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Ferrihydrite (Fh), a widely distributed mineral in the environment, plays a crucial role in the geochemical
cycling of elements. This study used experimental and computational approaches to investigate the
adsorption behavior of seven heavy metal ions on Fh. The pH edge analysis revealed that the adsorption
capacity followed the order: Pb?* > Cu?* > Zn?* > Cd?* > Ni?* > Co?* > Mn?*, with Pb?* showed the
highest adsorption. Competitive adsorption was observed in multi-metal systems, and adsorption
isotherms confirmed that Pb®" and Cu?" exhibited significantly higher equilibrium adsorption capacities
than the other ions. Diffuse Layer Model (DLM) analysis indicated that for most heavy metals (HMs),
=Fe*OM and =Fe"OM were the predominant adsorption species, while for Pb?*, =Fe°OPb dominated.
Density Functional Theory (DFT) calculations were employed further to investigate the molecular

interactions between HMs and Fh. The DFT results revealed that the distribution of surface iron sites on Fh
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Accepted 3rd January 2025 strongly influences the adsorption process. Larger metal ions, such as Pb?*, form stronger coordination

bonds with hydroxyl groups on the Fh surface, leading to distinct adsorption mechanisms compared to

DOI: 10.1039/d4ra07426b smaller ions. These findings, combining experimental and computational data, emphasize the critical role
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1. Introduction

Mining, smelting, fossil fuel combustion, and other human
activities may release large amounts of heavy metals (HMs) into
the environment, leading to excessive accumulation of HMs in
the surrounding environmental media.**° Related studies have
shown that ecological media such as water, atmosphere, and
soil play a crucial role in the migration, transformation, and
cycling of HMs on Earth.""* HMs in water and atmosphere can
enter the soil through various pathways, leading to excessive
accumulation of HMs.">*® Through the food chain, HMs in
these environmental media will inevitably enter the human
body through direct and indirect pathways and undergo
enrichment, thereby causing significant harm to human health
and the ecological environment."”>° Taking Cd as an example,
even chronic and low levels of cadmium exposure can lead to
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of surface iron site distribution and ion size in governing the adsorption behavior of HMs on Fh.

a series of diseases in the human body, such as cardiovascular
and kidney diseases, cancer, osteoporosis, bone deformation,
etc.”»* In addition, excessive Pb in children's bodies may cause
irreversible damage to their nervous system, leading to intel-
lectual problems.>® Although Zn, Cu, and Cr are essential for life
activities, they can still exhibit high toxicity at high
concentrations.*

Ferrihydrite (Fh) is a reddish-brown spherical nanoparticle
widely distributed in water, soil, sediment, and organisms. The
flotation process of sulfide ore produces acidic iron sulfate
wastewater, which can easily form Fh after neutralization. Fh is
also a common product of steel corrosion. According to the XRD
spectrum, 2 line-Fh and 6 line-Fh are the main structures, and
the 2 line-Fh is the main form in the environment, which
received high attention. Due to its large specific surface area
and high surface activity, Fh has become an important adsor-
bent for various trace elements that affect the form, migration,
and transformation of polluting and nutrient elements through
complex interactions in environments such as rocks, sedi-
ments, soil, water, atmosphere, and organisms, and plays
a critical role in the geochemical cycling of elements.*”

In environmental media, HMs often do not exist alone, but
rather coexistence, especially in mining and smelting. These
ions will compete for adsorption sites, affecting their respective
adsorption efficiency and behavior. Numerous studies have
shown that the enrichment ability of typical heavy metal (HM)
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ions (Pb*", Cu®**, Zn®>*, €d*', Ni**, Co**, and Mn*") in environ-
mental media on the surface of Fh varies significantly,”*** and
the reason is a question worth exploring. Studying the adsorp-
tion mechanism of HM ions on the surface of Fh is significant
for explaining the migration and transformation behavior of
HMs in the environment and controlling pollutants. It is
generally believed that the adsorption capacity of HMs on
mineral surfaces is mainly related to their charge density and
hydrolysis constant,*** but this statement is not accurate
enough. The adsorption behavior of HMs is often studied using
Langmuir and Freundlich adsorption isotherm models to
somewhat reflect the adsorption capacity. However, these
models cannot reflect the surface adsorption characteristics of
minerals and explain the adsorption mechanism of HMs well.
The surface complexation modeling established based on
surface complexation and chemical equilibrium theory fully
considers information related to surface adsorption behavior,
such as active sites, adsorption forms, and complexation
constants, making it a favorable tool for simulating and pre-
dicting the adsorption process of HMs in complex systems.?**¢
Besides, the different adsorption abilities of HMs on mineral
surfaces may be related to the outer electron arrangement of
these HMs. Taking the adsorption of typical HM ions (Pb*",
Ccu®*, Zn®', cd**, Ni**, Co®", and Mn>") on the surface of Fh in
environmental media as an example, Pb*" is the leading group
element, with a peripheral electron layer arrangement of 6s*6p”.
At the same time, Cu**, Zn*", Cd*", Ni**, Co**, and Mn>" are all
transition elements, with the valence electron configuration of
(n — 1) d*~° ns.'? To further explore the mechanism underlying
the different adsorption capabilities of HMs on the surface of
Fh, Density Functional Theory (DFT), a quantum mechanical
method used to study the electronic structure of multi-electron
systems,*”*® may be a powerful tool to elucidate it.

This study investigates the differential enrichment mecha-
nisms of typical HM ions on the Fh surface in environmental
media, using batch experiments, surface complexation models,
and DFT calculations. X-ray diffraction (XRD) analysis identified
low-index surfaces, including the (103), (112), and (201) planes,
which were then examined for their interfacial properties
through DFT calculations for the first time. DFT calculations
were further employed to assess the variation in HM cation
adsorption across different iron-exposed facets of Fh. This
combined approach offers a novel perspective on the adsorp-
tion order of HM ions on the Fh surface. Understanding the
adsorption mechanisms of HMs on Fh is crucial for accurately
assessing ecological risks associated with HM contamination
and for the development of more effective pollution prevention
strategies, thus providing a scientific basis for environmental
protection policies.

2 Materials and methods
2.1 Synthesis of the 2-line Fh

The 2-line Fh was synthesized following the method reported by
Schwertmann U. and Cornell R. M.*® Typically, 8.0 g Fe(NOs)s;-
-9H,0 was weighed and dissolved in 100 mL of water, then
1.0 mol L' KOH about 66 mL was dropped in the Fe(NOs);
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solution under magnetic stirring and the pH was adjusted to 7-8.
The resulting suspension was allowed to stand, the supernatant
was discarded, and the obtained solid was rinsed with water.
This operation was repeated 6-8 times, and finally, the resulting
solids were freeze-dried, ground, and passed through a 200-mesh
sieve. The specific surface area measured by nitrogen Brunauer-
Emmett-Teller Analysis (N,-BET) was 315 m* g™ .

2.2 Characterization

The X-ray diffraction (XRD) analysis of the Fh was performed on
an X-ray diffractometer (XD-3A, Shimadzu, Japan) with Bragg-
Brentano geometry for 26 values in a range of 5-90°.

2.3 The sorption edges

The sorption pH edges were conducted with 5.0 ¢ L™' Fh and
1.0 mmol L' HMs solutions at 7= 25 + 1 °C in the presence of
0.01 mol L' NaCl background electrolyte solution in both
single and competitive systems. Establishing a competitive
system can help us simulate this complex real-world environ-
ment, making the experimental results more representative and
meaningful in practice and contributing to further investigating
the adsorption mechanism of HM ions on the surface of
adsorbents. This study established the competition system with
the coexistence of 7 typical HM ions (Pb**, Cu**, zn**, Cd*,
Ni**, Co**, and Mn>"). The concentrations of HM ions in the
separated liquids were measured by an n inductively coupled
plasma optical emission spectrometer (ICP-OES, PerkinElmer,
Optima 8000). The adsorption percentage of HM ions on Fh was
calculated by the formula (1), in which C, (mol L™') and Ceq
(mol L") were the initial and equilibrium concentrations of
HM ions, respectively.

Cy — C

Adsorption (%) = C X% 100% 1)
0

2.4 The sorption isotherms

0.03 g 2-line Fh and about 1 mL background electrolyte solu-
tion (NaCl, 0.1 mol L") were added into a series of 10 mL
polyethylene centrifuge tubes. After 24 hours of pre-
equilibrate, sequentially added different volumes of a mixed
solution containing 7 HM ions and background electrolyte
solution, making the total volume was 6.0 mL, solid-liquid
ratio was 5.0 g L', and background electrolyte concentration
0.01 mol L. The pH of these samples was adjusted to 5.6 &
0.1 using small amounts of HCl or NaOH. Then samples were
placed in a constant temperature oscillator at 25 °C to oscil-
late, and the pH was maintained at 5.6 & 0.1 throughout the
equilibrium period by periodic adjustments. After the equi-
librium was reached, the samples were centrifuged to separate
the solid Fh from the supernatant. The equilibrium adsorption
capacity of the HM ions on Fh was calculated using the
following formula:

(CO _ Ce)

Qe (U/O) = Wl/V

x 100% 2)
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where C, and C, are the initial and equilibrium concentrations
of HM ions in the solution (mol L"), respectively, and m/v is the
mass-to-volume ratio (g L™").

2.5 Surface complexation modeling

The diffuse double-layer surface complexation model (DLM) can
effectively describe the electrostatic interactions between solid
surface charges and ions in the solution, which is an essential
factor affecting the adsorption behavior of HMs on the surface of
Fh. In addition, the adsorption behavior of HMs on the surface of
Fh involves multiple mechanisms, including electrostatic
attraction, chemical complexation, surface precipitation, etc. The
DLM can comprehensively consider these mechanisms and
provide a more comprehensive and accurate description. To
explore the sorption species and mechanism of HMs on Fh, the
adsorption edges data were modeled by MINTEQ 3.1 Code*
using a 2-site DLM which has hydroxyl sites with varying strong
and weak charges developed by Dzombak and Morel. The
=Fe®0OH represents the strong hydroxyl site, and the =Fe"OH
represents the weak hydroxyl site. Protonation and deprotona-
tion reactions can occur on the surface of Fh, which can then
react with HM ions as follows (M>" represents HM ions):

=Fe¢*OH + M** < =Fe'OM* + H* (3)
=Fe“OH + M** & =Fe*OM" + H* (4)
=Fe'OM* + H,O < =F¢*OMOH’ + H* (5)
=Fe"OM" + H,0 < =F¢"OMOH’ + H" (6)

2.6 Details of computational calculations

2.6.1 DFT parameters. All the DFT calculations were per-
formed using the Vienna Ab initio Simulation Package (VASP),**
and the Perdew-Burke-Ernzerhof (PBE)** potential was used as
the gradient-corrected exchange-correlation functional. The
projector augmented wave (PAW) method described the elec-
tron-ion interactions.* The energy cutoff for the plane wave
basis expansion was set to 400 eV, and the force on each atom
was less than 0.03 eV A~* for the convergence criterion of the
geometry relaxation. The self-consistent calculations were set to
107> eV as a convergence energy threshold. The k-points mesh
was set to 2 x 2 x 1 for the unit cell and surface slabs for
structure optimization, respectively. Furthermore, the van der
Waals interaction was evaluated by a DFT-D3 method.** The
correlation energy of the 3d orbital of Fe was described using
the Hubbard U correction (DFT+U), and the effective single
parameter U-J was set to 5.67 eV.*> The DFT+U correction was
employed to address the limitations of standard DFT in accu-
rately describing the localized 3d electrons of transition metals,
such as Fe, in Fh. Conventional DFT tends to underestimate the
electronic correlation effects in Fe-containing systems, leading
to inaccuracies in electronic structure and adsorption proper-
ties. By introducing the Hubbard U parameter, we achieved
a more accurate representation of the localized Fe 3d states,
which is critical for simulating the adsorption behavior of HM
ions. The adsorption energy (E,qs) is defined using eqn (7).
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Eads = Egabrcation — (Estab + Ecation) (7)
where Egjapication 1S the total energy of the surface with cation
adsorbed, Egap and Ecahon represent the energy of the bare
surface and cation, respectively.

2.6.2 Calculations model. The structure of Fh used in this
study belongs to the P6;mc space group, with the optimized
lattice parameters a = b = 5.96 A and ¢ = 8.97 A, and is classified
as the 2-line type of Fh.*” Based on the X-ray diffraction patterns
of Fh, the low-index (103), (112), and (201) surfaces were
cleavaged. The three-layered 1 x 2 supercells were constructed
for the (103), (112), and (201) facets. The surface slab model
consisted of 169 atoms.

A vacuum region of 15 A was introduced along the z-axis to
eliminate artificial interactions between periodic images under
periodic boundary conditions, ensuring the accuracy of the
calculations. In addition, the topmost two layers were relaxed
during the energy optimization, while the bottommost layer was
kept fixed to simulate the bulk. The charge distributions were
calculated using the Bader charge method.*® Bader charge
analysis determined the electronic charge distribution of
adsorbed ions (Pb**, Zn>*, Ni**) on the Fh surface. It is impor-
tant to note that the Bader charges are influenced by the local
coordination environments of the ions and may differ from
their charges in bulk materials, such as ZnO or PbO, due to the
unique atomic arrangement and electron redistribution at the
surface.

3 Results and discussion
3.1 Characterization of Fh

To further investigate the adsorption forms and mechanisms of
Pb**, cu**, Zn**, Cd**, Ni**, Co**, and Mn>" on the surface of Fh,
the 2-line Fh, which is widely present in soil and sediment
environments, was prepared. The XRD pattern of the Fh was
shown in Fig. 1, confirming that the synthesized material was 2-
line Fh. The characteristic peaks at 31.1°, 35.3°, and 36.6°
correspond to (103), (112), and (201) planes, respectively, of
a hexagonal Fe(OH) (PDF #97-019-2677). The term ‘PDF #97-019-
2677 refers to the Powder Diffraction File database maintained
by the International Centre for Diffraction Data (ICDD). This
entry corresponds to the reference diffraction pattern for
hexagonal Fe(OH);, which was used to identify the character-
istic peaks of the synthesized Fh. Specifically, the diffraction
peaks corresponding to these facets, observed at 31.1°, 35.3°,
and 36.6°, exhibited significantly higher intensities compared
to other potential planes, indicating that these facets are the
most prevalent in our sample under the specific synthesis
conditions used. While facets such as (100) and (111) are often
considered “natural” in other crystalline materials and have
been studied previously, they were not the focus of our work
because they were either absent or displayed much lower
intensities in the XRD pattern of our material, suggesting that
they are less exposed. The structural characteristics of 2-line Fh,
including its high degree of disorder and nanocrystalline
nature, combined with the synthesis conditions, likely favor the
kinetic stabilization and exposure of the (103), (112), and (201)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Comparison between the experimental XRD pattern of the
synthesized Fh and the theoretical XRD pattern obtained from the PDF
database (ICDD).

facets over the (100) and (111) facets. Investigating these
dominant facets is crucial as they are most likely to control the
synthesized Fh's surface reactivity and interfacial chemical
behavior.

3.2 Effect of pH

The effect of pH on the adsorption of HMs on the surface of Fh
was investigated by batch experiment. As shown in Fig. 2, in
both single and competitive systems, the adsorption percentage
of these HMs on Fh increased as the pH increased from 3 to 8,
with the maximum adsorption percentage of Pb reaching first at
pH around 5. Generally, the lower the pH value, the greater the
displacement of the adsorption edge of HMs, and the greater
the affinity of HMs adsorbed on Fh. When the adsorption
percentage of these HMs on Fh in a single system reached 50%,
the pH from low to high was: 3.33 (Pb”"), 4.76 (Cu®"), 5.88 (Zn*"),
6.04 (Cd*"), 6.49 (Ni*"), 6.56 (Co®") and 6.64 (Mn>"), indicating
that the adsorption capacity of HMs on Fh surface followed the
following order: Pb>* > Cu®** > Zn** > Cd** > Ni** > Co** > Mn”>",
In the coexisting competition system, there was no significant
change in the pH sorption edge of these HMs (Fig. 2(b)).

3.3 Adsorption isotherm

To compare the differences in the adsorption capacity of these
HMs, the adsorption isotherms in both mono- and multi-
systems at 25 °C were studied. As shown in Fig. 3, under the
condition of pH = 5.6 £ 0.1 (m/v =5.0g L, 1= 0.01 mol L™*
NaCl), the equilibrium adsorption capacity adsorption capac-
ities (mmol g~ ') of Pb**, Cu**, zn**, Cd**, Ni**, Co>*, and Mn*"
on the surface of Fh in the mono-system were 1.20, 0.62, 0.08,
0.047, 0.038, 0.036 and 0.027, respectively. The equilibrium
adsorption capacity of Pb>" and Cu** were much higher than the
other five HMs, indicating that these two ions have a higher
affinity on the surface of Fh. Moreover, compared with mono-
systems, the equilibrium adsorption capacities (mmol g™ ') of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Effects of pH on the sorption of 7 HMs on Fh in single (a) and
competitive (b) system (mass-to-volume (m/v) = 50 g L% | =
0.01 mol L™ NaCl, T=25°C, Cy = 1.0 x 107> mol L™}).

Pb*", Cu®’, Zn**, Cd*", Ni**, Co*" and Mn”" in multi-system have
decreased, with values of 0.095, 0.235, 0.038, 0.028, 0.013, 0.012
and 0.020, respectively, and the percentage decrease reached
20.8%, 62.1%, 52.5%, 40.4%, 65.8%, 66.7% and 25.9%,
respectively, indicating that there was a competitive effect of
HMs on the surface of Fh in the multi-system. The equilibrium
adsorption capacity of Pb** and Cu®* was still much higher than
the other five HMs. However, in both mono- and multi-systems,
the order of the equilibrium adsorption capacity on the surface
of Fh was the same as Pb** > Cu** > Zn*' > Ccd** > Ni*", Co*",
and Mn*", further indicating that compared to other HMs, Pb*",
and Cu®" had a stronger affinity with the surface of Fh.

3.4 Surface complexation modeling

The fitting by the DLM was performed on the adsorption of HMs
on the surface of Fh in the mono-system using MINTEQ 3.1
Code, which provided the parameters describing HM's
adsorption on Fh. Based on the adsorption edges and the metal
ion morphology calculation results in MINTEQ 3.1, no precip-
itation phase was generated in this experimental system. Except
for Mn>", which does not have a hydrolytic state, the hydrolytic
state contribution of the other six HM ions was almost none. As
shown in Fig. 4, according to the fitting results, the system
mainly undergo (3) and (4) reactions, and the contribution of (5)
and (6) reactions were very small and could be ignored. The
adsorption edges could be well fitted using the DLM, and the
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Fig. 3 Sorption isotherms of HMs (Il) on Fh in mono- and multi-
system (m/v=50g L™, /=0.01molL*NaCl, T=25°C,pH =56+
0.1).

fitted log K value was relatively close to previous research results
(Table 1).*3° For Pb>*, =Fe®OPb" was the main adsorption
form, and the contribution of =Fe"”OPb" can be almost negli-
gible. However, for the other six HMs, =Fe°*OM", and =Fe"OM"
were both the main adsorption forms and the contribution of
=Fe“OM" was greater than that of =Fe°OM". The above results
indicated that the adsorption mechanism of Pb and the other
six HMs on the surface of Fh was different, which may be related
to the outer electron arrangement of these HMs. Applying the
fitting parameters of mono-systems to a mixed system can still
achieve good fitting results (Fig. S1}), which indicated that it
was feasible to use fitting parameters of mono-systems to
describe the adsorption behavior of HMs on the surface of Fh in
a mixed system.

3.5 Surface structure of Fh

The surface structure is a significant factor in controlling the
properties of minerals, particularly the interfacial chemical
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Fig. 4 Sorption and modeling of HMs on Fh as a function of pH (M
represents metals).

reactions occurring at the mineral surfaces. Based on the XRD
results from this study (Fig. 1), priority attention should be
given to the (103), (112), and (201) facets of Fh. As shown in
Fig. 5, the structures of the three aspects are distinct. The side
view of the (103) face showed that the hydroxyl group (OH) is
exposed at the edge, while the top view showed that the iron
atoms were coordinated with four or five oxygens. However, the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Modeling parameters for Pb?*, Cu?*, Zn?*, Cd?*, Ni?*, Co?*
and Mn?* adsorption on Fh

Site type Site density (mmol L")
=Fe°OH 0.3675

=Fe"OH 14.775

Surface acid-base reactions Log
=Fe’OH < =Fe’0 + H" —8.93
=Fe°0H + H" < =Fe°0OH," 7.29
=Fe“OH < =Fe"O +H" —8.93
=Fe"OH + H" < =Fe"OH," 7.29

Surface complexation reactions Log K Other study References

=Fe°0OH + Pb>" < =FeOPb*' + H* 6 6.11 33
=Fe“OH + Pb*" & =Fe"OPb"' + H" 2 2.49

=FeOH + Cu*" & =Fe’0Cu’ + H" 2.75 2.89 34
=Fe"OH + Cu*" & =Fe"OCu’+H" 0 —

=Fe°0OH + Zn*' < =Fe*0zZn' +H* 1.5

=Fe“OH + Zn*' & =Fe"0Zn'+H" -1.7

=Fe®OH + Cd** & =Fe’0Cd" + H" 1 0.47 35
=Fe"OH + Cd*" & =Fe"0Cd' + H* —-1.5 -2.9

=Fe®OH + Ni*" & =Fe®ONi" + H" 0

=Fe“OH + Ni*" & =Fe"ONi' + H* —2.5

=Fe®OH + Co*" < =Fe°0Co' +H" 0 —0.46 36
=Fe"OH + Co*" & =Fe“0OCo" + H' —-2.5 -3.01

=Fe°OH + Mn?*" < =Fe°OMn’ + H* -1
=Fe"OH + Mn*' < =Fe*OMn' + H" —2.5

(112) and (201) surfaces exposed not only OH but also Fe atoms
coordinated to only three oxygen atoms. Therefore, considering
the density of surface-exposed oxygen atoms, it is difficult for
cations to adsorb around Fe atoms coordinated with three
oxygen atoms on the (112) and (201) facets. Furthermore, the
surface energy of the (103) facet was —1176.25 eV, which was
much lower than that of the (112) (—1166.98 eV) and (201)
(—1159.53 eV) facets. This suggested that the (103) facet would
be more stable than others. Therefore, the (103) facet would
constitute a more extensive distribution of the Fh surface. The
predominant distribution of inert (103) facets for cation
adsorption was likely the primary reason limiting the adsorp-
tion rate observed with Fh in many previous experimental
studies.

The DLM focuses more on describing macroscopic electrical
parameters such as interface charge distribution and adsorp-
tion kinetics. In contrast, DFT focuses more on calculating
microscopic chemical information such as electronic structure,
bonding properties, adsorption energy, and molecular config-
uration. The combination of the two methods can provide
a more comprehensive and in-depth understanding on the
competitive adsorption mechanism of HMs on the surface of
Fh. To understand the differences in adsorption rates of various
cations on the Fh surface, we investigated the adsorption energy
(Eags) and atomic configurations of cations at seven distinct
sites on Fh (103) surface using DFT calculations. At the iron-
terminated surface of Fh (103), three distinct iron sites were
exposed: a 4-fold coordinated Fel site, a 5-fold coordinated Fe2
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Fig. 5 The surface structure and total energy of different low-index
facets of Fh, Fe = orange spheres, O = red spheres, and H = white
spheres.

site, and a 6-fold coordinated Fe3 site (Fig. 6). The likelihood of
cation adsorption varied based on the iron sites on the Fh
surface. We used Pb** as a model to study its adsorption
properties at different sites on the Fh (103) surface.

As displayed in Fig. 7, the E,qs of Pb*>* adsorption on the Fh
(103) surface ranged from —2.35 to —6.66 eV. This result
revealed different possibilities for Pb®>" adsorption, depending
on the surface iron sites. The two oxygen bridges between Fe2
sites created a favorable coordination environment, allowing for
the formation of coordination bonds with Pb>". This relation-
ship stabilized the electron cloud distribution of Pb*",
enhancing the stability of Pb>* in this position. We also calcu-
lated the adsorption capacities and energies of Zn>" and Ni** at
various sites on the Fh (103) surface to investigate differences in
cation adsorption rates on the Fh surface (Fig. S2 and S37). It
showed that Zn>" had a more robust adsorption capacity than
Ni** at these sites. By comparing the adsorption energies of the
above three cations, we found that Fh had the most muscular
adsorption capacity for Pb>". The Bader charge analysis in Table
S1t revealed distinct charge distribution patterns for Pb>*, Zn>",
and Ni*" after adsorption. Pb>" exhibited the highest charge
transfer, suggesting stronger coordination with the surface,
while Zn** and Ni** showed smaller charge transfers, implying
weaker interactions. This stronger coordination of Pb*" was
further reflected in its higher adsorption energy compared to
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Fe2 Fel Fe3

Fig. 6 Schematic illustration of iron sites at the iron-terminated
surface of Fh (103).

Eads =-3.69 eV

Fig. 7 The E,4s and atomic configuration of Pb2* adsorption on
different Fh (103) surface sites.

Zn>" and Ni*". The electron localization function (ELF) analysis
in Fig. 8 provided additional support, showing that Pb**
displays more significant electron localization, indicative of
stronger coordination bonds. In contrast, Zn** and Ni**
exhibited weaker electron localization, reinforcing the notion of
weaker coordination. Moreover, the bond lengths listed in
Table S2f confirm these observations, with Pb*>" forming
a shorter Pb-O bond (~2.45 A) compared to Zn-O (2.73 A) and
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Fig. 8 The ELF of Ni?*, Pb?*, and Zn?* adsorbed on Fh (103).

Ni-O (2.92 A), further suggesting stronger coordination between
Pb*>* and the surface oxygen atoms of Fh.¥ We speculate that
larger ions tend to form stronger coordination bonds on the Fh
surface, particularly when interacting with oxygen-containing
functional groups such as hydroxyl groups. These theoretical
calculations align closely with our experimental findings,
offering robust validation for our conclusions.

4 Conclusion

This study revealed that Fh effectively adsorbs HMs, with the
adsorption capacities following the order: Pb** > Cu** > zn** >
Cd** > Ni*" > Co*" > Mn?®". Pb*>" and Cu®" exhibited notably
higher adsorption than the other ions, and competitive
adsorption occurred in multi-metal systems, as confirmed by
adsorption isotherms. The DLM analysis showed that =Fe°*OM
and =Fe"OM were the predominant adsorption sites for most
HMs, while Pb*>" predominantly adsorbed via =Fe®OPb. The
DFT calculations further highlighted the role of surface iron site
distribution on Fh, showing that larger metal ions like Pb>*
form stronger coordination bonds with hydroxyl groups on the
Fh surface. These interactions lead to distinct adsorption
behavior, particularly in comparison to smaller ions. Overall,
the findings underscore the importance of surface iron site
distribution and ion size in controlling the adsorption
processes, providing valuable insights for better understanding
and managing the environmental behavior of HMs.
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