous metal mining, and
smelting.29,37–40 Some previous field studies have revealed that
SD particles are mixed with the anthropogenic Pb to form
atmospheric particle-bound Pb along the transport pathways of
SD storms, leading to a high concentration of Pb during the SD
storm period.41–48 Atmospheric particle-bound Pb is inhaled into
and accumulated in the human body, causing potential adverse
effects on human health.49,50 They also act as cloud
condensation nuclei and ice condensation nuclei to affect the
global radiation balance.27,28,51 Hence, besides the estimation of
the amount of particle-bound Pb ingested, it is also essential to
systematically study the formation mechanism of atmospheric
particle-bound Pb and its impact on the environment.

In the atmosphere, field measurements have observed five
main particle forms of element Pb, including lead oxides
(PbO), sulfates (PbSO4), carbonates (PbCO3), chloride (PbCl2),
and sulfides (PbS), which are mainly discharged into the
environment from mining activity, coal combustion, and
smelting.52–57 Falgayrac et al. found that the heterogeneous
reactions of PbSO4 on calcite surfaces produced
Pb3(CO3)2(OH)2 and PbCO3 on calcite surfaces using Raman
microimaging.58,59 At low relative humidity (RH), there is only
external mixing of PbSO4 and CaCO3 rather than any internal
mixing. However, Ishizaka et al.60 have shown that different
products from the reactions of PbSO4 on calcite surfaces were
obtained after the long reaction time using X-ray absorption.
Hence, the heterogeneous formation mechanisms of particle-
bound Pb from SD particles with five main Pb particle forms
remain unclear.

Hence, the mixing mechanisms of the five Pb
nanoparticles with SD particles were investigated using
theoretical approaches. Herein, γ-Al2O3(110), as a reactive
crystalline form of alumina (Al2O3) with high surface
area,61–64 was chosen as the model of Al2O3 because Al2O3

is a type of major SD particle in the atmosphere.65 The
uptake process of each Pb nanoparticle with Al2O3 was
simulated by molecular dynamics (MD) simulation, and the
patterns of the SD-bound Pb nanoparticles were identified.
The patterns for the SD-bound Pb nanoparticles were then
constructed using the density functional theory (DFT), and
their chemical properties were analyzed. Combining the two
approaches mentioned above, the mixing mechanisms of
five Pb nanoparticles with Al2O3 were established. Diffusion
coefficients of five Pb nanoparticles were calculated to
reveal the mobility of five Pb nanoparticles with and
without Al2O3 and to evaluate the implications of the
transport for Pb nanoparticles.

2. Methods
2.1 Molecular dynamics simulations

All classical MD simulations were performed using the large-
scale atomic/molecular massively parallel simulator
(LAMMPS) simulation package.66 A (25 × 25) γ-Al2O3 (110)
model with eight layers of atoms was constructed, and for
convenience, this model was denoted as Al2O3. To simulate
the real surface state of γ-Al2O3 (110) under ambient
atmospheric conditions, the top and bottom of the Al2O3

surface were hydroxylated in periodic simulations. Five target
Pb nanoparticles, including PbS, PbCl2, PbO, PbCO3, and
PbSO4 nanoparticles, were constructed with 16 molecules for
each Pb nanoparticle, and the volume of all Pb nanoparticles
are almost 1 nm3. The total size of the simulation box in each
mixing system was approximately 214 × 205 × 210 Å3. As
discussed in the ESI,† for each mixing system, four Pb
nanoparticles were placed into the simulation box along with
N2 and O2 molecules. A 3.0 ns MD simulation with a time
step of 1.0 fs was carried out in each mixing system in the
isothermal–isobaric (NPT) ensemble for equilibration (P = 1
atm, T = 298.15 K). Al2O3 was described from the ClayFF force
field,67 N2 and O2 were described by the INTERFACE force
field (IFF) interaction potentials,68 and the five target Pb
nanoparticles were performed by the force field parameters
calculated using the Sobtop program69 and Seminario
method.70 The partial charges of the atoms involved in the
five Pb nanoparticles were employed with a density-derived
electrostatic and chemical (DDEC)71,72 charge scheme. The
periodic boundary conditions were applied along the X, Y
and Z directions and a cut-off distance of 12.0 Å was
smoothly truncated for the short-range interactions. The
long-range electrostatic interactions were computed using the
particle–particle–particle-mesh (PPPM) summation algorithm
with an accuracy of 10−5.73 The MD trajectories were
visualized using the OVITO software,74 and the analyses of
the atomic density profiles (ADPs) were performed via
VMD75,76 using the trajectories of the last 1 ns in the whole
simulation time of 3 ns. ADPs were calculated according to
the following equation:

ρ zð Þ ¼ N Δzð Þ
V

where ρ(z) represents ADPs, N(Δz) is the average number of

atoms in a small bin of thickness Δz in the z-axis of the
simulation box and V denotes the volume of the simulation box.

2.2 Density functional theory calculations

All DFT calculations were performed using the plane-wave
level utilizing the Vienna ab initio simulation package
(VASP).77 The Perdew–Burke–Ernzerhof (PBE)78 and the
generalized gradient approximation (GGA) exchange-
correlation functional were carried out to investigate the
electron interactions. The core electrons were described with
the projector augmented wave (PAW) method.79 The cutoff

Environmental Science: NanoPaper

Pu
bl

is
he

d 
on

 1
5 

Fe
br

ua
ry

 2
02

4.
 D

ow
nl

oa
de

d 
by

 G
ua

ng
do

ng
 T

ec
hn

ol
og

y 
U

ni
ve

rs
ity

 L
ib

ra
ry

 o
n 

4/
2/

20
24

 2
:5

0:
12

 A
M

. 
View Article Online

https://doi.org/10.1039/d3en00805c


Environ. Sci.: NanoThis journal is © The Royal Society of Chemistry 2024

energy was set to 400 eV, and the convergence criterion of the
structural optimization was −0.01 eV Å−1. A (1 × 1)
hydroxylated γ-Al2O3 (110) surface with four layers was
constructed. The vacuum region was set to approximately 15
Å to eliminate the interactions between each slab. A 3 × 3 × 1
Monkhorst–Pack k-point grid was applied. The dispersion
corrections were considered using the DFT-D3(BJ)
scheme.80,81 Crystal orbital Hamilton population (COHP) was
used to analyze the chemical bonding using the LOBSTER
program.82,83 The band structures and density of states (DOS)
were calculated using the hybrid HSE06 functional.84 All
atoms were allowed to relax in all calculations. In this work,
the mixing energy (ΔE) was defined as ΔE = E(Al2O3–Pb) − (EAl2O3

+ EPb), where E(Al2O3–Pb) represents the energy of the
heterocomplex, and EAl2O3

and EPb are the energies of Al2O3

and Pb, respectively.

3. Results and discussion
3.1 Uptake of Pb nanoparticles onto Al2O3

To systematically understand the behavior of Pb
nanoparticles mixed with Al2O3, the uptake process, as the
first step in the mixing process, was simulated using MD
simulations (Fig. S1†). To describe the equilibrium
trajectories of the uptake and mixing process, some typical
snapshots of five Pb nanoparticles (i.e., PbS, PbCl2, PbO,

PbCO3, and PbSO4) mixed with Al2O3 were selected and are
presented in Fig. 1 and S2.† All Pb nanoparticles were
retained by the hydroxyl surface of Al2O3 during the
simulation time. Especially, for non-oxygenated Pb
nanoparticles (PbS and PbCl2), there is an intermolecular
mobility from the top-layer atoms of the non-oxygenated Pb
nanoparticles to the Al2O3 surface (Fig. S2†), leading to a
structural reconstruction of the non-oxygenated Pb
nanoparticles after the uptake onto the Al2O3 surface. It is
evident from Fig. 1 and S2† that the atomic percentages of
non-oxygenated Pb nanoparticles exhibiting direct
coordination with Al2O3 surface are 57.8% and 80.5% for
PbCl2 and PbS nanoparticle systems, respectively, higher than
those of oxygenated Pb nanoparticles.

To explore the interfacial patterns between Pb
nanoparticles with the Al2O3 surface, the typical
configurations from the mixing trajectories are presented in
Fig. 2 and S3.† Pb nanoparticles coordinate to the Al2O3

surface in three different modes depending on the type of
interaction between the Pb atom and O atom (OAl) of the
Al2O3 surface, i.e., monodentate (MDT), bidentate (BDT), and
tridentate (TDT) modes. The branching ratio of the three
modes was estimated, as shown in Fig. 2 and S3.† For the
oxygenated Pb nanoparticle systems, there existed the MDT,
BDT, and TDT modes but the TDT mode was only observed
in PbCO3 and PbSO4 nanoparticle systems. The interfacial

Fig. 1 Selected snapshots of the MD trajectories for (a) PbO, (b) PbCO3 and (c) PbSO4 nanoparticle systems. Percentages are atoms in Pb
nanoparticles that directly (orange area) and indirectly (blue area) coordinate with Al2O3.
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pattern is dominated by the MDT mode in PbO nanoparticle
systems with 65.0%, by the TDT mode in PbCO3 nanoparticle
systems with 37.1%, and by BDT and TDT modes in PbSO4

nanoparticle systems with both being 38.1%. However, there
are no TDT modes in the non-oxygenated Pb nanoparticle
systems. For non-oxygenated Pb nanoparticle systems, the
large branching ratios are MDT modes in the PbS
nanoparticle system with 51.1% and the BDT mode in the
PbCl2 nanoparticle system with 71.4%.

The atomic density profiles (ADPs) of Pb nanoparticles as
functions of the distance normal onto the surface of Al2O3

are displayed in Fig. 3 and S4.† For the oxygenated Pb
nanoparticle systems, the interaction of PbO nanoparticles
with the Al2O3 surface is predominantly driven by the OPbO

atom and is characterized by the first peak at ∼1.7 Å.
However, the Pb atom is primarily located at the larger
distance, which is evident from the presence of the first peak
at ∼2.4 Å from the Al2O3 surface (Fig. 3a). Similar results can
be drawn from other oxygenated Pb nanoparticle systems

(PbCO3 and PbSO4). Such distributions suggest that the
interactions between the O atom and the Al2O3 surface are
stronger than those of the Pb atom with Al2O3. However, for
non-oxygenated Pb nanoparticle systems, the ADPs clearly
illustrate that there exist negligibly differences in the
interfacial interaction of all atoms of Pb nanoparticles with
the Al2O3 surface. For example, the first peaks of Pb and S
atoms in the PbS nanoparticles system are both located at
∼1.9 Å. Furthermore, the ADPs of the oxygenated Pb
nanoparticles exhibit the first peaks at distances of
approximately 1.5 Å, which are smaller than those of the
non-oxygenated Pb nanoparticles. It indicates that the
oxygenated Pb nanoparticles are more easily mixed with
Al2O3 than the non-oxygenated Pb nanoparticles.

3.2 Mixing mechanisms of Pb nanoparticles with Al2O3

Due to the limitation of chemical bonds and the charge
transfer in the classical molecular dynamic model, to provide
insight into the interaction of Pb nanoparticles with the
Al2O3 surface and the nature of the mixing mechanisms, we
performed DFT calculations to investigate three distinct
modes obtained through the MD simulations mentioned
above in each of the Pb nanoparticle systems. Fig. 4 and S5†
list the potential energy surfaces (PESs) of the three kinds of
modes in the oxygenated and non-oxygenated Pb
nanoparticle systems, respectively, along with the
corresponding optimized geometries. Depending on the
lengths of the hydrogen bonds, two types of hydrogen bonds
were found and studied, i.e. short hydrogen bonds (SHBs)
and long hydrogen bonds (LHBs) between the non-metallic
atoms (O, Cl and S atoms) of Pb nanoparticles and H atoms
of Al2O3.

For the PbO nanoparticle system, only BDT
heterocomplexes are formed, but no MDT heterocomplex was
obtained, such that even a favorable initial configuration was
provided for forming MDT. The different results, compared
with MD simulations, are explained by interfacial adsorption
structures because covalent bonds are formed. As shown in

Fig. 2 The branching ratios of the interfacial patterns between Pb nanoparticles with Al2O3 in (a) PbO, (b) PbCO3 and (c) PbSO4 nanoparticle
systems and (d) diagram for three interfacial patterns of MDT, BDT, and TDT.

Fig. 3 Atomic density profiles (ADPs) of Pb nanoparticles as functions
of distance from Al2O3 surface for (a) PbO, (b) PbCO3, (c) PbSO4, (d)
PbCl2 and PbS nanoparticle systems. The mean positions for the H
atoms of upper Al2O3 surface are z = 0 Å. The locations of the ADPs
peaks represent the average distance between the corresponding
atoms with the Al2O3 surface.
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Fig. 4, the H atom of Al2O3 (HAl) is completely pulled out
from Al2O3 surface by the O atom of PbO (OPbO) in four BDT
heterocomplexes, suggesting the formation of the OPbO–HAl

covalent bonds with the distance from 0.97 to 1.01 Å (Fig. 4).
For four BDT heterocomplexes, except for the two Pb–OAl

bonds, there are two distinct hydrogen bonds between OPbO

and HAl, i.e. SHBs and LHBs. BDTPbO1 possesses the largest
negative ΔE value of −3.30 eV among the four
heterocomplexes, corresponding to the shortest SHB, and
OPbO–HAl covalent bond. For the other two oxygenated Pb
nanoparticle systems, the lowest ΔE values appear at the TDT
mode with −2.77 eV for the PbCO3 nanoparticle system and
−2.80 eV for the PbSO4 nanoparticle system. Most numbers
of SHBs exist in TDTPbCO3

1 and TDTPbSO4
1 among all

heterocomplexes in TDT modes. In addition, no extra
covalent bond was formed for PbCO3 and PbSO4 nanoparticle
systems. Hence, the stability of the heterocomplex in the
mixing process of PbO with Al2O3 is relevant to the distance
of the nanoparticle with the surface; however, in the absence
of the extra covalent bond, the stability of the heterocomplex
is regulated by the numbers and lengths of SHBs for PbCO3

and PbSO4 nanoparticle systems.
For the non-oxygenated Pb nanoparticle systems, there is

no formation of TDT heterocomplexes. As shown in Fig. S5,†
two heterocomplexes are formed in BDT and MDT modes for
the PbCl2 nanoparticle system, but there are three

heterocomplexes in the BDT mode and one in the MDT mode
for the PbS nanoparticle system. In all heterocomplexes, no
SHBs were found for non-oxygenated Pb nanoparticle
systems. The BDT and MDT heterocomplexes with the
shortest LHBs correspond to the most negative ΔE values for
PbCl2 and PbS nanoparticle systems. For example, for the
PbCl2 nanoparticle system, the distances of LHBs in
BDTPbCl21 are 2.04 and 2.09 Å, which are shorter than those
in other BDT heterocomplexes, and the corresponding ΔE
value of −2.00 eV is smaller than those of other BDT
heterocomplexes. It indicated that for the non-oxygenated Pb
nanoparticle systems, all BDT and MDT heterocomplexes
include Pb–OAl bonds and LHBs, and their stabilities depend
on the lengths of LHBs.

3.3 Analysis of DOS and COHP

To interpret the chemical bonding of Pb nanoparticles upon
the mixing process, the valance band maximum (VBM) and
the conduction band minimum (CBM) of the Pb molecule
before and after mixing were analyzed by DOS (Fig. S6†).
The VBM of the Pb molecule mainly consists of non-
metallic atoms (O, Cl and S atoms), while the CBM is
composed of metallic atoms (Pb atoms). After mixing, the
energies in PbO and PbCO3 nanoparticle systems decreased
for the VBM but they increased for CBM, and the energies

Fig. 4 Potential energy surfaces of the mixing pathways in oxygenated Pb nanoparticle systems, along with the optimized geometries. The
numbers in eV denote the mixing energies, and other numbers represent bond lengths in Å.
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of VBM and CBM increased in PbSO4, PbCl2 and PbS
nanoparticle systems because of a significant delocalization
of the electron density. It indicates that the orbital energies
of the Pb molecule are altered by the bonding of the Pb
molecule with Al2O3, forming the stable heterocomplex in
each system. The detailed chemical bonding (Pb–OAl) is
revealed by COHP analysis and listed in Fig. S7.† The
bonding area (positive peaks) below the Fermi level includes
three regimes, that is, the interaction between Pb(6p) and
OAl(2s), between Pb(6p) and OAl(2p), and between Pb(6s)
and OAl(2p), suggesting that the major contribution of the
Pb–OAl bonds is due to electron sharing between the
Pb(6p/6s) and OAl(2p/2s) orbitals.

Integrated crystal orbital Hamilton population (ICOHP) is
an effective approach to evaluate the bonding strength. The
more negative the ICOHP value has, the stronger the bonding
strength is. The ICOHP of each Pb–OAl bond in
heterocomplexes and the total ICOHP value (i.e. TICOHP, the
sum for the ICOHP values of all Pb–OAl bonds in each
heterocomplex) are listed in Table S1.† The TICOHP value of
each TDT heterocomplex is lower than that of MDT and BDT
heterocomplexes. For example, for the PbCO3 nanoparticle
system, the TICOHP value of TDTPbCO3

1 is −4.20 eV, 0.89 and
1.32 eV lower than those of BDTPbCO3

1 and MDTPbCO3
1,

respectively. In addition, the TICOHP value of each BDT
heterocomplex is smaller than that of the MDT
heterocomplex. For example, the TICOHP value of BDTPbCl21
is −3.15 eV, which is 0.57 eV smaller than that of MDTPbCl21.
It suggests that there is a stronger interaction between the Pb
nanoparticle and Al2O3 in the BDT heterocomplex than in the
MDT heterocomplex. However, in PbCO3 and PbSO4

nanoparticle systems, the MDT heterocomplexes are
thermodynamically more favorable to be formed than the
BDT heterocomplexes, attributable to the formation of strong
hydrogen bonds in MDT heterocomplexes.

3.4 Mobility of Pb nanoparticles on Al2O3 surface

To estimate the mobility of Pb nanoparticles on the Al2O3

surface, the diffusion coefficients (DCmixs) of the five Pb
nanoparticles on the Al2O3 surface at 298.15 K were
calculated using the mean square displacements (Table S2†).
For oxygenated Pb nanoparticle systems, the DCmixs of PbO,
PbCO3 and PbSO4 nanoparticles are 1.25 × 10−10, 1.59 × 10−10

and 1.85 × 10−10 m2 s−1, respectively, with the order of DCmix

(PbO) < DCmix (PbCO3) < DCmix (PbSO4). That is, the mobility
is enhanced from PbO to PbCO3 to PbSO4 nanoparticles after
mixing with Al2O3. The small mobility of the PbO
nanoparticles corresponds to the low mixing energy,
indicating that the mobility of the oxygenated Pb
nanoparticles is related to the interaction strength between
Pb nanoparticles and Al2O3. However, for the non-oxygenated
Pb nanoparticle systems, the large DCmix of Pb nanoparticles
corresponds to the low mixing energy. For example, the PbCl2
nanoparticle possesses a large DCmix with 2.40 × 10−9 m2 s−1

but a low mixing energy with −2.00–−1.85 eV. It suggests that

for the non-oxygenated Pb nanoparticle systems, although
there exists a strong interaction between PbCl2 nanoparticles
and Al2O3, PbCl2 nanoparticles more easily escape from Al2O3

than PbS nanoparticles after mixing with Al2O3.
On the other hand, the DCmixs of PbS and PbCl2

nanoparticles are at least nine times higher than those of the
three oxygenated Pb nanoparticles, indicating that oxygenated
Pb nanoparticles are readily restricted onto the Al2O3 surface.
It indicates that the mobility restriction of the oxygenated Pb
nanoparticles by Al2O3 is stronger than that of the non-
oxygenated Pb nanoparticles. For comparison, the DCairs of
five Pb nanoparticles without Al2O3 were also computed and
are listed in Table S2.† The DCmixs of the Pb nanoparticles
vary from 1.25 × 10−10 to 2.40 × 10−9 m2 s−1, which are lower
by 2–3 orders of magnitude than those of the unmixed Pb
nanoparticles. Hence, there is a significant restriction of Pb
nanoparticles when they are mixed with Al2O3.

4. Conclusions and environmental
implications

Sand and dust (SD) particles transport with SD storms
starting from the Mongolian, Taklimakan, and Gobi Deserts,
and significantly affect Northern China.85,86 During long-
distance transport, they combine with anthropogenic
pollutants22,25–29 and form mixing particles, with
implications for climate, air quality, and human
health.18,19,21–23 Atmospheric particle-bound Pb, formed by
the mixing of Pb nanoparticles with SD particles in the SD
storm period,41–48 can be inhaled into the human body and
cause serious health hazards.49,50 Hence, we investigated the
mixing mechanisms of several typical Pb nanoparticles (such
as PbO, PbSO4, PbCO3, PbCl2 and PbS) with SD particles
(such as Al2O3) by MD simulations and DFT calculations. Our
MD simulation results reveal that five Pb nanoparticles are
retained on the surface with three interfacial patterns of
MDT, BDT and TDT modes. The mixing pathways of the three
patterns obtained in DFT calculations provided insights into
the interaction of Pb nanoparticles with Al2O3. Except for Pb–
OAl bonds, three types of extra bonds of covalent bonds, SHBs
and LHBs are identified and our results reveal that the
stability of heterocomplex is affected by the distance between
Pb nanoparticles and Al2O3 and the lengths of SHBs and
LHBs. Moreover, DOS and COHP analyses show that the
stability for the three interfacial patterns follows the order of
TDT > BDT > MDT modes.

On the other hand, Northwest China (upwind area) and
North and East China (downwind area), as the representative
areas along the transport pathway of the SD storm, were
selected to assess the influence of the SD storm on the
transport of Pb nanoparticles in Northern China. For
Northwest China, there exist plenty of large mining sites87,88

with abundant products containing PbS nanoparticles during
mining and smelting activities.53,54 Our calculated DCmix of
PbS nanoparticles is three orders of magnitude lower than
that of DCair (Table S2†), indicating that the mobility of PbS
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nanoparticles is restricted by SD particles after mixing.
Therefore, PbS nanoparticles from Northwest China can be
transported with SD particles to the downwind area during
the SD storm period with profound implications for air
quality and human health. However, for North and East
China, with large amounts of coal-fired power plants except
for the mining sites and smelters, abundant oxygenated Pb
nanoparticles will be produced via coal combustion.52 The
DCs results show that the restriction of oxygenated Pb
nanoparticles by SD particles is stronger than that of the
non-oxygenated Pb nanoparticles. Hence, in the presence of
the SD particles, Pb nanoparticles from North and East China
may affect wilder areas than those from Northwest China.
Our MD and DFT results reveal the important contribution of
SD particles on the capture and restriction of Pb
nanoparticles and highlight the significant potential of
oxygenated Pb nanoparticles to transport with the SD
particles. Hence, additional studies should pay attention to
the role of SD particles in the atmospheric transportation of
Pb nanoparticles and the subsequent impact on ecosystems
and human health. Source appointments of anthropogenic
Pb are required in future studies to understand the
contribution of emitted Pb from different communities to
heavy metal pollution.
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