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ABSTRACT: The mobility and distribution of heavy metal ions (HMs) in
aquatic environments are significantly influenced by humic acid (HA), which
is ubiquitous. A quantitative understanding of the interaction mechanism
underlying the adsorption and retention of HMs by HA is of vital significance
but remains elusive. Herein, the interaction mechanism between HA and
different types of HMs (i.e., Cd(II), Pb(II), arsenate, and chromate) was
quantitatively investigated at the nanoscale. Based on quartz crystal
microbalance with dissipation tests, the adsorption capacities of Pb(II),
Cd(II), As(V), and Cr(VI) ionic species on the HA surface were measured as
∼0.40, ∼0.25, ∼0.12, and ∼0.02 nmol cm−2, respectively. Atomic force
microscopy force results showed that the presence of Pb(II)/Cd(II) cations suppressed the electrostatic double-layer repulsion
during the approach of two HA surfaces and the adhesion energy during separation was considerably enhanced from ∼2.18 to
∼5.05/∼4.18 mJ m−2. Such strong adhesion stems from the synergistic metal−HA complexation and cation−π interaction, as
evidenced by spectroscopic analysis and theoretical simulation. In contrast, As(V)/Cr(VI) oxo-anions could form only weak
hydrogen bonds with HA, resulting in similar adhesion energies for HA−HA (∼2.18 mJ m−2) and HA−As(V)/Cr(VI)−HA systems
(∼2.26/∼1.96 mJ m−2). This work provides nanoscale insights into quantitative HM−HA interactions, improving the understanding
of HMs biogeochemical cycling.
KEYWORDS: heavy metal ions, humic acid, binding energy, atomic force microscope (AFM), QCM-D adsorption, DFT simulation

1. INTRODUCTION
Heavy metals such as cadmium (Cd), lead (Pb), arsenic (As),
and chromium (Cr) pose a severe threat to human and
ecological health.1 In aquatic environments, Cd and Pb are
commonly present in the form of cationic Cd(II) and Pb(II)
while As and Cr mainly exist as oxo-anion species (e.g.,
arsenate and chromate anions).2,3 Although these heavy metal
ions (HMs) are present in only trace amounts, they are
considered some of the most toxic types of contaminants.4,5

The mobility and distribution of HMs are intimately related to
their ecological hazards,6 and even a slow transport of HMs
through the soil layer could result in pollution in groundwater.7

Hence, considerable effort has been devoted to understanding
the environmental fate and transport behaviors of HMs.8,9

Natural organic matter (NOM) is an important component of
organic carbon sinks in terrestrial and aquatic environments.
Typically, NOM has a complex molecular structure with a
variety of functional groups, such as carboxyl, hydroxyl, phenol,
and amine, which enable versatile intermolecular interactions
with HMs. The HM−NOM interactions dictate the adsorption
and retention of HMs by NOM, which further governs the
reactivity, bioavailability, toxicity, and transport of HMs within
a diverse range of geochemical and environmental systems10

and plays a critical role in the fate of both organic and

inorganic compounds associated with the global carbon
cycle.11 Therefore, it is of great environmental significance to
understand the interaction mechanism between the NOM and
different types of HMs.
Over the past several decades, the interaction mechanisms

between NOM and HMs have been investigated using
advanced analytical techniques, including fluorescence spec-
troscopy,12,13 attenuated total reflectance Fourier transform
infrared (ATR-FTIR) spectroscopy,14−16 and extended X-ray
absorption fine structure (EXAFS).17−19 Despite the significant
progress achieved, most studies on the HM−NOM inter-
actions were based on empirical or qualitative spectroscopic
analysis. To date, the quantitative investigation of the
interaction mechanism underlying the adsorption and
retention of HMs by NOM, particularly at the nanoscale,
remains challenging.
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Atomic force microscopy (AFM) has been employed to
quantitatively measure the intermolecular interactions between
NOM and a variety of surfaces in complex aqueous systems at
the nanoscale.20−28 Based on chemical force microscopy
(CFM), the intermolecular forces of humic acid (HA, a
representative class of NOM, typical molecular structure as
shown in Figure S1) interacting with monolayered surfaces of
various well-defined chemical groups were quantitatively
measured, which helped develop an efficient strategy for
reversible adsorption and release of HA.25 Recently, the
interaction forces between HA-functionalized AFM probes and
HA surfaces were quantified in aqueous environments
containing NaCl or different types of divalent cations, which
unraveled the complex aggregation mechanism of HA at the
molecular level.24,27 By quantitative investigation of the
intermolecular interactions of HA−HM−HA systems, the
binding mechanism of HA with different types of HMs could
be deciphered at the nanoscale. Moreover, quartz crystal
microbalance with dissipation (QCM-D) is a unique technique
to monitor the mass change of adsorbed layer in situ and in real
time,29,30 which could provide quantitative information on the
adsorption and retention of HMs on the HA surface. To the
best of our knowledge, a quantitative study on the interaction
mechanism of HA with HMs at the nanoscale has been rarely
reported.
In this study, the interaction mechanism between HA and

different types of HMs (i.e., Cd(II) and Pb(II) cations,
arsenate, and chromate anions) was systemically investigated.
The adsorption and retention of HMs on HA surfaces were
monitored in situ using QCM-D, and the intermolecular forces
and adhesion energies between HA-functionalized AFM
probes and HA surfaces in the presence of different types of
HMs were quantitatively measured at the nanoscale. The
adsorption of HMs on HA surfaces is expected to induce
bridging of HA−HM−HA, thereby enhancing interfacial
adhesion. In addition, the morphology of HA surfaces in the
presence of different types of HMs was imaged by AFM, and
spectroscopic techniques and density functional theory (DFT)
simulation were coupled to provide useful information on the
bonding between HMs and HA. This work provides
quantitative insights into the interaction mechanism under-
lying the adsorption and retention of HMs by HA at the
molecular level, which hold great promise for developing
effective strategies to mediate the transport of HMs in
terrestrial and aquatic environments.

2. MATERIALS AND METHODS
2.1. Materials. Cadmium nitrate tetrahydrate (Cd(NO3)2·

4H2O, ACS reagent, ≥99%), lead nitrate (Pb(NO3)2, ACS
reagent, ≥99%), sodium arsenate heptahydrate (Na2HAsO4·
7H2O, ACS reagent, ≥98%), potassium dichromate (K2Cr2O7,
ACS reagent, ≥99%), sodium chloride (NaCl, ACS reagent,
≥99%), sodium nitrate (NaNO3, ACS reagent, ≥99%), nitric
acid solution (HNO3, 100 mM), and sodium hydroxide
(NaOH, ACS reagent, ≥97%) were obtained from Sigma-
Aldrich. (3-Aminopropyl)triethoxysilane (APTES, H2N-
(CH2)3Si(OC2H5)3, 99%), N-hydroxysuccinimide (NHS,
C4H5NO3, 98%), N-(3-(dimethylamino)propyl)-N′-ethylcar-
bodiimide hydrochloride (EDC, C8H17N3·HCl, 98%), and HA
(more details in the Supporting Information) were purchased
from Aladdin Biochemical Technology. All of the chemicals
were used as received without further purification. Milli-Q
water (Millipore deionized) with a resistance of >18.2 MΩ·cm

at 25 °C was used in all the experiments, and NaOH and
HNO3 were used as pH regulators. All of the experiments were
performed at a typical environmental pH (∼5.8).

2.2. QCM-D Measurement. A QCM-D (Q-Sense E4,
Biolin Scientific) was used to monitor the in situ adsorption of
HMs on silica sensors without or with a HA coating. Silica
sensors coated with HA layers were prepared following the
previous protocol.27 For each adsorption experiment, a 1 mM
HMs solution was adjusted to pH 5.8 and the temperature was
stabilized at 25 °C. Prior to the adsorption experiment, HA-
coated sensors were exposed to Milli-Q water until a stable
baseline was recorded. The HMs solution was then introduced
with a flow rate of 100 μL min−1 until the adsorption
equilibrium of HMs was achieved. During the measurement,
the change in the resonance frequency ( f) of the QCM-D
sensors was recorded with time and the negative/positive
frequency shifts indicate the adsorption/release of HMs. The
adsorption capacity was calculated using the composite
Sauerbrey model (more details in the Supporting Informa-
tion).

2.3. Surface Characterization. The elemental composi-
tion of HA was analyzed by using an organic elemental
analyzer (vario EL Cube, Elementar Co.). The vibrational
characteristics of HA before and after HMs treatment were
analyzed by Fourier transform infrared spectroscopy (FTIR,
Thermo Scientific Nicolet iS20). Briefly, the transmission
FTIR mode was used in this work. The solution containing 1
mM HMs and 100 mM HA was stirred for several hours.
Subsequently, the aggregates were filtered and dried in a
vacuum oven at 40 °C for 48 h before promptly conducting the
FTIR test. HA-coated surfaces for AFM imaging and XPS
measurements were prepared following the previous proto-
col.27 The freshly prepared HA surfaces were conditioned in 1
mM HMs solution at pH 5.8 for 30 min and then washed with
Milli-Q water (pH 5.8), dried with high-purity nitrogen, and
immediately used for AFM imaging and XPS measurements.
An AFM instrument (MFP-3D Bio, Asylum Research) was
used to characterize the morphology of HA surfaces adsorbed
with different types of HMs. The XPS measurements were
performed on a Thermo Scientific K-Alpha system (Thermo
Fisher Scientific Inc., USA) equipped with an Al Kα X-ray
source (hν = 1486.6 eV) to unravel the HM−HA bonding
information. Survey spectra were recorded in a single sweep
from 0 to 1350 eV using a step size of 1.0 eV, while a step size
of 0.1 eV was used for high-resolution scans. The C 1s peak at
284.8 eV (C−C) was used as the internal binding energy
standard for calibration.

2.4. AFM Force Measurement. The interaction forces
between HA-functionalized AFM probes and HA surfaces were
measured in a 10 mM NaCl solution with or without 1 mM
HMs at pH 5.8 to delineate the HM−HA or HA−HA
interaction mechanism, respectively. The radius of the HA-
functionalized AFM tip used in this work is consistent with our
previous reports.24,27 The detailed HA-functionalization
protocol on AFM probes was developed following the previous
protocol.27 In a typical force measurement, the HA-function-
alized AFM probe was driven to approach the HA surface at a
loading force of 5 nN and a loading velocity of 0.5 μm s−1 and
then to retract from the surface to complete a force−separation
cycle. By scanning the AFM probe on the surface, force
mapping (20 × 20 points on a 2 × 2 μm2 region) was
performed to acquire the two-dimensional arrays of force−
separation profiles (400 consecutive force−separation cycles).
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The deflection of the AFM cantilever was detected through a
laser beam that was reflected from the cantilever into a split
photodiode detector, which was further converted to the force
using the spring constant and Hooke’s law. The schematic of
the AFM force measurement setup is illustrated in Figure 1.

2.5. Interpretation of Force−Separation Profiles. The
AFM force−separation profiles measured during the approach
can be explained by the classical Derjaguin−Landau−Verwey−
Overbeek (DLVO) theory. The DLVO forces FDLVO comprise
van der Waals (vdW) force FvdW and electrostatic double-layer
(EDL) force FEDL.
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2.6. DFT Simulation. All of the simulation results were
calculated using the DMol3 package implemented in Materials
Studio 2019. The generalized gradient approximation (GGA),
Perdew−Burke−Ernzerhof for the exchange-correlation poten-
tial, and double numerical basis sets including the p-
polarization function (DNP) were used in our systems. The
threshold values of convergence criterion were 10−5 Ha for
energy, 0.002 Ha Å−1 for maximum force, 0.005 Å for
maximum displacement, and 0.1 GPa for maximum stress. The
vdW interaction was included by using the DFT-D method.
The binding energies (Ead) for HM adsorption on optimized

silica clusters and HA species were calculated according to eq
7:

E E E

E

ad (Silica or HA species adsorbed HMs) (Silica or HA species)

(HMs)

= +

(7)

where E(Silica or HA species + adsorbed HMs) is the total energy, E(Silica or
HA species) is the energy of the optimized silica clusters or HA
species, and E(HMs) is the energy of HMs.

Figure 1. Schematic of the AFM setup for measuring the interaction forces between a HA-functionalized AFM probe and a HA-coated substrate in
aqueous solution containing different types of HMs.
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The net charge of atoms during HM adsorption was
calculated as eq 8:

net charge Mulliken Charge Mulliken Chargeafter before=
(8)

where Mulliken Chargeafter and Mulliken Chargebefore represent
the charge of atoms after and before HMs adsorption,
respectively. For the net charge, the positive value indicates
the loss of electrons during the adsorption process.

3. RESULTS AND DISCUSSION
3.1. Morphology of HA Surfaces in the Presence of

HMs. Figure 2A−C shows the topographic images of bare
mica, APTES-functionalized mica, and HA-coated mica
surfaces. The bare mica surface (Figure 2A) exhibits molecular
smoothness with a root-mean-square (RMS) roughness of
∼0.22 nm. The APTES-functionalized mica surface (Figure
2B) displays the morphology and RMS roughness (∼0.25 nm)
similar to the bare mica surface since the self-assembly of small
molecules could not change the characteristic morphology of
substrates. After HA adsorption, the APTES self-assembled
monolayer surface is replaced by the grain-like morphology
with few small aggregates and the RMS roughness increases to
∼0.37 nm (Figure 2C). A typical film thickness of adsorbed
HA film has been determined as ∼12 nm based on repeatable
measurements using surface forces apparatus in our previous
work.31 The bare mica, APTES-functionalized mica, and HA-
coated mica surfaces show the water contact angles of <5, 47,
and 42° (Figure S2), respectively, which further reveals the
successful coating of HA on mica surface.
The morphology of HA surfaces after HMs adsorption is

shown in Figure 2D−G. As illustrated in Figure 2D,E, the size
of the HA aggregates formed considerably increases in the
presence of Cd(II) and Pb(II), with the RMS roughness rising
to ∼0.64 and ∼0.70 nm, respectively. This phenomenon
mainly arises from the robust binding of cationic Cd(II) and
Pb(II) with the deprotonated oxygen-containing functional
groups (e.g., carboxyl and phenol groups) in HA molecules
(Table S1), which leads to the bridging of HA molecules and
the formation of HA aggregates.32 In contrast, the size of HA
aggregates in the presence of As(V) (Figure 2F) becomes
much smaller (RMS roughness ∼0.45 nm), which is attributed
to the relatively weak bonding of anionic As(V) (viz., arsenate)
with HA. In Figure 2G, the morphology of the HA surface in

the presence of anionic Cr(VI) (viz., chromate, RMS
roughness ∼0.36 nm) is quite similar to that without HMs
(Figure 2C), which indicates the negligible bonding of anionic
Cr(VI) with HA molecules. Based on AFM imaging, it is clear
that the cationic Cd(II) and Pb(II) exhibit the strongest
bonding with HA molecules, followed by the anionic As(V),
while the interaction of anionic Cr(VI) with HA molecules is
negligible.

3.2. Binding Mechanism between HA and HMs. XPS is
a surface-sensitive analytical technique to provide valuable
information on HMs−HA bonding. Herein, bare silica and HA
surfaces conditioned with different types of HMs were
characterized by XPS. The high-resolution XPS spectra of
Cd 3d, Pb 4f, As 3d, and Cr 2p in Figure 3 show that the

Cd(II), Pb(II), As(V), and Cr(VI) species are not detected on
the bare silica surface, which indicates that HMs could not be
retained by the silica surface. In contrast, HA surfaces after
HM adsorption exhibit distinct XPS spectra. Typically, the Cd
3d spectrum (Figure 3A) displays the peaks at the binding
energies of 405.3 and 406.0 eV for Cd 3d 5/2 as well as 412.3

Figure 2. AFM topographic images (2 × 2 μm2) of (A) bare mica, (B) APTES-functionalized mica, and (C) HA-coated mica surfaces, and AFM
topographic images (2 × 2 μm2) of HA surfaces in the presence of 1 mM HMs: (D) Cd(II), (E) Pb(II), (F) As(V), and (G) Cr(VI).

Figure 3. High-resolution XPS spectra of (A) Cd 3d, (B) Pd 4f, (C)
As 3d, and (D) Cr 2p on bare silica and HA surfaces after the
treatment of different HMs.
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and 413.6 eV for Cd 3d 3/2, which could be assigned to the
binding of Cd(II) with −OH/COOH groups in HA molecules
(viz., Cd−O bonding).33,34 After Pb(II) treatment, the peaks at
the binding energies of 137.8 and 138.9 eV for Pb 4f 7/2 as
well as 143.1 and 143.8 eV for Pb 4f 5/2 are attributed to the
Pb−O bond (Figure 3B).35,36 In the As 3d spectrum, the
obvious peak appears at the binding energy of ∼45.6 eV after
As(V) adsorption in Figure 3C, which corresponds to the As−
O bonding in arsenate.37 Due to the low content of As(V)
species, the signal-to-noise ratio of the As 3d spectrum is not
strong, which further confirms the weak interaction between
As(V) and HA molecules. In contrast, the Cr(VI) species
could not be detected on the HA surface in the Cr 2p spectrum
(Figure 3D), indicating the negligible interaction of Cr(VI)
with HA molecules.
FTIR spectroscopy also provides the bonding information

between Cd(II)/Pb(II) and HA molecules (Figure S3).
Clearly, the C−O symmetric stretching vibration peak at
1382 cm−1 is broadened and a new peak at ∼1355 cm−1 is
generated after Cd(II)/Pb(II) adsorption, both of which
correspond to the formation of covalent bond between
Cd(II)/Pb(II) and the carboxyl or hydroxyl groups in HA
molecules.38 Interestingly, the antisymmetric stretching
vibration peak of aromatic C�C (∼1559 cm−1) is blue-
shifted to 1589 cm−1 after Pb(II)/Cd(II) adsorption, which is
most likely attributed to the cation−π interaction between
cationic Pb(II)/Cd(II) and aromatic moieties in HA
molecules.39,40 Compared with Cd(II), the more evident
peak at 1589 cm−1 for the Pb(II) case may indicate its stronger
cation−π interaction. Moreover, the difference between the
wavenumbers of the symmetric and antisymmetric peaks (Δ)
can be used to determine the type of bonding for metal
carboxylate.41,42 After Cd(II)/Pb(II) adsorption, the Δ value
was reduced from ∼200 cm−1 for HA molecules to ∼190 cm−1

for HA-Cd(II) and ∼175 cm−1 for HA-Pb(II), which could be
attributed to the bidentate chelating mode.

3.3. QCM-D Adsorption of HMs on HA Surfaces. To
compare the adsorption behavior of different types of HMs,

the in situ adsorption process of HMs on the bare silica and
HA-coated sensors was monitored in real time by using QCM-
D. Figure 4 shows the frequency shift (Δf) of bare silica and
HA-coated sensors during adsorption in 1 mM Cd(II), Pb(II),
As(V), and Cr(VI) solutions. On the bare silica surfaces, the
Δf value slightly decreases with time upon injection of Cd(II)
and Pb(II) solutions, indicating the weak outer-sphere
adsorption of Cd(II) and Pb(II) due to the electrostatic
attraction between cationic Cd(II)/Pb(II) and negatively
charged silica surfaces. In contrast, the electrostatic repulsion
inhibits the adsorption of anionic As(V) and Cr(VI) as
indicated by the negligible change in the Δf value. It is noted
that the HMs solution was injected after the sensors were
stabilized in Milli-Q water for a long time, which ensures the
effect of HA hydration on the frequency change of QCM-D
measurements to be neglected. In the presence of HA, the
adsorption of Cd(II) and Pb(II) is significantly enhanced and
the adsorption processes involve the fast- and slow-rate regions
that ultimately achieve the plateau (Figure 4A,B). The fast
adsorption process is attributed to the strong inner-sphere
complexation of Cd(II) and Pb(II) with the carboxyl or
hydroxyl groups in HA molecules. After the formation of an
initial HMs layer, the weak outer-sphere complexation due to
the electrostatic attraction results in the slow adsorption
process until the adsorption equilibrium is achieved. A small
amount of As(V) was adsorbed on the HA surface (Figure
4C), whereas the adsorption of Cr(VI) on the HA surface is
very weak (Figure 4D), indicating that anionic Cr(VI) could
easily transport through HA-coated soil and a small amount of
As(V) may be retained.
Figure 4E shows the change in the adsorption capacity of

HMs on the HA surface with time. Since both Δf n−1 and the
dissipation changes were a little dependent on the overtone
number (3, 5, 7, 9, and 11) in this work, the equilibrated
adsorption capacity qe of the HA surface in 1 mM Cd(II),
Pb(II), As(V), and Cr(VI) solutions can be calculated using
the Sauerbrey equation and follows the order: Pb(II) (∼0.40
nmol cm−2) > Cd(II) (∼0.25 nmol cm−2) > As(V) (∼0.12

Figure 4. QCM-D adsorption of HMs on bare silica and HA-coated sensors: frequency profiles of (A) Cd(II), (B) Pb(II), (C) As(V), and (D)
Cr(VI) adsorption and (E) the corresponding change in the adsorption capacity of HMs on HA-coated sensors.
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nmol cm−2) > Cr(VI) (∼0.02 nmol cm−2). Given n = qe × NA
to correlate the equilibrated adsorption capacity qe to the
adsorption density n, the adsorption density of Pb(II) on the
HA surface is calculated to be ∼2.41 ions nm−2, much higher
than ∼1.51 ions nm−2 for Cd(II), ∼0.72 ions nm−2 for As(V),
and ∼0.12 ions nm−2 for Cr(VI). Notably, the HA surface
exhibits a higher adsorption capacity toward Pb(II) than
Cd(II), which could be attributed to the stronger metal−HA
complexation and cation−π interactions. In contrast, As(V)
could be weakly adsorbed on the HA surface due to the
physical interactions such as hydrogen bonding, while the

adsorption of Cr(VI) on the HA surface is almost negligible.
Moreover, the adsorption of cationic Cd(II) and Pb(II) on the
HA surface could be driven by the electrostatic attraction while
the electrostatic repulsion suppresses the adsorption of anionic
As(V) and Cr(VI).

3.4. Intermolecular Interaction of HA−HMs−HA
Systems. The HMs−HA interactions in aqueous media
govern the transport and fate of HMs in water-based
environments such as soil and surface/underground water.
Herein, the interaction forces between HA-functionalized
AFM probes and HA surfaces in aqueous solution without

Figure 5. (A, D) Typical force−separation curves between the HA-coated AFM probe and HA surface in the (A) absence and (D) presence of 1
mM Cd(II) at pH ∼ 5.8 (measured approach curve: open symbols, measured retraction curve: point-line plot, theoretical fitting results: orange
curve, inset: zoomed-in view at short separation, AHA−water−HA: 9.28 × 10−21 J).24 (B, D) Adhesion force map of the HA surface (2 × 2 μm2)
measured using the HA-functionalized AFM probe in the (B) absence and (E) presence of Cd(II), and (C, F) corresponding schematic of the
binding mechanism.

Figure 6. (A−E) The histogram of measured adhesion force Fadh/R with the fitted Gaussian distribution between HA surfaces (A) in the absence
of HMs and (B−E) in the presence of 1 mM HMs, and (F) the summarization of corresponding adhesion energies for all the cases.
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or with 1 mM Cd(II) at pH 5.8 were quantitatively measured
to unravel the Cd(II)-HA interaction mechanism, as shown in
Figure 5. In the absence of Cd(II), a long-range repulsion
starting from ∼23.2 nm is observed during the approach of two
interacting HA surfaces (Figure 5A) due to the EDL
interaction. By fitting the measured force results with classical
DLVO theory, the surface potential of HA is determined to be
−32 ± 3 mV at pH 5.8, which agrees well with the previously
reported results.24,25 During the separation of two contacted
HA surfaces, the relatively small adhesion force is detected,
arising from the weak physical interactions of HA molecules
such as hydrogen bonding and vdW interaction. After the
Cd(II) addition, the force measured during the surface
approach displays a short-range attraction starting from 5.5
to 6.0 nm (Figure 5D), similar to the case of Pb(II) (Figure
S4). The weak attractive force is attributed to the vdW
interaction, and the EDL interaction could not be detected due
to the adsorption of Cd(II) that leads to the electrical
neutrality of interacting surfaces. The binding of Cd(II) with
HA leads to the enhanced adhesion force between HA
molecules due to the HA−Cd(II)−HA bridging effect.
Based on the force−separation profiles measured on 400

consecutive positions in a 2 × 2 μm2 region, an AFM adhesion
force map could be obtained and is demonstrated in Figure
5B,E. The bright/dark region of the adhesion force map
indicates the large/small adhesion force. Evidently, the
adhesion force map on the HA surface in the presence of
Cd(II) is much brighter than the case without Cd(II),
revealing the stronger interfacial adhesion between two HA
surfaces after the Cd(II) addition. In the absence of Cd(II),
the hydrogen bonding between hydrophilic moieties of HA
molecules coupled with vdW interaction plays the dominant
role in the observed adhesion (Figure 5C). After Cd(II) is
introduced, the oxygenated polar groups in HA molecules
could bind with Cd(II) to form the HA−Cd(II)−HA
complexes, and thus the adhesion is strengthened (Figure 5F).
In addition to the binding of Cd(II), the binding of HA

molecules with other HMs could also affect the intermolecular
interaction between two HA surfaces. Based on numerous
events of measured force−separation profiles, the histograms
of normalized adhesion force Fadh/R and the fitted Gaussian
distributions (solid curve) between HA-functionalized AFM
probes and HA surfaces in aqueous solution without or with
different types of HMs at pH 5.8 are illustrated in Figure 6. In
the absence of HMs, the average normalized adhesion force for

the HA−HA system is obtained as 13.72 ± 0.22 mN m−1

(Figure 6A). After the addition of cationic HMs, the average
adhesion force significantly increases to 26.24 ± 1.25 mN m−1

for the HA−Cd(II)−HA system and 31.71 ± 0.52 mN m−1 for
the HA−Pb(II)−HA system, as shown in Figure 6B,C. In
contrast, the presence of anionic HMs has a negligible
influence on the interfacial adhesion, with the interaction
force of 14.17 ± 0.85 mN m−1 for the HA−As(V)−HA system
and 12.33 ± 0.21 mN m−1 for the HA−Cr(VI)−HA system
(Figure 6D,E). Based on the Derjaguin−Muller−Toporov
(DMT) model, Wadh = −Fadh/2πR, the normalized adhesion
force Fadh/R can be correlated with the adhesion energy per
unit area Wadh.

43 The corresponding average adhesion energy
follows the trend: Pb(II) (∼5.05 mJ m−2) > Cd(II) (∼4.18 mJ
m−2) > As(V) (∼2.26 mJ m−2) > no HMs (∼2.18 mJ m−2) >
Cr(VI) (∼1.96 mJ m−2) (Figure 6F).
Evidently, the large HA−Cd(II)/Pb(II)−HA adhesion force

is attributed to the strong binding energy of Cd(II)/Pb(II)
with HA molecules, mainly arising from the metal−HA
complexation and cation−π interaction. The anionic As(V)
could form weak physical interactions (e.g., hydrogen
bonding) with HA molecules, similar to the case of HA−HA
interaction without HMs, and thus, they almost exhibit the
same adhesion energy. Interestingly, the addition of Cr(VI)
could slightly reduce the adhesion energy, which is most likely
because Cr(VI) that is difficult to bind with HA molecules
disrupts the hydrogen bonding network of HA surfaces.

3.5. DFT Simulation of the HMs−HA Binding
Mechanism. To further clarify the interaction mechanisms
between HMs and HA from the molecular perspective, the
binding energies of HMs−HA complexation were calculated
using DFT simulation. Based on the Visual MINTEQ model,
Cd2+, Pb2+, H2AsO4

−, and HCrO4
− are determined to be the

predominant species of Cd(II), Pb(II), As(V), and Cr(VI) at
pH ∼ 5.8 (Figure S5). Moreover, since heavy metal cations
exist in the form of hydrates in aqueous solution, the first
hydration shell with six water molecules for Cd2+/Pb2+ was
adopted in DFT calculation.44 Due to the complex structure of
the HA molecule, the typical functional groups in HA
molecules (e.g., catechol, benzoic acid, and aniline) was
employed to investigate the HMs−HA interaction mecha-
nisms.
The possible adsorption modes of [Cd(H2O)6]2+, [Pb-

(H2O)6]2+, H2AsO4
−, and HCrO4

− with the SiO2 cluster and
typical HA species could involve the monodentate complex-

Figure 7. Optimized geometries of [Cd(H2O)6]2+, [Pb(H2O)6]2+, H2AsO4
−, and HCrO4

− interacting with silica cluster, catechol, benzoic acid, and
aniline species (left), respectively, with the corresponding binding energies for all the cases (right).
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ation, bidentate complexation, and outer-sphere adsorption.45

As shown in Figure 7, [Cd(H2O)6]2+, [Pb(H2O)6]2+,
H2AsO4

−, and HCrO4
− typically exhibit very low binding

energy (<20 kcal mol−1) with the SiO2 cluster via the outer-
sphere complexation, which reveals the weak interaction
between HMs and silica surfaces. In contrast, the typical HA
species prefer to bind with the hydrated Cd2+ and Pb2+ via the
mono- or bidentate complexation while weakly interacting with
H2AsO4

− and HCrO4
− via hydrogen bonding, consistent with

the QCM-D adsorption and AFM force measurement results.
Notably, the binding energies of catechol, benzoic acid, and

aniline groups interacting with the hydrated Cd2+ are
calculated as −76.1, −37.4, and −48.4 kcal mol−1, respectively,
comparable to or lower than the binding energies for the case
of hydrated Pb2+, i.e., −87.6, −32.5, and −56.4 kcal mol−1 for
catechol, benzoic acid, and aniline species, respectively. The
difference in the binding energies for the hydrated Cd2+ and
Pb2+ may be due to the higher electronegativity of Pb2+
(∼2.33) than Cd2+ (∼1.69), which leads to the stronger
affinity with HA species for the hydrated Pb2+.46 Furthermore,
the net charge transfer of Pb(II) after the adsorption of HA
species is higher than that of Cd(II) (Figure S6), which also
contributes to the strong adsorption and retention of hydrated
Pb(II) by HA species. It is also noted that the catechol group
plays the dominant role in binding with hydrated Pb2+/Cd2+
compared to aniline and benzoic acid groups, most likely due
to the higher electrostatic potential (ESP) value for the
catechol group.27 For H2AsO4

− and HCrO4
−, their binding

energies with benzoic acid and aniline species are very low, i.e.,
−13.6 and −6.3 kcal mol−1 for H2AsO4

− and −13.0 and −6.1
kcal mol−1 for HCrO4

−, which results in difficulty in the
retention of As(V) and Cr(VI) in soil. Moreover, the binding
energy of catechol species with H2AsO4

− is relatively strong
(−18.2 kcal mol−1), leading to the slight adsorption of As(V)
on the HA surface. Therefore, the catechol group also plays an
important role in the binding of HA with heavy metal oxo-
anions. Moreover, the binding energies of the alkyl carboxylic
acid, alcohol, and amine groups with HMs species are also

evaluated (Figure S7). Hexanoic acid, hexyl alcohol, and 1-
hexanamine are selected as the model species, and the
adsorption energy results are similar to the cases of aromatic
species. A stronger hydrogen bonding interaction between
As(V) and alkyl species is attributed to the accumulation of
charge only at the polar head.
It is interesting to notice that the cation−π interaction

between the cationic HMs and the typical aromatic structures
in HA molecules also plays an important role in the HMs−HA
interaction. As shown in Figure 8A, an abundance of π
electrons is distributed in the vertical direction of the π plane
of HA species in the ESP images. The π-electron density
follows the trend aniline > catechol > benzoic acid, which
results in the stronger cation−π interaction between cationic
HMs and the aniline group (Figure 8B). The cation−π
interaction of the catechol, benzoic acid, and aniline groups of
HA molecules with dehydrated Cd2+ is significantly stronger
than that with dehydrated Pb2+. Notably, the dehydration
energy of cationic HMs plays a more important role in
determining the cation−π interaction.47 Generally, the
relatively low dehydration energy could facilitate the loss of
bound water molecule and the formation of cation−π
interaction.48 Specifically, the lower dehydration penalty for
Pb2+ indicates the favorable shift from the hydration state to
the free ion for Pb2+, thereby allowing Pb2+ to easily form the
stronger cation−π interaction (Figure S8), which contributes
to the enhanced retention of Pb(II) in soil, ultimately leading
to the highest HA−Pb(II)−HA adhesion energy in AFM force
measurements.

4. ENVIRONMENTAL IMPLICATIONS
The ecological hazards of HMs rely on their mobility and
distribution in terrestrial and aquatic environments, which are
significantly influenced by naturally occurring HA. To decipher
the molecular mechanism underlying the adsorption and
retention of HMs by HA, we quantitatively investigated the
interactions between HA and different types of HMs (i.e.,
Cd(II), Pb(II), arsenate, and chromate) at the nanoscale. The

Figure 8. (A) Molecular structure and electrostatic potential (ESP) images of catechol, benzoic acid, and aniline species, (B) and their
corresponding cation−π interaction with Cd2+ and Pb2+.
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presence of HA on the silica surface plays a key role in
mediating the adsorption and retention of cationic Cd(II) and
Pb(II) but has a limited effect on the anionic As(V) and
Cr(VI) species. Based on QCM-D results, the adsorption
capacity of Pb(II) and Cd(II) on the HA surface was measured
as ∼0.40 and ∼0.25 nmol cm−2, respectively, much higher than
∼0.12 nmol cm−2 for As(V) and ∼0.02 nmol cm−2 for Cr(VI).
Compared with the interaction between two HA surfaces
without HMs, HA−HMs−HA systems displayed distinctly
different interaction mechanisms. Specifically, HA−Pb(II)−
HA exhibited the strongest adhesion energy (∼5.05 mJ m−2)
followed by HA−Cd(II)−HA (∼4.18 mJ m−2), both of which
were attributed to the synergistic metal−HA complexation and
cation−π interaction. In contrast, As(V)/Cr(VI) could form
only weak hydrogen bonding with HA, and thus, HA−As(V)/
Cr(VI)−HA displayed very low adhesion energy (∼2.26/
∼1.96 mJ m−2). Therefore, cationic HMs such as Cd(II) and
Pb(II) are more readily adsorbed on HA-coated soils while
anionic HMs such as arsenate and chromate can easily
transport through HA-coated soils. These quantitative results
also indicate that the mobility of HMs in aquatic environments
depends not only on the bonding strength between HMs and
substrates but also on the properties of HMs, including charge
density, and ionic and hydration radii. This work advances our
understanding of the effect of NOM on HMs transport in
terrestrial and aquatic environments at the nanoscale and
provides the direct intermolecular interaction information
underlying the adsorption and retention of HMs in the absence
and presence of NOM, which shed light on developing
effective strategies to remediate contaminated soils and
understanding the biogeochemical cycling of HMs.
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